
 
STUDIES OF PF RESOLE / ISOCYANATE HYBRID ADHESIVES 

 
by 

 
Jun Zheng 

 
A Dissertation submitted to the Faculty of  

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

in 

 Wood Science and Forest Products 

 
 

Approved by: 
 
 
 
 

Dr. Charles E. Frazier 
Chairman 

 
 
 
 

  Dr. Frederick A. Kamke                                                 Dr. Wolfgang G. Glasser 
 

 
 
 

         Dr. Richard F. Helm                                                       Dr. Garth L. Wilkes 
   

  December 17, 2002 
  Blacksburg, Virginia 

 
Keywords: phenol-formaldehyde, isocyanate, adhesives, solid-state NMR, fracture 

testing, spectral decomposition, urethane, weathering, wood adhesion 
 

Copyright 2002, Jun Zheng 
 
 



STUDIES OF PF RESOLE / ISOCYANATE HYBRID ADHESIVES 
 

by 
 

Jun Zheng 

Charles E. Frazier, Chairman 

Wood Science and Forest Products 

 

ABSTRACT 

 
        Phenol-formaldehyde (PF) resole and polymeric diphenylmethane diisocyanate 

(PMDI) are two commonly used exterior thermosetting adhesives in the wood-based 

composites industry.  There is an interest in combining these two adhesives in order to 

benefit from their positive attributes while also neutralizing some of the negative ones.  

Although this novel adhesive system has been reportedly utilized in some limited cases, a 

fundamental understanding is lacking. This research serves this purpose by investigating 

some of the important aspects of this novel adhesive system. 

       The adhesive rheological and viscometric properties were investigated with an 

advanced rheometer. The resole/PMDI blends exhibited non-Newtonian flow behavior. 

The blend viscosity and stability were dependent on the blend ratio, mixing rate and time. 

The adhesive penetration into wood was found to be dependent on the blend ratio and 

correlated with the blend viscosity.  By using dynamic mechanical analysis, the blend 

cure speed was found to increase with the PMDI content. Mode I fracture testing of 

resole/PMDI hybrid adhesive bonded wood specimens indicated the dependence of 

bondline fracture energy on the blend ratio. The 75/25 PF/PMDI blend exhibited a high 

fracture energy with a fast cure speed and processable viscosity.  Exposure to water-boil 

weathering severely deteriorated the fracture energies of the hybrid adhesive bondlines. 

      More detailed chemistry and morphological studies were performed with cross-

polarization nuclear magnetic resonance and 13C, 15N-doubly labeled PMDI.  A spectral 

decomposition method was used to obtain information regarding chemical species 

concentration and relaxation behavior of the contributing components within the major 

nitrogen resonance. Different urethane concentrations were present in the cured blend 

bondlines. Water-boil weathering and thermal treatment at elevated temperatures (e.g. > 



200oC) caused reduced urethane concentrations in the bondline. Solid-state relaxation 

parameters revealed a heterogeneous structure in the non-weathered blends. Water boil 

weathering caused a more uniform relaxation behavior in the blend bondline.   

      By conducting this research, more fundamental information regarding the PF/PMDI 

hybrid adhesives will become available. This information will aid in the evaluation of, 

and improve the potential use of PF/PMDI hybrid adhesives for wood-based composites. 
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Chapter 1. Introduction 

 
       As a result of ever-growing population and environmental pressures, forest resources 

available for wood products applications have been declining.  This challenge forces the 

forest products industry to improve the utilization efficiency of available timber 

resources. Wood-based composites have since emerged as one of the most important 

components in today’s forest products industry because they offer certain advantages 

over solid wood. Wood adhesives play a central role in achieving the desired strength and 

durability properties of wood-based composites. The search for economically feasible 

and environmentally friendly adhesive systems has always been an interest for the wood-

based composites industry.  

      Phenol-formaldehyde (PF) resole and polymeric diphenylmethane diisocyanate 

(PMDI) are two most widely used thermosetting adhesives for exterior wood-based 

composites. There is an interest in combining these two adhesives in order to take 

advantage of their positive qualities while neutralizing some of the negative ones.  In fact, 

several patents have been issued for resole/PMDI hybrid adhesives, some of which are 

currently utilized in limited cases. Despite these efforts, the wood-based composites 

industry is aware of the challenges for a wider use of this new adhesive system, such as 

for applications for an important structural panel product, i.e. oriented strand board 

(OSB). As is typically the case, the industry cannot afford the time required for 

fundamental studies. Through the Wood-based Composites Center at Virginia Tech, this 

research was thus requested by the leading companies in industry to better understand 

fundamental aspects of PF/PMDI hybrid adhesives, with direct blending of these two 

resins as the main focus. The basic knowledge obtained from this study can help evaluate 

and improve the potential use of PF/PMDI hybrid adhesives for various wood-composites 

applications (e.g. OSB).  

      This research tackles the problem by first investigating various important aspects of 

wood adhesion regarding PF/PMDI blends. A thorough rheological study was conducted 

to determine the stability and flow properties of PF/PMDI blends at different shear rates 

which are characteristic of various operational processes. A study of adhesive wood- 

penetration was performed to reveal the cured bondline structure. The relative cure speed 
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was obtained using dynamical mechanical analysis.  The mechanical properties of 

PF/PMDI blends bonded wood specimens were investigated with mode I fracture 

toughness testing.   

      The chemistry and morphological features of PF/PMDI blends were further 

investigated with cross-polarization (CP) magic angle spinning (MAS) nuclear magnetic 

resonance (NMR) with the use of 13C, 15N-doubly labeled PMDI resin. A spectral 

decomposition of the nitrogen spectra was performed to obtain detailed information 

within the central nitrogen resonance. This information includes the relative chemical 

species concentration, the relaxation behavior as well as the effects of weathering and 

thermal treatment on these properties. Advanced differential scanning calorimetry (DSC) 

techniques were applied to further complement information obtained in CP/MAS NMR 

studies regarding bondline morphology.  
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Chapter 2. Literature Review 

 

2.1. Phenol-formaldehyde (PF)  

2.1.1.  Overview   
 
      Phenol-formaldehyde (PF) resin was the first wholly synthetic polymer to be 

commercialized (1). It has become one of the most widely utilized synthetic polymers 

since Baekeland developed a commercial manufacturing process in 1907 (2). Phenol-

formaldehyde resin can be tailored to different properties suitable for various applications 

such as molding compounds, paper impregnates, adhesives, coatings, etc.  By varying the 

catalyst type and the formaldehyde (F) and phenol (P) molar ratio, two classes of PF resin 

can be synthesized: resoles (resols) and novolaks (novolacs). Resoles are synthesized 

under basic conditions with excess formaldehyde (i.e. F/P>1); novolaks are synthesized 

under acidic conditions with excess phenol (i.e. F/P<1) (1). Resoles and novolaks are 

inherently different: resoles are heat curable while novolaks require addition of a 

crosslinking agent such as hexamethylenetetramine (HMTA) to cure. For most novolaks, 

this additional step results in slower cure rates and lower crosslinking than resoles (3).  

       PF resins were first introduced as binders for particleboard and plywood in the mid 

1930’s (4), they have since become one of the most important thermosetting adhesives in 

the wood composites industry, especially for exterior applications. In 1998, PF resins 

comprised approximately 32 percent of the total 1.78 million metric tons of resin solids 

consumed in the North American wood products industry (5). Almost all PF resins 

currently used in wood bonding applications are resoles. PF resoles are desirable for 

exterior applications due to their rigidity, weather resistance, chemical resistance and 

dimensional stability (4). PF resoles, in either a liquid or a spray-dried form, are currently 

used as binders for the manufacture of an important structural wood panel, oriented 

strand board (OSB) (3). Compared to polymeric diphenylmethane diisocyanate (PMDI), 

the only other binder currently used in OSB manufacturing in North America, PF resoles 

have the advantage of low cost, good thermal stability and reasonably fast cure. 
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2.1.2. PF Resole Synthesis  

      PF Resoles are polycondensation products of phenol (P) and formaldehyde (F) in an 

alkaline aqueous medium with excess formaldehyde. Formaldehyde is often used in the 

form of an aqueous solution during commercial production of PF resoles. The polymeric 

form of formaldehyde, paraformaldehyde, is rarely used in industrial processes due to its 

high cost. PF resoles used as wood binders are typically synthesized under 100oC with a 

formaldehyde/phenol (F/P) ratio of 1.6 to 2.5, a final resin solids range of 40-60% and a 

final pH between 9 and 12 (6,7). The most commonly used catalyst in commercial resole 

preparation is sodium hydroxide (NaOH). Besides its catalytic effect, sodium hydroxide 

also improves the solubility of PF resoles in aqueous solution, which allows resoles to be 

synthesized with a high degree of advancement for fast curing, while maintaining good 

processability (7).     

       PF resole synthesis is a step growth polymerization comprising two steps: addition 

and condensation. 

 

Addition Reaction: 

       In an aqueous solution, formaldehyde is present in its hydrated form, methylene 

glycol (8).  In an alkaline medium, phenols are deprotonated to form phenoxide ions as 

shown in Figure 2.1.  The electron rich ortho and para positions in phenoxide ions are 

susceptible to electrophilic aromatic substitution (often referred to as addition).  Freeman 

and Lewis (9) found that the para position is more reactive toward electrophilic aromatic 

substitution than is the ortho position. Also, the hydroxymethylation at the ortho positions 

was found to increase the reactivity of the para positions (9). This was explained by the 

formation of intra-molecular hydrogen bonds that lead to a higher negative charge on the 

para position (Figure 2.2). When sodium hydroxide is used as the catalyst, the formation 

of a chelate structure (Figure 2.3) is proposed which favors ortho-substitution (10). 

Freeman and Lewis (9) also found that the mono-substituted hydroxymethylated phenols 

(HMPs) react with methylene glycol to form di- and tri-substituted HMPs before the 

slower condensation reaction could occur. The formation of mono-, di- and tri- 

substituted HMPs is shown in Figure 2.4.  
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Figure 2.1. Resonance structures of phenoxide ions in an alkaline medium. 
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Figure 2.2. Formation of intra-molecular hydrogen bonds after ortho-substitutions that  
                  activate the para position. (9)   
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Figure 2.3. Formation of a chelate ring structure under sodium hydroxide    
                  catalysis. (9) 
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Figure 2.4. Addition reactions during resole synthesis: formations of mono-, di-  

 

Condensation Reaction:

 

Condensation Reaction:

                  and tri-substituted HMPs.                   and tri-substituted HMPs. 
  

 

wth polymerization of HMPs is a water-producing condensation. 

ndense through quinone methide (QM) 

       Overall, the step gro

However, as will be shown, this condensation occurs through electrophilic aromatic 

substitution. HMPs can be condensed to three stages, i.e. initial resoles (A stage), resitols 

(B stage) and resite (C stage) (7).  The initial resole (A stage) is a mixture of monomers 

and dimers of HMPs while the resite stage refers to the fully cured insoluble and infusible 

state (4). Commercial PF resoles used for wood bonding applications are usually 

condensed to B-stage with different molecular weights and molecular weight 

distributions suitable for various applications. 

        It is generally agreed that HMPs co

intermediates (11). The formation of a quinone methide from HMP is shown in Figure 

2.5. Quinone methides are strong electrophiles and will readily substitute onto other 

electron rich phenoxides to form methylene bridges (Figure 2.6). Due to the high 

reactivity of para-hydroxymethyl groups in the condensation reaction, methylene bridges 
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formed are mainly in the form of ortho-para (o,p�) and para-para (p,p�) bridges with the 

ortho-ortho (o,o�) bridges rarely forming (12,13). The remaining hydroxymethyl groups 

are present predominantly on ortho positions in uncured resoles (13, 14). In contrast to 

novolaks, dimethylene ether-type of bridges are scarce in resoles, and may only be 

present as short-lived intermediates that will convert to the more stable methylene 

linkages upon heating  (Figure 2.7) (13-16). 

 

 

 

igure 2.5. Formation of quinone methide (QM) intermediate under alkaline 

 

igure 2.6. Methylene bridge formation through quinone methide (QM) intermediates. 

O

 

igure 2.6. Methylene bridge formation through quinone methide (QM) intermediates. 

O

F
                  conditions. (11)                   conditions. (11) 

CH2CH2

+
CH2

H

Na  OH

CH2

+ H2O

NaO O ONa Na OO

O
CH2 OH CH2

+ Na  OH

Na O

  
  
  

FF
                  (11)                   (11) 
  

 7



 

+

O
OCH2H

Na O
CH2 O CH2

Na

-H2O

O

-CH2O

Na
CH2

O ONa

Na

CH2

O

OH

 

Figure 2.7. Dimethylene ether bridge formation and its conversion to methylene   
                  bridge by releasing formaldehyde.  
 
 
 
      Commercial PF resoles used as OSB binders usually contain 10-20% post-added urea 

based on the resin solids weight (7,17). Urea serves as a free formaldehyde scavenger and 

it reduces resin cost.  It also functions as a thinning agent so PF resoles can be condensed 

to high molecular weights to ensure fast cure while maintaining desirable flow properties.  

The urea in OSB PF is typically added at the end of resole condensation and at lower 

temperature (e.g. at 60oC or below) which does not favor significant co-polymerization 

with resoles in the uncured resins (17,18).  

 

 

2.1.3. Resole Cure Chemistry   

 
       In the wood-based composites industry, PF resoles are usually cured to the insoluble 

and infusible resitol stage by applying heat and pressure. The resole cure process is 

essentially a continuation of the electrophilic aromatic substitution through quinone 

methide intermediates as it occurs in the condensation stage (13,19).  Dimethylene ether- 

bridges are found to be negligible in the cured PF resoles (13,16,20). However, besides 

methylene bridges, additional crosslinking mechanisms have been proposed for the cured 
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resoles. These additional crosslinking reactions were hypothesized to directly involve 

phenolic hydroxyls (phenoxides) and methylene bridges (21,22). Evidence suggests that 

ether structures form between phenolic hydroxyls (phenoxides) and hydroxymethyl 

groups (Figure 2.8a), the crosslinks generated between methylene bridges by free 

formaldehyde (Figure 2.8b), and the crosslinks formed from the condensation between 

methylene carbons and hydroxymethyl groups are all of importance in cured resoles 

(Figure 2.8c) (22).    

        In summary, the chemistry of resole synthesis and cure is very complex, and a full 

 

 

igure 2.8. Additional and unusual crosslink structures thought to be present in cured  

OH

resent in cured  

OH

mechanistic understanding is still lacking. However, the wood adhesives industry has 

been tailoring PF resoles so their properties are suitable for various wood bonding 

applications.  Presently, the cure rate of resoles can be dramatically increased to compete 

with other fast-curing adhesives such as PMDI. These improvements are developed by 

modifying resin cook procedures and adding cure accelerators.  
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CH
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CH
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2.1.4. Wood/PF Interactions 

 that there are no covalent bonds formed between wood 

.2. Polymeric Diphenylmethane Diisocyanate (PMDI) 

henylmethane diisocyanate (PMDI) has become an important wood 

resoles on a pound to pound basis, the resin cost can be compensated for by enabling 

       It is now commonly accepted

substrates and PF resoles under typical wood composite manufacturing conditions 

(16,23).  Previous evidence of covalent bonding between PF and wood was obtained 

under extreme experimental conditions, and some of the conclusions were derived from 

indirect techniques such as differential scanning calorimetry (DSC) (24-26).  However, 

wood has been shown to have a catalytic effect on resole cure by lowering the activation 

energy of the condensation reaction (27-30). The excellent bonding performance between 

PF resoles and wood is mainly attributed to secondary interactions and mechanical 

interlocking adhesive mechanisms (16). 

 

 

 

2

2.2.1.  Overview 

       Polymeric dip

binder since its introduction to the wood products industry in the late 1960’s (4).  PMDI 

currently accounts for approximately twenty percent of the total resin solids (311 kt in 

1998) consumed in OSB manufacturing in North America (5). Compared to commodity 

PF resoles, PMDI is recognized for its high moisture tolerance, fast cure rate, and good 

dimensional stability at relatively low binder levels (31-34).  As will be discussed later, 

wood/PMDI bondline formation involves reactions with water so PMDI can be cured at 

much higher wood moisture content than that suitable for resoles. In fact, it was found 

that the full cure of PMDI requires wood moisture contents above 10%, and can be as 

high as 18% without requiring additional cure time or deteriorating wood composite 

properties (35-37). In contrast, it was reported that increasing water vapor inhibits resole 

cure as evidenced by the prolonged gelation time (38). In addition, because of the fast-

cure nature of PMDI, wood composites can be pressed at lower temperature and shorter 

press times compared to PF resoles. These advantages enable lower energy consumption 

and VOC emissions in wood drying.  Although PMDI is much more costly than PF 
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lower resin loading, lower press temperature and faster production rates. Furthermore, 

PMDI does not have free formaldehyde emission that is a negative characteristic of 

formaldehyde-based adhesives. This is a big advantage over formaldehyde-based 

adhesives as environmental regulations become more stringent.   

      In spite of the above-mentioned advantages of PMDI, manufacturing of 100 percent 

PMDI-bonded wood composites is hindered by the undesirable adhesion between PMDI-

oligomers 

bonded wood composites and the metal press platens during hot-pressing. This was 

attributed to the reaction between isocyanate groups and the oxyhydrate layer on the 

metal surfaces (39).  For this reason, PMDI has been often utilized as the core resin in 

OSB manufacturing, while PF resole is used as the surface resin or a PF overlay is added 

to the panel surfaces during hot-pressing (5). Other strategies for preventing this 

undesirable adhesion include applying external releasing technology (e.g. spraying wax 

or soaps on the metal surfaces) and addition of internal release agents in PMDI. A recent 

study reported a robust improvement by combining internal releasing technology with 

low levels of external release agents for 100% PMDI OSB manufacturing (40). 

       Commercial PMDI used in the wood products industry is a mixture of methylene- 

diphenylmethanediisocyanate (MDI) monomers and higher polyisocyanate 

with an average functionality of around 2.8 and isocyanate content of approximately 30% 

(41,42). The MDI monomer content is around 50% with the rest being high order 

oligomers (e.g. triisocyanate < 30%, tetraisocyanate < 10%, pentaisocyanate < 10%) (41). 

The MDI momoners in commercial PMDI usually are comprised of 4-4’-MDI (> 90%), a 

small amount of 2,4’-MDI (5-10%) and a trace amount of 2,2’-MDI. The structures of 

polymeric MDI and three MDI monomers are shown in Figures 2.9 and 2.10, 

respectively. 
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Figure 2.9. General structure of PMDI.  
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Figure 2.10. Three MDI monomers: 4,4’-, 2,4’- and 2,2’-MDI. 
 

 

 

 

2.2.2. PMDI Synthesis 

 
      There are many methods available for making isocyanates but only phosgenation of a 

primary amine is practically important and widely used commercially (42,43). This 

process comprises a two-step reaction: the first step is the synthesis of polyamine from 

the acid-catalyzed condensation of aniline and formaldehyde or paraformaldehyde 

(Figure 2.11); the second step is the phosgenation of the polyamine (Figure 2.12).  
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Figure 2.11. Formation of polyamine through the acid catalyzed condensation of  
                    paraformaldehyde and aniline. 
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Figure 2.12. Phosgenation of the primary amine by phosgene. 
 

 

Polyamine Synthesis: 

      Detailed mechanisms for the polyamine reaction are reviewed by Twitchett (42). The 

reaction involves the aniline condensation with formaldehyde or paraformaldehyde under 

acidic conditions.  Electrophilic iminium ions (Figure 2.13) form and are attacked by 

aniline molecule to form aminobenzylanilines (Figure 2.14). Under acidic conditions, 

protonated aminobenzylanilines are attacked by aniline to form three diamine isomers 

(Figure 2.15). Similarly, a diamine or polyamine can attack the protonated 

aminobenzylaniline to form triamines and higher polyamines (Figure 2.16).  

       The MDI monomer ratio as well as the molecular weight and distribution of PMDI 

are determined by the composition of polyamine. The important factors in polyamine 

synthesis are aniline to formaldehyde ratio, the HCl/aniline ratio, rate of formaldehyde 

addition, reaction temperature and time (42). High aniline/formaldehyde ratios favor 4,4’-
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diamine formation whereas smaller amounts of hydrochloric acid result in higher 

amounts of 2,4’-diamine and also a larger proportion of oligomers (42).  Heterogeneous 

catalysts and high reaction pressures are used to prepare higher quantities of 2,4’- and 

2,2’-diamine (44). 
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Figure 2.13. Iminium ion formation from aniline/paraformaldehyde condensation under  
                    acidic conditions. 
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Figure 2.14. Formation of ortho- and para-aminobenzylaniline. 
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Figure 2.15. Conversion from secondary amines (aminobenzylanilines) to primary  
                     amines.   
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Figure 2.16. Triamine formation from aminobenzylaniline. 
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Figure 2.17. Phosgene gas formation. 
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Phosgenation Reaction: 

igure 2.17) is often used in the phosgenation process to convert 

o

o

 residual secondary amine from the polyamine process (Figure 2.14) can react 

 
 

igure 2.18. Phosgenation reactions. (46) 
 

     Gaseous phosgene (F

primary amines to isocyanates. Triphosgene is sometimes used for lab scale phosgenation 

to avoid handling toxic phosgene gas (45). The phosgenation process starts with the 

dissolution of polyamines in an inert, high-boiling solvent (e.g. chloro- and di-chloro 

benzene) to form a diluted polyamine solution. A 20-50% stoichiometric excess of 

phosgene is then introduced to the polyamine (46). The initial reaction products include 

carbamoyl chloride and amine hydrochloride (Figure 2.18a). Carbamoyl chloride will 

convert to isocyanate at elevated temperatures with the release of gaseous HCl  (Figures 

2.18 b and c). Heating of the slurry to above 50 C is usually sufficient for the dissociation 

of carbamoyl chloride, while the phosgenation of the amine chloride occurs above 100 C 

(46).   

     The

with phosgene to give a secondary carbamoyl chloride (Figure 2.19) that cannot 

dissociate at elevated temperatures, and remains as a chlorine-containing impurity in the 

final product (42).  High reaction temperatures and long reaction times ensure complete 

conversion of secondary amines to primary amines during polyamine synthesis.   
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igure 2.19. Secondary carbamoyl chloride formation during phosgenation process. 
 

Isocyanate Reactions  

     Isocyanate resonance structures are shown in Figure 2.20. Isocyanates are 

tions with active hydrogen donors (i.e. proton-bearing nucleophiles) 

 acid 

H
R N R' + Cl C Cl

           Secondary 
     carbamoyl chloride    

R N
R'

C
O

Cl + HCl
O

F

 
 
 
2.2.3. 

 

  

susceptible to nucleophilic attack due to the strongly electrophilic nature of the carbon 

atom. Any electron withdrawing substituent will increase the reactivity of isocyanates 

toward nucleophiles. Aliphatic isocyanates are generally less reactive than aromatic 

isocyanates (46).   

      Isocyanate reac

are the most relevant in the wood/PMDI bondline. The isocyanate reaction with active 

hydrogens proceeds with nucleophilic addition to the carbon-nitrogen double bond 

through a concerted mechanism (46). Isocyanates readily react with alcohols to form 

carbamates (often referred to as urethane linkages) (Figure 2.21). Primary alcohols, 

secondary alcohols and phenols show a decreasing order in reactivity toward isocyanates 

(47). Carbamates can further react with isocyanates to form allophanates (Figure 2.22).  

Isocyanates can also react with amines to form urea and substituted ureas, and this 

reaction is the fastest reaction among active hydrogen containing compounds (48).   

      The reaction between isocyanates and water is complex.  It first forms carbamic

which decomposes to a primary amine by releasing carbon dioxide (Figure 2.23a). The 

primary amine then reacts rapidly with isocyanates to form urea, and further to biuret and 

polyurets upon heating (Fig 2.23b).  Isocyanates react with carboxylic acids to form 

thermally unstable anhydrides which may convert to amides with the release of carbon 
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h nucleophiles, isocyanates can react with themselves to form 

 

 

igure 2.20. Resonance structures of isocyanate functional group. 

 
 

igure 2.21. Ca

 

Figu
 

dioxide (Figure 2.24a).  It can also form carboxylic anhydrides and ureas through 

dehydration. (Fig 2.24b) 

       Besides reactions wit

dimers and trimers. Aromatic isocyanates undergo dimerization to form uretidiones 

(Figure 2.25) which decompose back to isocyanates at elevated temperatures (e.g. 

200oC).  Trimerization occurs for both aliphatic and aromatic isocyanates (Figure 2.26). 
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Figure 2.23. Isocyanate water reactions forming urea, biuret and polyuret. 
 

igure 2.24. Isocyanate reactions with carboxylic acids. 
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Figure 2.25. Isocyanate dimer (uretidione) formation. 
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Figure 2.26. Isocyanate trimer (isocyanurate) formation. 
 

 

2.2.4. Wood/PMDI Bonding Mechanism   

 

       Despite the acceptance of PMDI as a premium wood adhesive, the nature of the 

bonding mechanism in wood/PMDI bondlines is still under debate.  Since wood is rich in 

OH groups, earlier studies suggested that covalent bonds formed between wood 

hydroxyls and PMDI were responsible for the superior bonding performance. However, 

many of these studies were conducted under conditions that were not representative of 

typical wood bonding conditions, such as under anhydrous conditions (35,49-52), with 

excess isocyanate (49), low molecular weight isocyanates (50-52), with ground wood 

(35) or in the presence of catalyst (53).  Most of these results were based on infrared (IR) 

spectroscopy and some indirect techniques such as Differential Scanning Calorimetry 

(DSC) (55). A recent study was carried out in which an in-situ Fourier transform infrared 

(FTIR) technique was used to characterize wood/PMDI bondline chemistry under typical 
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particleboard manufacturing conditions (56). In this study, no evidence of urethane 

formation was found according to FTIR spectroscopy. However, in this study the IR 

assignments are based on model compounds. IR absorptions in a wood/PMDI bondline 

may not be the same as in model compounds because of secondary associations. The 

authors of this study also suggested no covalent bond formation between PMDI and 

wood based on the fact that no mechanical difference was found when the wood surface 

was initially treated (i.e. capped) with phenyl isocyanate (56). The evidence presented in 

this study was based on the internal bond (IB) strength of PMDI-bonded dry samples. It 

is necessary to point out that the formation of covalent bonds between PMDI and wood is 

likely to be noticed through comparison of bondline durability properties, not the strength 

properties of the dry samples.  Some other testing methods (e.g. fracture test) which are 

more sensitive to the intrinsic bondline properties may be more desirable to test this 

hypothesis. In this study (56), PMDI was suggested to be physically “stuck” (i.e. 

mechanical interlock) and to penetrate into the wood as also proposed by other 

researchers (57,58).   

     The Virginia Tech Wood Adhesion Group has been focusing on utilizing cross-

polarization, magic angle spinning (CP/MAS) NMR techniques to study wood/PMDI 

cure chemistry and interactions. Wendler and Frazier (59-61) synthesized 99%-15N 

labeled polymeric MDI to investigate the effects of temperature and wood moisture 

content on cure chemistry. They found that at low cure temperatures and high moisture 

contents, urea moieties were the major products; while biurets dominated the bondline at 

high temperatures and low moisture contents.  The thermal dissociation of biurets at high 

temperature (185oC) was also suggested. Urethane formation was suspected but could not 

be unequivocally identified due to significant signal overlap in the nitrogen NMR spectra.  

Ni and Frazier (62) continued the work by studying the effects of structural isomerism 

and concluded that PMDI prepared with high 2,4’-MDI content cures more slowly, and it 

resulted in a network that is more mobile in the mid-kilohertz range.  Their results also 

provided indirect evidence of urethane formation as evidenced by the cure dependent 

changes in molecular dynamics, and through the spectral manipulation of differential 

mobility (62).    
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     More recent work in this group involves the synthesis of 13C, 15N-doubly labeled 

PMDI and the use of CP/MAS NMR to elucidate the nature of cured wood/PMDI 

bondlines (63). 15N label causes narrowing of the carbonyl signals and results in better 

resolution of the urethane and urea carbonyl carbons. 15N and 13C spectra also provide 

complementary information that indicates formation of urethane linkages between wood 

and PMDI. Current work in this group is conducted to study the effects of wood species, 

resin loading weight and press temperature on wood/PMDI bondline chemistry and 

morphology by using 13C, 15N-PMDI. 

 

 

 

2.3. Resole/Isocyanate Hybrid Binders 

2.3.1.  Overview 

      Combinations of phenol-formaldehyde resin and isocyanates have been widely 

utilized in the foundry industry as cold-setting binders. Various patents have been issued 

for this type of application (64-70). The PF/isocyanate binder systems described in these 

patents are typically cured in the presence of gaseous amine vapors and applied in an 

organic solvent (71). These curing conditions are not suitable for typical wood-based 

composite manufacturing process.   

       The combination of isocyanate and formaldehyde-based resins was first reported in 

the 1970’s. Amino resins and PMDI were applied sequentially in particleboard 

applications (72,73). Attempts at using PF/PMDI binder systems have also been made in 

manufacturing wood-based composites.  A sequential application of PF resole and PMDI 

was reported (74,75).  This method provided wood composites with good mechanical 

properties, and also prevented the PMDI adhesion problem by applying resoles as the 

face resin. Direct blending of PF resole and PMDI was reported to be successfully 

utilized for marine and exterior grade plywood applications (76,77). The resulting 

increase in viscosity of the blends did not present operational difficulties in plywood 

production and the pot life of the PF/PMDI glue mixes was reported to be approximately 

three hours or longer.  Furthermore, emulsifiable PMDI was found un-suitable for direct 

blending with PMDI for plywood applications. It is speculated that the residual emulsifier 
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in the cured bondline may have caused susceptibility to water and weather attack (76).  

Some catalysts for urethane formations (e.g. triethylamine, dibutyltin dilaureate) were 

found to accelerate the cure of resole/PMDI binder systems when slow-reacting resoles 

were used in the blends (80). 

     Blended novolak/PMDI resin binders for manufacturing wood composites were 

reported in US Patent 6,294,117 (79).  Recently, a PF/PMDI binder system comprising 

solid resole and PMDI was issued to Borden Chemical, Inc. and Bayer Corporation (US 

Patent 6,214,265) (71). When resole powder is blended with PMDI, a suspension is 

formed with increased viscosity. This patent also reports a procedure for making a liquid 

PF/PMDI binder system in the presence of a small quantity of inert, polar, non-aqueous 

solvent such as methylene chloride. The solid resole/PMDI system was reported to have 

much better stability than the liquid resole/PMDI binder system.  Interestingly, this patent 

(71) reported that direct blending of solid resoles and PMDI provided much better 

mechanical properties (e.g. IB strength) in the manufactured particleboard than the 

sequentially applied solid resole and PMDI binder systems. Despite these findings, there 

are no studies present in the literature suggesting cross-reactions between solid resoles 

and PMDI.  A recent patent also reported the utilization of blocked isocyanates in the 

resole/PMDI binder systems in order to overcome the increased viscosity and to improve 

the shelf life of the blends  (80).  It is noteworthy to mention here that a binder system 

containing urea extended polyisocyanates was reported in US Patent 5,128,407 (81). This 

patent reported an increased viscosity of the emulsion because of the presence of water, 

but this binder was sufficiently stable for industrial wood composite applications, and 

provided good mechanical properties.  No studies on the role of urea in this binder system 

were reported. 

      Beside hybrid binders from isocyanates and formaldehyde-based resins, many studies 

have been conducted on blends of isocyanates and natural polymers for wood bonding 

applications (82-86).  Lignin/isocyanate blends are of particular interest because lignin is 

structurally similar to PF resoles with the presence of methylol and hydroxyl groups that 

are capable of crosslinking with isocyanates. Newman and Glasser (85) investigated 

lignin/PMDI adhesives using various hydroxyalkyl lignin derivatives. They found that 

the addition of lignin was responsible for the reduction in adhesive strength properties, 
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but progressive strength loss was only observed at lignin content higher than 60%  (85).  

Also, they reported a significant drop in shear strength after a water boil test for all 

blends, suggesting moisture sensitivity of lignin/isocyanate binders (85).   

 

2.3.2. Resole/Isocyanate Chemistry 

 

      The reported rate constants for isocyanate reactions with various hydrogen donors are 

typically obtained in solution. Table 2.1 lists the reactivity of phenyl isocyanate in 

toluene. 

 

  Rate Constant*    

Hydrogen Donor 25oC 80oC 

Activation Energy  

      (Kcal/mole) 

Aromatic amine 10-20 -- -- 

Primary -OH 2-4 30 8-9 

Secondary -OH 1 15 10 

Tertiary -OH 0.01 -- -- 

Water 0.4 6 11 

Phenol 0.01 -- -- 

Urea -- 2 -- 

             *Kx104, 1/mole sec. at 99% stoichiometry. 

 
Table 2.1. Isocyanate reactivity (Phenyl isocyanate in toluene @99% stoichiometry). (48) 
 
 
      Although the isocyanate reactivity with various hydrogen donors is sensitive to 

reaction conditions such as concentration, reaction medium, pH, etc., these rate constants 

indicate that the primary hydroxyl groups in PF (i.e. methylols) should be much more 

reactive than water and phenolic hydroxyls. One has to keep in mind that in PF resoles, 

the phenolic hydroxyls are mainly in the form of phenoxides which are much stronger 

nucleophiles than water which make the formation of the aromatic urethanes also likely 

(87).     
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      Kresta et al. (88) conducted model studies to investigate the reactivity of phenolic 

and benzylic hydroxyl groups toward isocyanates in the presence of various catalysts in 

either dioxane or dimethylformamide.  They concluded that the reactivity of phenol and 

benzylic alcohol is a function of both the catalyst type and the structural configuration 

such as the substitution on the phenolic rings. When dimethylcyclohexylamine 

(DMCHA) was used as the catalyst, the hydroxymethylation on the ortho-position was 

found to increase the reactivity of phenolic hydroxyls which forms aromatic carbamate, 

o-(hydroxymethyl)phenyl N-phenylcarbamate. This was explained by the formation of an 

intra-molecular hydrogen bond.    

       Phenolic-based polyurethane foams have been an interest for the foam industry 

because they posses both the low combustibility of phenolics and outstanding mechanical 

properties of polyurethanes.  In order to elucidate the chemical nature and properties of 

polymers from PF resoles and polyisocyanates, Papa and Critchfield (89) performed 

model compound studies to investigate the reactions of ortho- and para-hydroxybenzyl 

alcohols with phenyl isocyanate in dry chloroform.  For uncatalyzed reactions, ortho-

hydroxybenzyl alcohol formed 1,3-diphenylurea (N,N’-diphenylurea) as the major 

product and N-(2-hydroxybenzyl)aniline as the minor product when reacted with phenyl 

isocyanate at 75oC (Figure 2.27a). However, although it was not discussed in this article, 

the formation of N-(2-hydroxybenzyl)aniline could also be due to the decarboxylation of 

the aliphatic urethanes formed between methylol groups and isocyanates (47,48).  In 

contrast, when reacted under the same conditions, the more sluggish para derivative 

required higher reaction temperature (i.e. 85oC) for 4.5 hours, to form only 26% bis-

carbamate, p-carbamylbenzyl N-phenylcarbamate (Figure 2.27b). The rearrangement of 

N-(2-hydroxybenzyl)aniline as formed in o-hydroxybenzyl alcohol reactions was 

suggested to occur at elevated temperatures (e.g. 180oC) (Figure 2.28) forming 

methylene bridges which was believed to cause brittleness in the resole/isocyanate foams 

(89).    
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Figure. 2.27. Model reactions without catalysts in dry chloroform. (89) 
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Figure 2.28. Methylene bridge formation from N-(2-hydroxybenzyl) aniline 
                     rearrangement at elevated temperatures. (89) 
 

 

      Due to the complications caused by the reaction medium, reagent concentration, pH, 

etc., Haider et al. (87) carried out model reactions under conditions similar to those of 

resole/PMDI binders. These model reactions were performed in an alkaline aqueous 

medium with a ten-fold molar excess of water relative to the phenyl isocyanate and 

hydroxyl-containing model compounds (87). Under these reaction conditions, a 

significant amount of N,N’-diphenylurea (DPU) was formed in all reactions (Figure 

2.29).  Covalent bonding between PF resole and PMDI is likely as evidenced by the 

formation of urethane linkages between phenyl isocyanate and phenol, benzyl alcohol as 

well as p-hydroxybenzyl alcohol. Under strongly basic conditions, the reactivity of 

phenolic hydroxyls was found to increase dramatically. Interestingly, the model reactions 
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of p-hydroxybenzyl alcohol did not show the formation of bis-carbamates as in Papa and 

Critchfield’s earlier studies (89). Nor were aromatic carbamates formed from the 

phenolic hydroxyls in the p-hydroxybenzyl alcohol reaction. A significant amount of 

urethane was detected in all model reactions (Figure 2.29).  However, it is necessary to 

point out that the adhesive cure temperatures during typical OSB manufacturing range 

from room temperature to as high as 200-220oC. The chemical compositions in cured 

resole/PMDI bondline are expected to be different than those obtained from model 

compound studies. The covalent bonds between a resole PF resin and a commercial 

PMDI (Mondur� 541) were also directly detected with IR spectroscopy in this study (87).   
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Figure 2.29. Model reactions conducted under conditions similar to resole/PMDI 
                     binders (87) 
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      Pizzi and Walton (90) proposed that the reactions between resole methylol groups and 

PMDI were much faster than PMDI/water reactions. They proposed a crosslinking 

mechanism between MDI and PF resoles as shown in Figure 2.30.  Two reactions were 

proposed to occur in resole/PMDI binder system. One reaction that was reported to occur 

at room temperature is the formation of methylene bridges between resoles and PMDI 

(Figure 2.31).  In this study, it was hypothesized, although not likely, that this is due to 

the attack of the methylol groups on the aromatic nuclei of PMDI which are strongly 

activated by the presence of the isocyanate substituent. This proposed reaction generates 

methylene linkages between MDI and phenolic resoles. The second reaction is the 

urethane formation between the methylol groups in resoles and PMDI at 40oC or above 

(Figure 2.30).    
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Figure 2.30. PF/PMDI crosslinking mechanism through urethane formations. (90) 
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Figure 2.31. Methylene bridge formation in PF/PMDI binders as proposed by Pizzi and   
                    Walton. (90) 
  

 

       In order to study the thermal properties of MDI/phenolic adducts, Zhuang and 

Steiner (91) conducted phenol, benzyl alcohol and hydroxybenzyl alcohol model 

reactions with MDI. They concluded that from both DSC and kinetic experiments, the 

benzylic OH groups are more reactive than phenolic OH groups toward MDI, as 

expected.  

       The study of the reaction between urea and isocyanates is scarce in the literature. 

According to the literature (Table 2.1), urea is a weaker nucleophile than water.  

However, since the resole/PMDI hybrid adhesives are typically used at high temperatures 

(> 100oC) and high pressure during wood composite manufacture, the reaction between 

PMDI and urea could occur. PMDI will likely react with urea to form biuret and further 

to triuret and polyuret as shown in Figure 2.32. A recent study reported that the 

chemistry of urea-formaldehyde (UF)/PMDI blends is different from that of the 

resole/PMDI system (92). Methylene crosslinks were found to be the predominant 

linkages between UF and PMDI under acidic curing conditions (92); while urethane 

linkages are important in resole/PMDI binders. 
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Figure 2.32. Reactions that can potentially occur between PMDI and urea. 
 

 

2.3.3. Thermal Degradation and Hydrolysis of Polyurethanes        

 
      During OSB manufacture, the platen temperatures can be above 200oC and the 

adhesive bondline is also exposed to saturated steam during certain stages of hot-

pressing. A good understanding of the thermal and hydrolytic stability of urethanes is 

important for effectively using resole/PMDI hybrid adhesives. These properties are 

reviewed below.      

       The literature values for upper stability temperatures of various urethanes are listed 

in Figure 2.33. The type A and B urethanes can be formed in a resole/PMDI binder 

system as suggested by previous studies. Saunders and Frisch (93) summarized four 

possible mechanisms that may take place in urethane thermal degradation as shown in 

Figures 2.34-2.37. Urethane thermal degradation is a complex process and the propensity 

for a particular degradation mechanism depends on the functional groups adjacent to the 

urethane group and also on the environmental conditions polyurethanes are exposed to 

(94).  N-mono-substituted urethanes normally undergo thermal dissociation to generate 

free isocyanate and alcohol (Figure 2.34). Yang et al. (94) investigated the thermal 

dissociation of 4,4’-MDI/1,4-butanediol based mono-disperse urethane model 

compounds. Their results suggested that significant amount of free 4,4’-MDI and 1,4-

butanediol were formed at elevated temperatures (> 200oC) or when annealed at 170oC 

for long enough time (> 2hr). Polymerization of the dissociated segments was evidenced 
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by the broadened molecular weight distribution relating to the mono-dispersed original 

compounds.  It was proposed that the isocyanate-terminated cleaved ends can react with 

impurities such as moisture present in the system so the average molecular weight is 

reduced and the molecular weight distribution broadened (94). These free isocyanate ends 

can also attack urethane sites to cause crosslinking through allophanates under certain 

conditions (94).  The second urethane thermal degradation reaction gives rise to a 

primary amine and olefin and the detailed mechanism for this reaction is shown in Figure 

2.35.  The third reaction involves the formation of a secondary amine and carbon dioxide 

(Figure 2.36). Gaylord and Sroog (95) demonstrated the reaction of an alcohol and an 

unsubstituted urethane through transesterification or displacement mechanism; the overall 

reaction is shown in Figure 2.37.     
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Figure 2.33. Upper thermal stability temperatures for different types of urethane  
                     linkages.(48) 
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Figure 2.34. Urethane thermal dissociation forming free isocyanate and alcohol. 
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Figure 2.35. The primary amine and olefin formations during urethane thermal  
                    degradation. (48) 
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Figure 2.36. Secondary amine formation during urethane thermal degradation. (48) 
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Figure 2.37. Transesterification reaction during urethane thermal degradation. (95) 
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       In polyurethane materials, the hydrolytic stability depends on the chemical 

composition and the superstructure of the urethanes. Polyester-based polyurethanes are 

less hydrolytically stable than polyether-based polyurethanes because ester linkages are 

more susceptible to hydrolysis than ether linkages. Ester linkages can revert to the 

precursor acid and alcohol (Figure 2.38a); the precursor acid further catalyzes ester 

hydrolysis (48).  Newman (96) proposed an empirical “Newman’s role of six” to describe 

the hydrolytic susceptibility of ester groups due to steric effects: the greater the number 

of hydrogen atoms at the sixth position from the carbonyl oxygen, the slower the 

hydrolysis of the ester groups. Urethanes linkages can also undergo hydrolysis forming 

carbamic acid and alcohol (Figure 2.38b) at a relatively slower rate compared to ester 

groups (48). 

        In resole/PMDI binders, there are no ester structures present, but due to the reaction 

of PMDI with water, a significant amount of substituted ureas can be formed as 

suggested by previous model compound studies (87). The substituted urea linkages can 

hydrolyze to form carbamic acid and amine precursors (Figure 2.38c), but the reaction 

proceeds at slower rate than that of urethane linkages (Figure 2.38b). It was reported that 

simple carbamates undergo base-catalyzed hydrolysis according to an elimination-

addition (E1cB) mechanism (97), and the limiting step is the attack of OH� on the 

carbonyl carbon of the carbamate. The more electron-deficient carbonyl carbon in 

urethanes caused a faster rate of hydrolysis than that of ureas. Water-catalyzed hydrolysis 

of carbamates was also reported to occur but at a much slower rate (97). It is also 

reported that the rate of hydrolysis of phenylureas is only proportional to the hydroxide 

ion concentration below a limiting value, above which the rate of hydrolysis exhibited a 

plateau (98).  
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Figure 2.38. Hydrolysis of ester (a), urethane (b) and urea (c) linkages. (48) 
 

       In summary, previous model compound studies suggest covalent bond formation 

between the two components in resole/PMDI binders. Direct detection of cross-reactions 

between resoles and isocyanates was mainly based on FTIR results. Under typical wood 

composite manufacturing conditions, the chemical structures in the cured bondline can be 

significantly different from those obtained from model compound studies. Urethane 

linkages will likely undergo thermal degradations at elevated temperatures, and may be 

susceptible to hydrolysis under severe weathering conditions. These factors make the 

investigation of the chemical structure and dynamics of resole/PMDI bondline a 

challenging task. 

 

 

2.4. Characterization of Thermosets 

2.4.1.  Overview of Thermoset Cure 

       Cure behavior is one of the most important characteristics of thermosetting 

adhesives. Understanding adhesive cure behavior and its dependence on the temperature 

and chemical conversion is important for predicting processing windows and the 

properties of cured bondlines (99).   
       Thermoset cure usually involves polymerization and crosslinking, as it passes 

through two stages: gelation and vitrification. Gelation occurs when a three dimensional 
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network structure with infinite viscosity is formed. It marks the transition between the 

liquid and gel state (100). Vitrification occurs when the glass transition temperature of 

the thermosetting material rises and equals the cure temperature. Vitrification marks the 

transition from a liquid or rubber to a glass (101). Before gelation, thermoset cure is a 

kinetically controlled process while after vitrification it is a diffusion-controlled process 

and the reaction rate decreases dramatically (101-103).   

      Gillham and coworkers developed Time-Temperature-Transformation (TTT) and 

Continuous-Heating-Transformation (CHT) cure diagrams to describe the cure behavior 

of thermosetting materials. The TTT cure diagram (Figure 2.39) displays the time to 

reach certain events during isothermal cure (103,106). The CHT cure diagram (Figure 

2.40) displays the time and temperature to reach similar events during the course of 

continuous heating at different heating rates (105,106). When a reactive material is 

heated from below the glass transition temperature (Tg,o), it typically goes through initial 

devitrification, which marks the transition between the glassy and liquid state. Gelation 

and vitrification can be encountered upon further heating. However, if the heating rate is 

so fast that the glass transition temperature of the polymer never reaches the cure 

temperature, vitrification will not be encountered (105,106).   

      Most of the work on the TTT and CHT cure diagrams was based on torsional braid 

analysis (TBA) of epoxies using glass fiber as the substrate. Glasser and coworkers used 

dynamic mechanical thermal analysis (DMTA) to study the cure behavior and to build 

TTT cure diagrams for various materials (107-110). In a typical DMTA spectrum, both 

gelation and vitrification were found to give characteristic peaks in the tan � traces.  Pizzi 

and coworkers (111) used another thermal analysis technique, thermomechanical analysis 

(TMA), to establish the TTT and CHT cure diagrams for phenol-formaldehyde and urea-

formaldehyde condensed on lignocellulosic substrates. The lignocellulosic substrate was 

found to influence the adhesive TTT and CHT cure diagrams significantly.  

 

 35



 

Vitrification

Devitrification

Full cure

Liquid

Sol Glass

Sol/Gel Glass

Gel Rubber Char

Tg=Tg�

Tg �

gelTg 

Tg o

Log Time

Te
m

pe
ra

tu
re

, T
cu

re Gelation

Tg=gelTg

 

Figure 2.39. Generalized TTT cure diagram. (105) 
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Figure 2.40. Generalized CHT cure diagram (106)  (�): initial devitrification,  
                     (�): gelation,   (�): vitrification (�): devitrification. (105,106) 
 
 

 36



2.4.2.  Conventional and Modulated DSC    

 

2.4.2.1. Conventional DSC   

      Differential Scanning Calorimetry (DSC) is a widely used thermal analysis technique 

to study thermoset cure.  DSC is capable of isolating the temperature dependent thermal 

events for a given chemical process; it also allows a quantitative measurement of the heat 

associated with the process (112). With conventional DSC techniques, single heating rate, 

multiple heating rate and isothermal heating experiments can be performed to obtain 

kinetic information such as reaction order (n), activation energy (E), pre-exponential 

factor (Z) and reaction rate (K), etc. (112).   

     Many studies on the cure behavior of PF resoles using conventional DSC have been 

reported in the literature (112-120). For liquid and powder resoles, in order to detect the 

cure exotherms, hermetically sealed or pressurized DSC sample pans are required to 

withstand vapor pressure generated during cure. Two exothermic peaks are usually 

detected during resole cure. An example of DSC thermogram of resole cure is shown in 

Figure 2.41 (120). Because DSC does not give direct information on chemical structure 

changes during cure, the exact nature of these two exothermic peaks is not clear. Most 

literature attributes the first exothermic peak to the substitution of free formaldehyde onto 

the phenolic rings, the second peak to the condensation reaction (117-119). This 

hypothesis was supported by the fact that the first exothermic peak was found to be more 

intense as the free formaldehyde content increased (114). However, different opinions are 

present on the nature of these two peaks. Some suggested that the first peak is caused by 

the condensation of methylol groups with phenol to form methylene bridges with the 

additional possibility of forming methylene ether bridges (120). The second peak is the 

further condensation of PF resin such as the condensation of dimethylene ether bridges to 

methylene bridges by the elimination of formaldehyde (120). It was also suggested in this 

study that the increase of F/P ratio resulted in an increasing amount of methylene and 

ether bridges in the rigid resin which makes the condensation of dimethylene ether 

bridges more difficult as evidenced by the shift of the second exotherm to higher 

temperatures (120).  This is in contradiction with another study which showed that the 
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second exothermic peak occurred at higher temperature when the resole was made with a 

low F/P ratio and/or a high total NaOH/phenol mole ratio (110).   

     Wang et al. (115) conducted studies to investigate the effects of temperature and 

humidity on the cure rate of precured PF resoles using conventional DSC. They 

concluded that the precure temperature had a significant impact on the final degree of 

cure with resin cure rate increasing with precure temperature. Moisture present in resole 

samples was found to promote or retard resin cure: it can either promote reactivity by 

providing molecular mobility or dilute reactants (115).   
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Figure 2.41. DSC thermogram of resole synthesized with various F/P ratios. (adapted  
                     from Ref. 120) 

 

 

     Literature concerning DSC studies on PMDI cure behavior is limited compared to 

resoles.  Harper et al. (121) studied the cure kinetics of wood/PMDI bondline by using 

conventional DSC. They conducted single ramp DSC experiments and used a modified 

ASTM method to obtain activation energies of PMDI cured under a simulated saturated 

steam environment.  Galbraith and Newman (35) used DSC to study wood isocyanate 
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reactions and they suggested urethane formation. Steiner et al. (55) conducted various 

studies on wood adhesives in which they derived chemical information such as covalent 

bond formation from DSC thermograms.  

 

2.4.2.2. Modulated DSC   

     The development of modulated DSC (MDSCTM) in the early 90’s as an extension of 

the conventional DSC has offered a new approach to material characterization. In a 

MDSC experiment, the usual temperature program is superimposed with a periodic 

temperature perturbation (122,123)(Figure 2.42): 

)2sin(0 ftAtTT T �� ���  

in which: T is the temperature in K; T0 is the initial temperature in K; � is the underlying 

heating rate in K (isothermal experiment: �=0); AT is the temperature modulation 

amplitude in K; f is the modulation frequency in s-1 of the sinusoidal temperature 

perturbation and t is the time in s.  MDSC offers several advantages over conventional 

DSC by allowing the total heat flow to be de-convoluted into two parts: non-reversible 

and heat capacity (CP) components, thus enabling a de-convolution of overlapping 

thermal events, e.g., glass transition, enthalpy relaxation, curing, crystallization, etc.  

MDSC also offers an improved resolution and sensitivity in measuring the heat capacity 

(Cp) during a temperature program (122,123).    
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Figure 2.42. Modulated temperature profile during a temperature ramp.   
 
 

      Because heat flow and heat capacity (Cp) are measured simultaneously, MDSC has 

been proven valuable in studying the rate of conversion and vitrification behavior of 

thermosets (124). During thermoset cure, the motions of the polymer chain segments are 

increasingly hindered due to the increasing crosslink density, which limits the number of 

available conformational and vibrational states. The reduction in chain segment mobility 

causes a decrease in the heat capacity of the material, and the contribution of 

conformational mobility to Cp in the rubbery or liquid state is strongly reduced upon 

vitrification (124-126).     

      A new parameter, the mobility factor (DF*), was proposed by Van Assche et al. to 

describe the vitrification process during thermoset cure (124-126).  DF* ranges from 

unity for uncured materials to zero for the final glassy state, and it can be determined by 

measuring the evolution of Cp in either isothermal or non-isothermal MDSC 

experiments.  In a non-isothermal experiment, DF* is defined in equation 2.1: 

 

                                      
),(),(
),(),(),(*

TxCpgTxCpl
TxCpgTxCpTxDF

�

�

�                         Equation 2.1 

 

In equation 2.1, Cpl is the heat capacity of the liquid or unrestricted state and Cpg is the 

heat capacity of the glassy state (126).  The heat capacity of the liquid and glass is a 
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function of both conversion (x) and temperature (T), and Cpl and Cpg can be obtained 

from the calculated reference lines (126). A mobility factor plot for an anhydride-cured 

epoxy system is shown in Figure 2.43. DF* at 0.5 is defined as vitrification and 

devitrification as shown in the Figure 2.43. Fortunately, because of the high-crosslinking 

density of wood adhesives, the second scan of the cured sample can be used as the glass 

state reference line as a good approximation. 

      Applications of MDSC to detect vitrification of water-based adhesives are rare in the 

literature, and are not reported for any wood adhesives to the knowledge of the author. 

This research will attempt to use this promising technique to characterize wood adhesive 

cure behavior, especially to detect vitrification. This will be useful for wood adhesives 

such as resoles in which multiple thermal events occur during cure, when no clear 

identification of vitrification can be obtained through conventional DSC.   

  

 

 

 -50                0                 50              100              150            200
                                

1.2

1.0

0.8

0.6

0.4

0.2

0

D
F*

Temperature (   o  C  )

Tvit TdevitTdevit

 

Figure 2.43. Mobility factor (DF*) plot for an anhydride-cured epoxy. (126) 
 

 

 41



2.4.3. Dynamic Mechanical Analysis (DMA)   

 

      Dynamic mechanical analysis (DMA) (sometimes referred to as dynamic mechanical 

thermal analysis, DMTA) measures the in-phase and out-of-phase response of the 

substance under oscillatory load as the substance is subjected to a controlled temperature 

program (102). In most cases, DMA tests are conducted under a fixed frequency and 

strain, and the material is only studied as a function of temperature. The storage modulus 

(E�) and loss modulus (E�) can be calculated from the measurements. The mechanical 

damping term, tan delta (tan �) which is defined as E�/E� represents the energy dissipated 

to energy stored per perturbation (102). Earlier studies conducted by Gillham and 

coworkers have laid the foundation for thermoset cure behavior by using torsional braid 

analysis (TBA), the processor of DMA.     

      DMA has been used widely for studying thermosetting wood-adhesive cure (127-

135). The cure results are based on the resin rigidity and the tan � trace. Gelation and 

vitrification can be clearly identified.  Kim et al. (17, 129) have used DMA to compare 

the cure behavior of PF synthesized from different F/P ratios and to investigate the effect 

of urea on resin cure behavior. From the resin rigidity development profile, PF resole 

with higher percent of urea showed a slower cure rate as indicated by the smaller slope of 

rigidity increase, and also required longer time to reach the plateau rigidity (17). In 

another study (129), they assigned the tan � peak maximum as the vitrification point and 

found that the addition of urea to PF resoles significantly increased the final rigidity of 

the cured resin and the tan �max peak intensity. They attributed these observations to a 

significant extent of chemical reaction that occurs between resoles and urea during cure. 

Christiansen et al. (128) used the area of tan � peaks in an isothermal cure as an 

empirical measure of residual mechanical cure in partially cured samples and found that 

increased degree of precure reduced the area under tan � peaks.  Lorenz and Christiansen 

(131) used the same approach to study the effects of resin alkalinity and moisture on 

resole cure behavior.  Umemura et al. (133,134) employed DMA to study the thermal 

stability of isocyanate resin cured with water and with various polyols. They found that 

the emulsion-type PMDI cured with water exhibited a lower thermal stability than the PF 

resole.  The MDI resin when cured with only water showed a dramatic decrease in 
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storage modulus near 200oC (133). However, its thermal stability was shown to be 

dramatically improved by the addition of dipropylene glycol-type polyols with molecular 

weights between 400 and 1000 (134). 

      Most of the earlier DMA studies on wood adhesives used a fiberglass braid as the 

substrate to load adhesives, and some of these experiments involved precuring for easy 

handling.  Some recent studies reported using wood flakes with different geometries as 

the substrate for wood adhesives during DMA experiments (136-140).  This is intended 

to mimic a cure process in the presence of wood and to provide a novel way to study the 

influence of wood on thermoset cure. Pizzi and coworkers reported a significant 

influence by the wood substrate on the wood adhesive TTT and CHT cure diagrams (136-

138).  However, as highlighted by the authors (137,138), the thermo-softening of wood 

substrate can also be observed, depending on the experimental conditions, so the results 

obtained from DMA experiments should only be deemed as the behavior of the total 

wood joints rather than wood adhesive glueline alone. 

      DMA has also been used extensively to study the relaxation behavior of wood 

components (141-143).  Recently, by using DMA, Laborie (140) conducted studies to 

investigate the cooperativity properties of wood components and the influence of high 

and low molecular weight PF resoles on wood relaxation behavior.  

 

 

2.4.4.  Rheological Techniques 

 

     Rheological information can be directly related to the mechanical properties of 

thermosetting adhesives that cannot be achieved by other experimental techniques such 

as DSC. There are two types of rheological experiments often conducted to investigate 

thermoset properties. One is the steady-state shear experiment in which the liquid 

adhesive undergoes constant shear so the transient viscosity and the shear stress/shear 

rate relationship can be obtained. The dynamic mechanical spectroscopy (oscillation 

experiment) is most suitable for studying thermoset cure because in this experiment a 

sinusoidal stress or strain is applied to the sample and it does not interfere with structural 

changes during cure. The dynamic property changes are usually monitored with parallel-
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plate rheometers with the investigated material in between two metal or polymeric plates 

(Figure 2.44) which undergoes a programmed temperature profile. As shown in Figure 

2.44, a forced sinusoidal deformation with a variable angular speed is applied to the 

upper plate and a transducer measures the resulting torque. For accurate results, the 

instrument needs to be capable of compensating for the thermal expansion of the plates as 

well as the sample dimensional change (i.e. shrinking) during thermoset cure by 

maintaining a controlled normal force.    

     Gelation and vitrification can be detected through changes in the dynamic mechanical 

properties. The most generally accepted criterion for gelation is the crossover point of the 

shear storage modulus (G�) and loss modulus (G��). Rheological gelation is sometimes 

also defined as the change in the slope of the shear storage modulus (G�) (144-146). 

However, these criteria do not always apply for some thermoset systems when multiple 

slope changes are present in the storage modulus trace and in some other cases, G� does 

not crossover with G��. Recently, extensive work on gelation has established that it is 

most precisely detected as the point at which the loss tangent, tan � (G��/G�), becomes 

independent of the measurement frequency, with the relationship G� ~ G�� ~ ��, in which 

� is the measurement angular frequency and � is the relaxation exponent (147).  

     The frequency independence of tan � at gelation can be obtained conveniently via the 

recently developed multiwave technique (148), which has been applied in studying the 

cure of various thermosetting polymers (149). The multiwave technique used in the 

rheological oscillation test superimposes several harmonic frequencies on a fundamental 

frequency.  A strain or displacement is assigned to each frequency, and the sum of these 

strains or displacements must not exceed the linear viscoelastic region (LVR) of the 

cured sample. The response of the multiwave oscillation is then de-convoluted by Fourier 

Transformation into the separate responses of the individual frequencies. This technique 

is especially useful in monitoring fast-cure materials, because the data for all frequencies 

are gathered at the same time. Properties of such materials will change dramatically 

during a lengthy frequency sweep as used conventionally in other thermal mechanical 

analysis techniques, such as DMA.  

     Rheological techniques reportedly also detect reaction-induced phase separation in 

epoxies toughened with thermoplastics (150). The phase separation as confirmed by 
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small-angle light scattering and SEM was evidenced by the fluctuation in the complex 

viscosity before the abrupt increase was observed  (150).   

     There is not a generally accepted criterion for detecting vitrification. For epoxy resins, 

it was found that the rheological vitrification is a gradual process and it extends over a 

wide temperature range depending on the criterion used (149). Some common criteria for 

detection of gelation and vitrification by rheological techniques are listed in Table 2.2 

(149). 
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Figure 2.44. Parallel-plate geometry for thermoset oscillation studies.  
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Criterion Definition 

Gelation 1 Crossover point of the G� and G�� 

Gelation 2 Tan � independent of measurement frequency 

Vitrification 1 Onset of frequency dependence in G� 

Vitrification 2 Peak in tan � at 1Hz 

Vitrification 3 Peak in G�� at 1Hz 

Vitrification 4 End of frequency dependence in G� 

 

Table 2.2. Criteria for detection of rheological gelation and vitrification. (149) 

 

      Rheological studies on thermosetting wood adhesive cure behavior are rare in the 

literature. This is probably because of the fact that most wood adhesives are water-based 

and the cure experiments present certain challenges such as complications caused by 

water vaporization, non-uniform curing, etc. Most of the previous rheological studies 

investigated the viscometric properties of liquid wood adhesives.  Peng and Riedl (151) 

are among the first to use parallel-plate rheometry to study wood adhesive cure. They 

presented one rheological cure study on powder PF which clearly indicated a softening 

before the cure started (151).  This technique shows promise for studying flow properties 

of powdered adhesives which are very important in wood composite manufacture.   

 

 

 

2.5. Solid-state NMR Spectroscopy 

2.5.1.  Overview  

     The theory of nuclear magnetic resonance (NMR) originated from independent 

investigations by Purcell, Torrey and Pound (152) and Bloch, Hansen and Packard   

(153) in 1946. Nuclear magnetic resonance spectroscopy is defined as the absorption and 

 46



emission of electromagnetic radiation by nuclei with non-zero nuclear spin quantum 

numbers (i.e. I�0) when they are placed in a magnetic field (154).  Since its invention, 

NMR spectroscopy has evolved into one of the most powerful techniques for elucidating 

molecular structure and dynamics. For years after its invention, NMR spectroscopy has 

been primarily used to investigate chemical structures in solution. In solution NMR 

experiments, structural information can be derived from high-resolution chemical shifts 

and splitting patterns of nuclei that occupy different chemical environments.     

     Solid-state NMR techniques encountered some challenges when they were first 

applied to solid polymers.  The main problems for NMR applied in the solid state are the 

severe line-broadening effects, which result from chemical shift anisotropy (CSA), and 

dipolar coupling between protons and nuclei of interest (155). Chemical shift anisotropy 

originates from anisotropic electron shielding of the nuclei.  Local electron shielding of a 

nucleus is impacted by its electrons and also by the polarizing effect of neighboring 

molecules, therefore, chemical shift anisotropy depends on both intermolecular distances 

and the intramolecular environment (156). In contrast to polymer solutions, in which 

random molecular motions are fast enough to average out anisotropic portions of the 

chemical shift and thus generate narrow resonance peaks, the highly restricted molecular 

motion in solid polymers causes broadened line shapes and limits the extraction of useful 

structural information. Dipolar coupling, which results from the interaction of nuclear 

dipoles, also causes line broadening in NMR spectroscopy of solid polymers.  Hetero-

nuclear dipolar broadening by protons is the major contribution to the line widths in 13C 

NMR spectra (156).  Both chemical shift anisotropy and dipolar coupling carry a term 

(3cos2
� -1), with � being the angle between the inter-nuclear vector and the direction of 

the external magnetic field (Bo) in dipole-dipole interactions (Figure 2.45a), and the 

angle between the rotational axis and the external magnetic field in chemical shift 

anisotropy (Figure 2.45b).  
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Figure 2.45. (a). Proton-carbon dipolar coupling in an isolated C-H bond. (b). Magic  
                    angle spinning (MAS) geometry. (156) 
 

 

 

      In order to obtain high-resolution spectra and extract useful information on molecular 

structure and dynamics, three techniques, i.e. cross-polarization  (CP), magic angle 

spinning (MAS), and high power proton decoupling, were developed to enhance the 

resolution of solid-state NMR signals. The pioneering work of combining these three 

techniques to obtain high-resolution solid-state NMR spectra of polymers was first 

reported by Schaefer and Stejskal in 1975 (158).  The three signal-enhancing techniques 

utilized in modern solid-state NMR spectroscopy are reviewed below. 
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2.5.2  Solid-state NMR Signal-Enhancing Techniques 

High-Power Dipolar Decoupling (DD) 

     In contrast to polymer solutions where rapid and random molecular motions cause 

averaging of dipole-dipole interactions, there is not sufficient motion in solid polymers to 

average out these interactions (155).  High-power proton decoupling (DD) is a commonly 

used coherent-averaging technique which overcomes hetero-nuclear dipolar interactions 

and leads to narrow line widths (159).  This is achieved by forcing the proton spins to 

change energy states at a faster rate than the characteristic frequencies of dipolar 

interactions (such as 1H-13C and 1H-15N interactions). Therefore, when this condition is 

met, the local dipolar fields at the 13C or 15N nuclei are reduced to zero (160).    

 

Magic Angle Spinning (MAS)   

     Andrew (160,161) was the first to propose rapid spinning of solid samples at 54.7o (i.e. 

the magic angle �) related to the external magnetic field (Bo) so that each nucleus would 

experience a continuous series of orientations.  Under this condition, both the dipolar 

interactions and other line-broadening sources, such as chemical shift anisotropy, can be 

removed. One limitation for the use of MAS is that the sample spinning rate must exceed 

the magnitude of the interactions to be removed (156). This is restricted by the limited 

range of sample spinning rates that the instrument can achieve (often on the order of 

kHz). Although MAS will remove the homo-nuclear dipolar interactions for nuclei with 

small homo-nuclear dipolar effects, such as 13C, additional line-narrowing techniques are 

required in order to remove the high-magnitude homo-nuclear dipolar interactions such 

as from protons (approximately 20 kHz) (156). Chemical shift anisotropy has a much 

smaller magnitude (1-3 kHz) than dipolar interactions so it can be effectively removed by 

magic angle spinning. 

 

Cross-polarization (CP) 

     Many nuclei such as 13C and 15N have low natural abundance, small gyromagnetic 

ratios, and long spin-lattice relaxation times (155), making their solid-state NMR signals 

broad and extremely weak. Cross-polarization is a technique that leads to increased 

sensitivity of these rare nuclei by making use of the interactions with more abundant 
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nuclei such as protons (162). A number of double resonance techniques have been 

developed for this purpose based on the ideas first proposed by Hartmann and Hahn 

(163). The Hartmann-Hahn condition is achieved by varying the oscillating fields 

amplitudes so that a resonance exchange of energy can take place through a mutual spin 

flip mechanism between abundant spins  (proton) and rare spins (e.g., 13C or 15N) (162).  

 

                                              �H B1H = �C B1C       ………….... Hartmann-Hahn condition 

              �: Gyromagnetic ratio    B: Oscillating field amplitude (RF field strength) 

 

      The result of this energy exchange is a growth of the magnetization of the scarce 

nuclei at the expense of the abundant nuclei. In order to achieve effective cross 

polarization, satisfactory spatial proximity (i.e. less than 10 to 20nm) between abundant 

spins and rare spins must be maintained (155, 156, 162).  Cross-polarization is more 

effective in rigid polymers than in mobile structures because extensive motion reduces C-

H dipolar interactions, and thus impair the cross-polarization efficiency (156).   

      The pulse sequence for a typical 1H-13C cross-polarization experiment is illustrated in 

Figure 2.46 (164).  A typical cross-polarization experiment can be divided into four 

steps: 1. The application of a 90o 1H pulse rotates the 1H longitudinal magnetization into 

transverse magnetization. 2. The immediate application of a 90o phase-shifted proton 

pulse results in spin lock. 3. A carefully adjusted pulse is applied in the 13C channel so 

the Hartmann-Hahn condition is achieved and the energy exchange can take place 

between protons and 13C spins. 4. The 13C pulse is terminated in order to observe free 

induction decay (FID) while 1H is used for decoupling. The resulting FID is then Fourier 

transformed to a frequency-domain spectrum. 
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Figure 2.46. Four steps in a typical 1H-13C cross-polarization experiment. (156,164) 
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2.5.3.  NMR Relaxation Spectroscopy of Polymers  

      CP/MAS NMR techniques have received more and more attention for studying both 

the microstructure and molecular dynamics of solid polymers (158, 165, 166). Among 

other NMR techniques, relaxation spectroscopy is widely used to study heterogeneous 

materials such as polymer blends (167,168). Since nuclear relaxation parameters reveal 

the interacting environments of nuclear spins, spatial relationships and micro-

morphologies of heterogeneous materials can be obtained. This is especially useful in 

studying physical and chemical microstructures of thermosetting adhesives because 

morphologies may have distinguishable effects on their bondline performance. 

     The relaxation rates of polymer nuclei are governed by two factors: the strength of the 

local magnetic interactions between nuclei, and molecular motion (156). Near neighbor 

contributions give rise to variable local fields at each nucleus, thereby affecting 

relaxation rates.  Spin diffusion is a relaxation phenomenon resulting in a transfer of spin 

polarization through space without atomic movement (155, 162), and it is dependent on 

the inverse cube power of inter-nuclear distance (156). Spin diffusion is efficient for 

abundant nuclei such as protons and can cause averaging of some relaxation 

characteristics between domains when the size of the domain is small. In other words, 

when two domains are small and close enough, the same proton relaxation parameters 

can be detected due to proton spin diffusion. Therefore, the proton spin diffusion 

technique is one of the most often used relaxation experiments in studying heterogeneous 

polymers. The morphological structure of a heterogeneous material can be probed by 

measuring proton relaxation parameters and deriving the size of the domains in which 

these protons reside.    

      Some of the important relaxation parameters that can be measured in CP/MAS 

experiments are described as follows. The illustration of each relaxation measurements 

can be obtained in a 13C CP/MAS NMR as shown in Figure 2.47. 

1.  Spin-lattice (longitudinal) Relaxation Time (T1):  This is the loss of potential energy 

by the excited nucleus to the surrounding environment or lattice.  This relaxation requires 

motion at the resonance frequency (i.e. hundreds of MHz), and it is relatively easily 

averaged by spin diffusion (156). 
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2. Spin-Lattice Relaxation in the Rotating Frame (T1�):  This relaxation refers to 

magnetization along the radio frequency magnetic field B1. The spinning states in the 

rotating frame are resolved on the order of kiloHertz, and are more difficult to average by 

spin diffusion. 

3. Spin-Spin (transverse) Relaxation Time (T2): This relaxation refers to the 

magnetization perpendicular to Bo in the absence of B1.   It requires very low frequency 

motion and is not averaged by spin diffusion (156). 

4.  Cross-polarization Rate (e.g. TNH or TCH): This relaxation parameter probes near static 

molecular motions and is affected by spatial proximity and molecular rigidity. 
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Figure 2.47. Spin relaxation time measurements in a 13C CP/MAS NMR experiment. 
                    (155,157) 
 

 

      By examining NMR spectra and parameters such as the chemical shift, line width, 

and relaxation times, detailed information about the chemical structure, miscibility, and 

morphology of polymers can be obtained (167). The optimum technique for investigating 

the size and morphology of different regions depends on the size of the regions involved.  

The two useful proton spin-lattice relaxation times obtained from CP/MAS experiments 

are the proton spin-lattice relaxation time in the laboratory frame, T1(H), and the spin-

lattice relaxation time in the rotating frame,  TH
1�. The spin diffusion is known to be 
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ineffective across phase boundaries on a nanometer scale, and the upper limit of the spin-

diffusion path length can be estimated using equation 2.1 (165, 169,170). 

                                                       L=(6Ds T(H))1/2                                          Equation 2.2 

In equation 2.2, Ds is the effective spin-diffusion coefficient depending on the average 

proton to proton distance as well as intermolecular interaction.  For rigid polymers, Ds, 

T1(H) and TH 
1� are of the order of 10-12 cm2/s, 1s and 10 ms, respectively for solid 

polymers. One can thus estimate that, in polymer systems, spin-diffusion will be efficient 

at length scales on the order of a few tens of nanometers and a few nanometers during 

T1(H) and TH 
1� determinations, respectively (169).  Depending on the values of T1(H) 

and TH 
1�, domain size of as small as 0.5 nm and as large as a few hundred nanometer can 

be estimated. This provides complementary information on polymer microstructure that 

cannot be obtained from most other experimental techniques such as DSC. For example, 

DSC can only detect polymer heterogeneity with domain sizes much larger than a few 

hundred nanometers.  

     The experimental techniques to obtain proton relaxation parameters are described as 

follows using 13C CP/MAS NMR as an example. The principles described here also apply 

to 15N CP/MAS NMR as will be used in this research. 

  

 

 

TCH and  TH 1�: 

       Proton TH
1�, is sensitive to motions in the kilohertz frequency while cross 

polarization time, TCH, probes near static (Hertz) molecular motions. Both parameters are 

governed by molecular environment, including factors such as intermolecular distance 

and molecular rigidity (155).  TCH and TH
1� can be simultaneously measured using a cross 

polarization experiment with variable contact times in which the intensity of the 13C 

signal depends on CP efficiency and contact time between the two reservoirs. By 

performing measurements at variable contact times (TCP), the 13C signal can be monitored 

as a function of contact time. Therefore, TCH and TH
1� can be computed by fitting 13C 

signal intensity vs. contact time with respect to the following equation in which: I (T) is 

the signal intensity at contact time T, I* is the corrected signal intensity, TH
1� is the 
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proton spin-lattice relaxation time in the rotating frame and TCH is the cross polarization 

time as expressed in equation 2.3. 

 

                                                                                                                           Equation 2.3                               �1// exp)exp1()(
H

CH TTTTITI ���

��

 

 

T1(H): 

      Proton spin-lattice relaxation time in the laboratory frame, T1(H), can be measured by 

monitoring the decay of specific carbon resonance intensities after a 	-
-	/2 pulse 

sequence using the inversion-recovery method (155).  According to this method, the 

magnetization of resonance relaxed at single exponential function should obey the 

following exponential equation in which T1(H) is the proton spin-lattice relaxation time 

in the laboratory frame, 
 is the delay time, M� is the corresponding resonance intensity 

and M� is the intensity of the resonance at 
 � 5 T1 (H) (equation 2.4). 

 

                                               M� = M� [1- 2exp(-
/T1(H))]                              Equation 2.4 

 

      By rearranging the above equation, and taking the natural logarithm of both sides, the 

following equation can be obtained: Ln [(M�- M�)/(2 M�)]=-
/ T1(H), where T1(H) can 

be obtained as the slope by plotting  Ln [(M�- M�)/(2 M�)] versus -
. 

 

 

2.5.4.  CP/MAS NMR Studies of Wood Adhesives 

 

      Numerous studies have been reported where CP/MAS NMR was used to study wood 

adhesives. Chuang and Maciel (171) provided an excellent review of CP/MAS NMR on 

various wood adhesives such as PF, urea-formaldehyde, isocyanate-derived resins, etc.  

The objective of most of these studies can be generalized into the following two 

categories: 1) to study wood/adhesive interactions by monitoring wood relaxation 

parameters, or 2) to study wood adhesive cure chemistry and solid bondline micro-

heterogeneity.    
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      Two interesting studies which were intended to investigate the molecular level 

interactions between PMDI and wood polymers were reported in the literature, and 

different results were found for different wood species.  Marcinko et al. (172) concluded 

that liquid PMDI has an intimate molecular interaction with aspen wood because of an 

“apparent plasticization” of the lignin component, as indicated by the changes in aspen 

relaxation behavior in both un-cured and cured samples. A decrease in HT1� of wood 

polymers was found for un-cured samples indicating increased bulk chain molecular 

motion especially in lignin.  However, Ni and Frazier (173) found no relaxation behavior 

changes after applying liquid PMDI on yellow-poplar (PMDI content up to 50%).  

      Besides the difference in wood species, Marcinko et al. (172) used wood having a 

higher moisture content (~10%) than that used in Frazier and Ni’s study (4%) (173).  In 

another study, Marcinko et al. (174) demonstrated this effect on PMDI-bonded ground 

Southern Pine by detecting the difference in HT1� among the cured samples. PF and urea-

formaldehyde were found to have little or no effect in modifying wood relaxation 

behavior.  Marcinko et al. (175) further demonstrated the effect of PMDI on wood 

molecular dynamics by using an inversion recovery cross polarization (IRCP) pulse 

sequence to obtain cross polarization rates (TCH) for aspen wood components cured with 

PMDI. A decrease in TCH was found for both lignin and hemicellulose carbons, 

indicating a decrease in molecular mobility in the cured wood samples.  So et al. (176) 

reported that a typical resole may interrupt some of the crystallinity of cellulose when the 

system was cured at high temperature under pressure, as supported by 13C CP/MAS NMR 

and wide-angle X-ray scattering data.  More recently, Laborie (140) reported that low 

molecular weight resole changed wood relaxation parameters, indicating the intimate 

molecular interactions between PF and wood. High molecular weight resoles did not 

show such effects. 

 
13C CP/MAS NMR Applications 

       Two groups of researchers, Maciel and coworkers and Fyfe, Rudin and coworkers, 

have conducted extensive studies on phenol-formaldehyde cure chemistry and structure 

with CP/MAS NMR (177-182). The chemical shifts obtained in these studies laid a 

foundation for chemical identification in various wood adhesives.  Fyfe et al. (177) were 
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able to distinguish the non-protonated carbons from protonated carbons in cured resoles 

by using a dipolar dephasing method which inserted a short delay between a CP step and 

a data acquisition step. This method allowed the peaks from carbon with directly bonded 

protons to be suppressed due to proton-carbon dipolar interaction, therefore only the non-

protonated carbons can be observed. This pulse sequence is very useful in studying 

crosslinking polymers when the crosslinking reaction involves a non-protonated carbon. 

Solomon and Rudin (178) investigated the effects of catalyst, curing time, temperature 

and pH on the cured resole compositions by synthesizing 13C-enriched resoles. Their 

results suggest that at high or low pH, methylene bridges occur almost exclusively while 

dibenzyl ether bridges are predominant in the neutral pH range. Fyfe et al. (179) 

investigated the thermal decomposition of resoles using high-resolution 13C CP/MS 

NMR. The initial degradation step was reported to be the loss of methylol groups while 

continued thermal degradation in air at around 300oC generated oxidized functionalities 

such as aldehyde, ketone, carboxylic acid and anhydride. The remaining structure after 

exposure to 400oC in air includes mainly aromatics with a few methylene groups. Resole 

thermal degradation in vacuum did not generate oxidized functionalities, although 

complete loss of methylols and significant loss in methylenes was observed as well.  Park 

and Riedl (184) studied the cure-accelerated PF resole and obtained information on 

molecular mobility of the cured resoles. Their evidence suggested that the carbonate-

accelerated resoles are less rigid than the control resins, as indicated by the smaller 

rotating-frame proton spin-lattice relaxation time, HT1�, since smaller HT1� will generally 

be detected in mobile rubbery polymers than in rigid, glassy or crystalline polymers 

(185). This trend in resoles was collaborated by Schmidt and Frazier (186) who used 13C-

labeled resoles to obtain CP/MAS NMR spectra of cured resoles and to measure proton 

relaxation times.  Schmidt and Frazier(186) also reported the trend that the HT1� of cured 

resoles increases as cure time and temperature increases.    

       With 13C-labeled PF resoles, Schmidt and Frazier (186) were able to obtain relative 

degree of cure from the corrected peaks of the methylene and hydroxymethyl carbon 

signals.  They also reported different morphological structures in the cured neat resoles 

and in resoles cured on wood. Wood was found to induce micro-heterogeneity in the 

cured resole bondlines while the cured neat resole showed a homogeneous microstructure 
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as indicted by the relaxation parameters. The attempt to correlate the proton relaxation 

parameters with cure temperature, glass transition temperature and crosslinking density in 

cured resoles was also reported (187).  

 
15N CP/MAS NMR Applications 

       Duff and Maciel (188-191) performed a series of studies to investigate the cure 

chemistry of MDI-based isocyanurate resins by both 13C, and 15N CP/MAS NMR 

techniques.  These studies presented a good reference of the 13C and 15N chemical shifts 

in MDI related reactions and derivatives.  The thermal stabilities of various MDI-derived 

linkages were found to follow the following order: uretidione, biuret < urea < 

isocyanurate (191).  

       Frazier and coworkers have used 15N-enriched PMDI to study PMDI/wood cure 

chemistry (59-63,173). By using 15N-labeled PMDI, Bao et al. (192) reported similar 

PMDI cure chemistry on aspen and Southern Pine flakes, a finding also as supported by 

Ni and Frazier (62). The major reaction products formed from the curing of PMDI on 

wood are polyurea and biuret, and cure temperature above 140oC favors biuret formation. 

A micro-heterogeneous structure was found in the cured PMDI/wood bondline as 

evidenced by the different rotating-frame proton spin-lattice relaxation times in polyurea 

and biuret structures. Recent improvements (63) in using 13C, 15N-labeled PMDI revealed 

more evidence of possible urethane formation in cured PMDI/wood bondline.   

       Besides applications for PF resins and isocyanates, solid-state NMR techniques have 

also been widely used for studying the cure chemistry and structure of amino resins (e.g. 

urea-formaldehyde and melamine-formaldehyde) used in wood binding applications 

(193-203).  Most studies were conducted to investigate the structure of cured UF resin 

and its thermal and hydrolytic stability, which is a very important characteristic for UF 

applications. For example, Chuang and Maciel (199) studied the relative stability toward 

hydrolysis for each structural component in UF resin under various hydrolytic conditions   

using 13C CP/MAS NMR. They concluded that dimethylene ether linkages, methylols 

attached to tertiary amides, and poly(oxymethylene glycol) moieties are probably the 

main formaldehyde emitters in UF resin products. It is noteworthy to credit a recent 

report (200) using large-volume (2.5 cm3) magic-angle-spinning rotor to obtain high-
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quality natural-abundance 15N CP/MAS NMR spectra of urea-formaldehyde (UF) resins. 

The use of natural-abundance urea- or melamine-formaldehyde resins to study their cure 

chemistry provides a convenient way to obtain structural information supplemental to 

that obtained from 13C CP/MAS NMR. For instance, 15N NMR spectroscopy was shown 

to clearly distinguish dimethylene ether linkages from methylol groups for UF resins- 

information which cannot be effectively obtained from 13C CP/MAS spectroscopy due to 

the 14N broadening effect (quadrupole effect). In addition, 15N CP/MAS NMR can also 

detect the existence of crosslinking tertiary amides and unreacted primary amides in UF 

resins (200). 

 

2.6. References 

 
1. Knop, A. and W. Scheib.1979. Chemistry and Application of Phenolic Resins.  New 

York: Springer-Verlag 
 

2. Baekeland, L.H. 1907. U.S. Patent 942,809 
 
3. Nielsen, D. and K.K. Sudan. 1996. International Particleboard/Composite Materials 

Symposium. M.P. Wolcott, Ed. Pullman, WA, 59-64 
 
4. Marra, A.A. 1992. Technology of Wood Bonding: Principles in Practice. New York: 

Van Nostrand Reinhold 
 
5. Sellers, T. Jr. 2001. Wood Adhesive Innovations and Applications in North 

America. Forest Products Journal. 51(6): 12-22 
 
6. Kim, M.G., W.L. Nieh, T. Sellers, Jr., W.W. Wilson and J.W. Mays. 1992. Ind. 

Eng. Chem. Res. 31(3): 973-979  
 
7. Sellers, T. Jr.1985. Plywood and Adhesive Technology. New York: Marcel Dekker, 

Inc.   
 
8. Walker, J.F. Formaldehyde. 1964. ACS Monograph No. 159. 3 Ed. New York: 

Reinhold Publication Co. 
 
9. Freeman, J.H. and C.W. Lewis. 1954.  J. Am. Chem. Soc. 76: 2080-2087 
 
10. Caesar, P.D. and A.N. Sachanen. 1948. Ind. Eng. Chem. 40: 922-928 
 
11. Jones, T.T. 1946. J. Soc. Chem. Ind. 65: 264-275 

 59



 
12. Werstler, D.D. 1986. Polymer. 27(5): 750-756 
 
13. Kim, M.G., Y. Wu. And L.W. Amos. 1997.  Journal of Polymer Science. Part A: 

Polymer Chemistry. 35: 3275-3285 
 
14. Kim, M.G., G.T. Tiedeman and L.A. Amos. 1980. Weyerhaeuser Science 

Symposium. 2: 263-289 
 
15. So, S. and A. Rudin, 1990. Journal of Applied Polymer Science. 41(1-2): 205-232 
 
16. Pizzi, A. 1994. Advanced Wood Adhesives Technology. New York: Mercel 

Dekker, Inc.  
 
17. Kim, M.G. and C. Watt. 1996. Journal of Wood Chemistry and Technology. 16(1): 

21-34 
 
18. Kim, M.G., L.W. Amos and E.E. Barnes. 1990.  Ind. Eng. Chem. Res. 29: 2032-

2037 
 
19. Megson, N.J.L. 1958. Phenolic Resin Chemistry. Academic Press: New York 
 
20. Fyfe, C.A., A. Rudin and W. Tchit. 1980. Macromolecules. 13: 1322-1324 
 
21. Zinke, A. 1951. J. Appl. Chem. (London). 1: 257-266 
 
22. Maciel, G.E., I.S. Chuang and L. Gollob. 1984. 17(5): 1081-1087 
 
23. Johns, W.E. 1989. Chapter 3 in Wood Adhesives: Chemistry and Technology.  

Vol.2 (A. Pizzi, ed.), New York: Marcel Dekker, Inc. 
 
24. Mizumachi, H. 1973. Wood Science. 6(1): 14 
 
25. Chow, S-Z and H.N. Mukai. 1972. Wood Sci. 4(4): 202-208 
 
26. Mora, F., F. Pla. And A. Gandini. 1989. Angew. Makromol. Chem. 173: 137-152 
 
27. Pizzi, A., B. Mtsweni and W. Parsons. 1994. Journal of Applied Polymer Science. 

52: 1847-1856    
 
28. Ramiah, M.V. and G.E. Troughton. 1970. Wood Sci. 3(2): 120-125 
 
29. Chow, S-Z. 1969. Wood Sci. 1(4): 215-221 
 
30. Mizumachi, M. and H. Morita. 1975. Wood Sci. 7(3): 256-260    
 

 60



31. Hawke, R.N., B. Sun and M.R. Gale. 1992. Forest Products Journal. 42(11/12): 61-
68 

 
32. Hawke, R.N., B.Sun and M.R. Gale. 1993. Forest Products Journal. 43(1): 15-20 
 
33. Sun, B., R.N. Hawke and M.R.Gale. 1994. Forest Products Journal. 44(3): 34-40 
 
34. Sun, B., R.N. Hawke and M.R.Gale. 1994. Forest Products Journal. 44(4): 53-58 
 
35. Galbraith, C.J. and W.H. Newman. 1992. In: FRI Bulletin No.177. Pacific Rim Bio-

Based Composites Symposium. Rotorua, New Zealand 
 
36. Palardy, R.D., B.R. Grenley, F.H. Story and W.A. Yrjana. 1990. Wood Adhesives 

1990. 124-128 
 
37. Clark, R.J., J.J. Karchesy and R.L. Krahmer. 1988. Forest Products Journal. 38(7/8): 

71-75 
 
38. Ballerini, A.A. 1994. Ph.D. Dissertation. Virginia Polytechnic Institute and State 

University. Blacksburg, VA. 
 
39. Schollenberger, C.S. 1977. Polyurethane- and Isocyanate-Based Adhesives. 

Handbook of Adhesives. 2nd Ed. I. Sheist, Ed. New York: Van Nostrand Reinhold 
Co. 

 
40. Skinner, C., S. Cahoone, J. Marcinko, J.P.R. Lauwers and M. Van Tilt. 2000. Wood 

Adhesive 2000. 93-103 
 
41. Moriarty, C.  1999. Proc. of 33rd International Particleboard/Composite Materials 

Symposium. M.P. Wolcott, Ed. Pullman, WA. 159-164 
 
42. Twitchett, H.J. 1974. Chemical Society Reviews. 3(2): 209-230 
 
43. Frisch, K.C. and H.C. Vogt. 1964. Chemical Reactions of Polymers. E.M. Fettes 

Ed., Interscience Publishers. 927-1008 
 
44. Bentley, F.E. 1978. U.S. Patent 4,071,558 
 
45. Eckner, H. and B. Forster. 1987. Angew. Chem. Int. Ed. Engl. 26(9): 894-895 
 
46. Ulrich, H. 1996. Chemistry and Technology of Isocyanates. New York: John Wiley 

& Sons, Inc. 
 
47. Oertel, G. 1985. Polyurethane Handbook: Chemistry-Raw Materials-Processing-

Application-Properties. Munchen: Carl Hanser Verlag 
 

 61



48. Szycher, M. 1999. Szycher’s Handbook of Poyurethanes. New York: CRC Press    
 
49. Owen, N.L., W.B. banks and H. West. 1988. J. Molecular Structure. 175: 389-394 
 
50. Rowell, R.M. and W.D. Ellis. 1979. Wood Sci. 12(1): 52-58 
 
51. Rowell, R.M., W.C. Feist and W.D. Ellis. 1981. Wood Sci. 13(4): 202-208 
 
52. Rowell, R.M. and W.D. Ellis. 1981. ACS Symposium Series. 172. American 

Chemical Society.  264-284 
 
53. McLaughlin, A. 1980. In: Proc. 14th International Particleboard/Composite 

Materials Symposium. T.M. Maloney Ed., Pullman, WA. 207-211 
 
54. Weaver, F.W. and N.L. Owen. 1992. In: FRI Bulletin No.177. Pacific Rim Bio-

Based Composites Symposium. Rotorua, New Zealand 
 
55. Steiner, P.R., S. Chow and S. Vadja. 1980. Forest Products Journal. 30(7): 21-27 
 
56. Rosthauser, J.W., K.W. Haider, R.N. Hunt and W.S. Gustavich. 1997. In: Proc. 31st 

International Particleboard/Composite Materials Symposium. T.M. Maloney M.P. 
Wolcott, Ed. Pullman, Washington 

 
57. Marcinko, J.J., W.H. Newman, C. Phanopoulos and M.A. Sander. 1995. In: Proc. 

29th International Particleboard/Composite Materials Symposium. T.M. Maloney, 
Ed. Pullman, WA 

 
58. Chelak, W. and W.H. Newman. 1991.  In: Proc. of 25th International Particleboard/ 

Composite Materials Symposium. T.M. Maloney, Ed. Pullman, WA 
 
59. Wendler, S.L. and C.E. Frazier. 1995. Journal of Adhesion. 50: 135-153 
 
60. Wendler, S.L. and C.E. Frazier.1996.  Journal of Applied Polymer Science. 61: 775-

782 
 
61. Wendler, S.L. and C.E. Frazier.1996. International Journal Of adhesion and 

Adhesives. 16: 179-186 
 
62. Ni, J. and C.E. Frazier. 1998. Journal of Adhesion. 66: 89-116 
 
63. Zhou, X. and C.E. Frazier. 2001. International Journal of Adhesion & Adhesives. 

21: 259-264 
 
64. US Patent 3,905,934 
 
65. US Patent 4,293,480 

 62



 
66. US Patent 4,602,069 
 
67. US Patent 4,683,252 
 
68. US Patent 5,001,190 
 
69. US Patent 5,101,001 
 
70. US Patent 5,733,952 
 
71. Rosthauser J.W. and W.D. Detlefsen. 2001. US Patent 6,214,265 
 
72. Deppe, H.J. and K. Ernst. 1971. Holz als Roh-und Werkstoff. 29(2): 45-50 
 
73. Deppe, H.J. 1977. In: Proc. 11th International Particleboard/Composite Materials 

Symposium, T.M. Maloney Ed., Pullman, WA, 13-31 
 
74. Hse, C.Y. 1978. Proc. of Complete Tree Util. South. Pine Symp., C.W. McMillin 

Ed., 411-415 
 
75. Hse, C.Y. 1980. US Patent 4,209,433 
 
76. Pizzi, A., J. Valenzuela and C. Westermeyer. 1993. Holzforschung. 47: 68-71 
 
77. Pizzi, A., V.L. Ernst and W. Cristian. 1995. US Patent 5,407,980 
 
78. Batubenga, D.B., A. Pizzi, A. Stephanou, R. Krause and P. Cheesman. 1995.   

Holzforschung. 49: 84-86 
 
79. Rosthauser, J.W. and H.G. Schmelzer. 2001. US Patent 6,294,117 
 
80. Miller, T.R. and J.W. Rosthauser. 2002. US Patent 6,416,696 
 
81. Layton, H.D., H.S. Duff and K.R. Molyneaux. 1992. US Patent 5,128,407 
 
82. Stephanou, A. and A. Pizzi. 1993. Holzforschung. 47: 439-445 
 
83. Stephanou, A. and A. Pizzi. 1993. Holzforschung. 47: 501-506 
 
84. Glasser, W.G., V.P. Saraf and W.H.Newman. 1982. Journal of Adhesion. 14: 233-

255 
 
85. Newman, W.H. and W.G. Glasser. 1985. Holzforschung. 39: 345-353 
 
86. Sellers, T. Jr. 1989. Forest Products Journal. 39(11/12): 53-56 

 63



 
87. Haider, K.W., M.A. Wittig, J.A. Dettore, J.A. Dodge and J.W. Rosthauser. 2000.   

Wood Adhesives 2000, Extended Abstracts, Forest Products Society. South Lake 
Tahoe, NV. 85-86 

 
88. Kresta, J.E., A. Garcia and K.C. Frisch.  1981. ACS Symposium Series. 172(27): 

403-417 
 
89. Papa, A.J. and F.E. Critchfield. 1979. Journal of Cellular Plastics. 9/10: 258-266 
 
90. Pizzi, A. and T. Walton. 1992. Holzforschung. 46(6): 541-547 
 
91. Zhuang, M. and Steiner, P.R. 1993. Holzforschung. 47: 425-434 
 
92. Simon, C., B. George and A. Pizzi. 2002. Holzforschung. 56: 327-334 
 
93. Saunders, J.H. and K.C. Frisch. 1962. Polyurethanes Chemistry and Technology. 

Part i.pp.106-121. New York: Wiley Interscience 
 
94. Yang, W.P., C.W. Macosko and S.T. Wellinghoff. 1986. Polymer. 27: 1235-1240 
 
95. Gaylord, N.G. and Sroog, C.E. 1953. Journal of Organic Chemistry. 18: 1632-1637 
 
96. Newman, M.S. 1950. J. Am. Chem. Soc. 72: 4783-4786 
 
97. Williams, A. 1972.  J. Chem. Soc., Perkin Trans. 2, 808-812 
 
98. Laudien, R. and R. Mitzner. 2001.  J. Chem. Soc. Perkin Trans. 2. 2226-2229 
 
99. Van Mele, B., Van Assche, G. and Van Hemelrijck, A. 1999. Journal of Reinforced 

Plastics and Composites. 18(10): 885-894 
 
100. Flory, P.J. 1953. Polymer Chemistry. Cornell University Press. Ithaca, NY 
 
101. Gillham, J.K.1982. In: Developments in Polymer Characterization-3, Dawkins, J.V. 

Ed., Applied Science Publishers, London, UK  
 
102. Prime, R.B. 1997. Thermal Characterization of Polymeric Materials. E.A. Turi, Ed., 

New York: Academic Press  
 
103. Peng, X.; Gillham, J.K. 1985. Journal of Applied Polymer Science. 30 (12): 4685-

4696 
 
104. Gillham, J.K.1979. Polymer Engineering and Science. 19 (10): 749-755   
 

 64



105. Wisanrakkit, G., J.K. Gillham and J.B. Enns. 1990. Journal of Applied Polymer 
Science. 41: 1895-1912  

 
106. Wisanrakkit, G. and J.K. Gillham.1991. Journal of Applied Polymer Science. 42: 

2453-2463  
 
107. Hofmann, K. and W.G. Glasser. 1990. Thermochim Acta. 166: 169-184  
 
108. Toffey, A., G. Samaranayake, C.E. Frazier and W.G. Glasser. 1996. Journal of  

Applied Polymer Science, 60: 75-85 
 
109. Toffey, A. and W.G. Glasser. 1997.  Holzforschung. 51: 71-78 
 
110. Toffey, A. and W.G. Glasser. 1999. Journal of Applied Polymer Science. 73(10): 

1879-1889 
 
111. Pizzi, a., X. Lu and R. Garcia. 1999.  Journal of Applied Polymer Science. 71: 915-

925 
 
112. Park, B-D, B. Riedl, H-J Bae and Y.S. Kim. 1999. Journal of Wood Chemistry and 

Technology. 19(3): 265-286 
 
113. Sebenik, A., I. Vizovisek and S. Lapanje. 1974. European Polymer Journal. 10: 273-

278 
 
114. Christiansen, A.W. and L. Gollob. 1985. Journal of Applied Polymer Science. 30: 

2279-2289 
 
115. X-M Wang, B. Riedl, A.W. Christiansen and G.L. Geimer.1994. Polymer. 35(26): 

5685-5692 
 
116. Steiner, P.R. and S.R. Warren. 1981. Holzforschung. 35: 273-278 
 
117. P.W. King, R.H. Mitchell and A.R. Westwood. 1974. Journal of Applied Polymer 

Science. 18: 1117 
 
118. Kenny, J.M., G. Pisaniello, F. Farina and S. Puzziello. 1995.  Thermochimica Acta. 

269/270: 201-211 
 
119. Vick, C.B. and A.W. Christiansen. 1993.  Wood and Fiber Science. 25(1): 77-86 
 
120. Holopainen, T., L. Alvila, J. Rainio and T.T. Pakkanen. 1997.  Journal of Applied 

Polymer Science. 66(6): 1183-1193 
 
121. Harper, D.P., M.P. Wolcott and T.G. Rials. 2001. International Journal of Adhesion 

and Adhesives. 21: 137-144 

 65



 
122. Reading, M. 1993. Trends in Polymer Science. 1(8): 248-253 
 
123. Reading, M., D. Elliot and V.L. Hill. 1993. Journal of Thermal Analysis. 40(3): 

949-955 
 
124. Van Assche, G., A. Van Hemelrijck, H.Rahier and B. Van Mele. 1997. 

Thermochimica Acta. 304-305: 317-334 
 
125. Van Assche, G., A. Van Hemelrijck, H.Rahier and B. Van Mele. 1995, 

Thermochimica Acta. 268: 121-142 
 
126. Van Assche, G., A. Van Hemelrijck, H.Rahier and B. Van Mele. 1996, 

Thermochimica Acta. 286: 209-224 
 
127. Myers, G.E., A.W. Christiansen, R.L.Geimer, R.A. Follensbee and J.A. Koutsky. 

1991. Journal of Applied Polymer Science. 43(2): 237-250 
 
128. Christiansen, A.W., R.A. Follendbee, R.L.Geome, J.A. Koutsky and G.E. Myers. 

1993. Holzforschung. 47: 76-82 
 

129. Kim, M.G., W. L-S Nieh and R.M. Meacham. 1991.  Ind. Eng. Chem. Res. 30(4): 
798-803 

 
130. Steiner, P.R. and S.R. Warren. 1981. Holzforschung. 35(6): 273-278 
 
131. Lorenz, L.F. and A.W. Christiansen. 1995.  Ind. Eng. Chem. Res. 34: 4520-4523 
 
132. Kuzak, S.G. and A. Shanmugam. 1999.  Journal of Applied Polymer Science. 73: 

649-658 
 
133. Umemura, K., A. Takahashi and S. Kawai. 1998. Journal of Wood Science. 44: 204-

210 
 
134. Umemura, K., A. Takahashi and S. Kawai. 1999.  Journal of Applied Polymer 

Science. 74: 1807-1814 
 
135. Follensbee, R.A., J.A. Koutsky, A.W. Christiansen, G.E. Meyers and R.L. Geimer. 

1993. Journal of Applied Polymer Science. 47: 1481-1486   
 
136. Pizzi, A., X. Lu and R. Garcia. 1999.  Journal of Applied Polymer Science. 71: 915-

925 
 
137. Onic, L., V. Bucur, M.P. Ansell, A. Pizzi, X. Deglise and A. Merlin. 1998.   

International Journal of Adhesion & Adhesives. 18: 89-94 
 

 66



138. Lu, X. and A.Pizzi. 1998.  Holz als Roh- und Werkstoff. 56: 339-346 
 
139. Wolcott, M.P. 2001. Presentation given at the 55th Forest Products Annual Meeting. 

Baltimore, MD. 
 
140. Laborie, M-P. 2002. Ph.D. Dissertation. Virginia Polytechnic Institute and State 

University, Blacksburg, VA 
 
141. Salmen, N.L. 1984. J. Materials Sci. 19: 3090 
 
142. Kelley, S.S., T.G. Rials and W.G.Glasser. 1987. J. Materials Sci. 22(2): 617-624 
 
143. Kelley, S.S., T.G. Rials. And W.G. Glasser. 1987.  Journal of Materials Science. 

22(2): 617-624    
 
144. Hou, T.H., J.Y.Z. Huang and J.A. Hinkley. 1990.  Journal of Applied Polymer 

Science. 41(3-4): 819-834 
 
145. Oyanguren, P.A. and R.J.J. Williams. 1993.  Journal of Applied Polymer Science. 

47(8): 1361-1371 
 
146. Srinivasa, R.R., L.A. Chen, C. McDowell and S.A. Khan. 1996.  Polymer. 37(26): 

5869-5875 
 
147. Winter, H.H. 1987. Polymer Engineering and Science.  27(22): 1698-1702 
 
148. TA Instruments Rheology Applications Notes. 2001. Multiwave Oscillation.   

http://www.tainst.com/support/library4.html 
 
149. Lange, J., N. Altmann. C.T. Kelly and P.J. Halley. 2000. Polymer. 41: 5949-5955 
 
150. Kim, H. and K. Char. 2000.  Ind. Eng. Chem. Res. 39: 955-959 
 
151. Peng, W. and B. Riedl. 1994.  Polymer, 35(6): 1280-1286 
 
152. Purcell, E.M., H.C. Torrey and R.V.Pound. 1946. Physical Review. 69: 37-38 
 
153. Bloch, F., W.W. Hansen and M.E. Packard. 1946. Physical Review. 69: 127 
 
154. Martin, M.L., J-J. Delpuech and G.J. Martin. 1980. Practical NMR Spectroscopy. 

Heyden, London 
 
155. Mehring, M. 1983. Principles of High Resolution NMR in Solids. Springer-Verlag. 

New York 
 
156. Koenig, J.L. 1992. Spectroscopy of Polymers. American Chemical Society 

 67



 
157. Burum, D, W.K. Rhim. 1979. J. Magn. Reson. 34(1): 241-246 
 
158. Schaefer, J. and E.O. Stejskal. 1975. J. Amer. Chem. Soc. 98 (4): 1031-1032 
 
159. Pake, G.E. J. Chem. Phys. 1948.16: 327-336 
 
160. Andrew, E.R.; R.G. Eades, 1962. Discuss. Faraday Sco. 34, 28 
 
161. Andrew, E.R., A. Bradbury, R.G. Eades. 1959. Nature, 183: 1802-1803 
 
162. Stejskal, E.O. and J.D. Memory. 1994. High Resolution NMR in the Solid State.  

New York: Oxford University Press 
 
163. Hartmann, S.R. and E.L. Hahn. 1962. Physical Review. 128: 2042-2053 
 
164. Miknis, F.P., V.J. Bartuska and G.E. Maciel. 1979. American Laboratory. 11(11): 

19-20, 22, 25-28, 32-33 
 
165. McBrierty, V.J. and D.C. Douglass. 1981. Macromolecular Reviews. 16: 295-366 
 
166. Zhang, X., K. Takegoshi, and K. Hikichi, 1992. Macromolecules. 25(9): 2336-2340 
 
167. Zhong, Z., Q. Guo and Y. Mi. 1998. Macromolecules. 40: 27-33 
 
168. Parmer, J., L. Dickinson, J. Chein and R. Porter. 1987. Macromolecules. 20: 2308-

2310 
 
169. McBrierty, V.J. and K.J. Packer, 1993. Nuclear Magnetic Resonance in Solid 

Polymer. Cambridge, UK; Cambridge University Press 
 
170. Demco D.E., A. Johansson and J. Tegenfeldt, 1995. Solid State Nuclear Magnetic 

Resonance. 4(1): 13-38 
 
171. Chuang, I-S and G.E. Maciel. 1994.    Annual Reports on NMR Spectroscopy. 

Volume 29. New York: Academic Press 
 
172. Marcinko, J.J., W.H. Newman and C. Phanopoulos. 1994. Second Pacific-Rim Bio-

Based Composites Symposium. Vancover, Canada.  286-293 
 
173. Frazier, C.E. and J. Ni. 1998.  International Journal of Adhesion and Adhesives. 

18(2): 81-87 
 
174. Marcinko, J.J., S. Devathala, P.L. Rinaldi and S. Bao. 1998.  Forest Products 

Journal. 48(6): 81-84 
 

 68



175. Marcinko, J.J., P.L.Rinaldi and S.Bao. 1999.  Forest Products Journal. 49(5): 75-78 
 
176. So.S., J.W. Teh, A. Rudin, W.J. Tchir and C.A. Fyfe. 1990.  Journal of Applied 

Polymer Science. 39(3): 531-538 
 
177. Fyfe, C.A., A. Rudin and W. Tchir. 1980. Macromolecules. 13(5): 1320-1322 
 
178. Solomon, S. and A. Rudin. 1990. Journal of Applied Polymer Science. 41(1-2): 205-

232 
 
179. Fyfe, C.A., M.S. Mckinnon, A. Rudin and W.J. Tchir. 1983. Macromolecules. 16: 

1216-1219 
 
180. Maciel, G.E., N.M. Szeverenyi, T.A. Early and G.E. Meyers. 1983. 

Macromolecules. 16(4): 598-604 
 
181. Bryson, R.L., G.R. Hatfield, T.A. Early, A.R. Palmer and G.E. Maciel. 1983. 

Macromolecules. 16(10): 1669-1672  
 
182. Chuang, I., B.L. Hawkins, G.E. Maciel and G.E. Myers. 1985. Macromolecules. 

18(7): 1482-1485 
 
183. Kim, M.G., Y. Wu and L.W. Amos. 1997. Journal of Polymer Science, Part A. 

Polymer Chemistry. 35(15): 3275-3285  
 
184. Park, B-D and Riedl. 2000.  Journal of Applied Polymer Science. 77: 1284-1293 
 
185. Tonelli, A.E. 1993. NMR Spectroscopy of Polymers. Ibbett, R.N. Ed. London: 

Blackie Academic & Professional, 161-197 
   
186. Schmidt, E.G. and C.E. Frazier. 1998.  Wood and Fiber Science. 30(3): 250-258 
 
187. Schmidt, R.G. and C.E. Frazier. 1998. International Journal of Adhesion and 

Adhesives. 18(2): 139-146 
 
188. Duff, D.W. and G.E. Maciel. 1990. Macromolecules. 23: 3069-3079 
 
189. Duff, D.W. and G.E. Maciel. 1990. Macromolecules. 23: 4367-4371 
 
190. Duff, D.W. and G.E. Maciel.1991. Macromolecules. 24: 387-397 
 
191. Duff, D.W. and G.E. Maciel.1991. Macromolecules. 24: 651-658 
 
192. Bao, S., W.A. Daunch, Y. Sun, P.L. Rinaldi, J.J. Marcinko and C. Phanopoulos. 

1999.  Journal of Adhesion. 71: 377-394 
 

 69



193. Tohmura S, C.Y. Hse and M. Higuchi. 2000.  Journal of Wood Science.  46 (4): 
303-309   

 
194. Tohmura S, A. Inoue and L. Guo. 1998.  Mokuzai Gakkaishi. 44 (6): 433-440 
  
195. Tohmura S, A. Inoue and S.H. Sahari. 2001. Journal of Wood Science. 47 (6): 451-

457  
 
196. Maciel, G.E., N.M. Szeverenyi, T.A. Early and G.E. Myers. 1983. Macromolecules. 

16: 598-604 
 
197. Chuang, IS; Maciel, G.E. 1992. Macromolecules. 25(12): 3204-26.   
 
198. Chuang, IS and G.E. Maciel. 1994.  Polymer. 35 (8): 1602-1620   
 
199. Chuang, IS and G.E. Maciel. 1994.  Journal of Applied Polymer Science. 52 (11): 

1637-1651   
 
200. Chuang, IS and G.E. Maciel. 1994. Polymer. 35 (8): 1621-1628  
 
201. Myers, G.E. 1985. Macromolecules. 18(7): 1482-1485.   
 
202. Ebdon, J. R.; P.E. Heaton, T.N. Huckerby, W.T.S. O'Rourke and J. Parkin. 1984.    

Polymer. 25(6): 821-825.  
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 70



Chapter 3. Rheological Characterizations 

 

3.1. Introduction 

     Rheology is the science dealing with the laws of material deformation and flow (1). 

Rheological principles apply to materials that are capable of flow and to those exhibiting 

recoverable deformations. The apparent viscosity (�) obtained from rheological studies is 

one of the most important parameters pertaining to polymer processing. The apparent 

viscosity is defined as the ratio of shear stress () and shear rate (�), i.e. �=/�. Various 

power law expressions are used in empirical formulae to describe the shear stress/shear 

rate relationship.  The basic power law expression is described as  = k�n in which k and 

n are constants (1). For Newtonian liquids, n equals unity, i.e. there is a linear 

relationship between shear stress and shear rate, and no yield stress is present.  Four 

representative liquid flow behaviors are shown in Figure 3.1A (2).  Most rheologically 

complex materials without a yield stress exhibit shear-thinning behavior, as shown in 

Figure 3.1B. In this case �o and �s are the apparent viscosity in the first and the second 

Newtonian regions, respectively (2).   

     A detailed study of the rheological properties of wood adhesives can reveal their 

response in various application processes. Examples of common adhesive processing 

methods include brushing, pumping, and spraying, each of which is associated with a 

different characteristic shear rate.  For example, the shear rates in adhesive free dripping, 

flowing and wood penetration are reportedly below 1 s-1 (3), while for adhesive spraying 

such as used in OSB manufacture, the shear rate can be in the range of 103 and 105 s-1 

(3,4). Wood adhesives may exhibit dramatically different rheological behavior under 

these operational conditions. Since this research will also investigate adhesive penetration 

behavior, a correlation between the penetration depth into wood and the adhesive 

viscosity at the associated shear rate is of interest. For this reason, it will be instructive to 

estimate the adhesive shear rates associated with resin penetration into wood during bond 

consolidation. Since this work uses yellow-poplar, the following calculations will be 

based on this wood.  If we assume a bondline is consolidated in about 0.75 to 1 second, 

and that the adhesive penetrates from 0.5 to 3 mm into wood, a flow velocity in the range 
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of 0.5 mm/s to 4 mm/s is obtained. The shear rate associated with adhesive flow in 

typical yellow-poplar vessel lumens (estimated to have a diameter ranging from 30 to 80 

microns) will then be calculated as the ratio of the flow velocity to the radius of the 

lumen, so a shear rate between 12.5 s-1 and 266 s-1 is obtained. One may argue that the 

adhesive can flow longer than what is estimated here (0.75 to 1s), so the actual average 

adhesive flow velocity is slower than the estimated value. However, the initial 

penetration stage causes the highest shear rate, and this is of interest to this study.    

     In spite of the importance of wood adhesive rheological properties, there is not a 

wealth of studies reported in the literature. The most common wood adhesive rheological 

characterization reported in the literature is a viscosity measurement, often conducted 

with a Brookfield or Gardner-Holdt viscometer. Measurements obtained from these 

methods do not reveal adhesive rheological behavior at a wide range of shear rates.   
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Figure 3.1.   (A). Four basic flow types of liquids. 1). Newtonian 2). Shear-thickening 3).  
                           Shear-thinning  4). Bingham plastic (2) 
                     (B). Schematic diagram of typical shear-thinning behavior (2) 
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       Two types of rheological experiments are often conducted on adhesives with 

advanced rheometers. The transient viscosity and the shear stress/shear rate relationship 

can be obtained through the steady-state flow experiment in which the liquid adhesive 

undergoes constant shear.  In contrast to the flow experiment, a very small sinusoidally 

varying stress is applied in oscillation experiments so as not to interfere with the three-

dimensional intermolecular structure of the fluid.  Storage modulus (G�), loss modulus 

(G��), and complex viscosity (�*) are usually reported. The complex viscosity is defined 

as ((G�
2+ G��

2)1/2)/� in which � is the angular frequency of the oscillation. It is necessary 

to point out that the empirical Cox-Merz rule (5) does not apply to thermosets; this rule 

allows the conversion of complex viscosity obtained from dynamic oscillatory 

experiments, to steady-state viscosity. Studies with flow and oscillatory experiments 

provide complementary information on adhesive rheological behavior. 

     PF resole/PMDI blends were reported to have increased viscosities upon mixing (7). 

The increase in the viscosity of the blends is due to co-reaction between PF resoles and 

PMDI (8). Because of these co-reactions, detailed rheological studies on PF/PMDI blends 

are essential in revealing their processability and stability. Since one of the goals of this 

research is to evaluate the potential of resole/PMDI blends for OSB applications, a 

thorough rheological study is necessary to shed light on the viscometric properties and 

stability of various PF/PMDI blends.   

      

3.2. Experimental 

3.2.1.  Materials 

      Two commercial OSB resins, liquid PF resole (Core® OSB resin from Dynea) and 

PMDI (Rubinate® 1840 from Huntsman Polyurethanes), were used as received.  Resin 

properties are listed in Table 3.1.  Blends were prepared either with vigorous hand mixing 

at a shear rate of approximately 200 rpm, or by high shear mixing at 1,500 rpm for one 

minute with a 1.5-in. high shear mixer (EUROSTARbasic, IKA LaborTechnic). The total 

weight of each blend was approximately ten grams.    

     Diethylamine (99.5%), acetic acid (A.C.S. reagent grade, 99.7%), dimethyl sulfoxide 

(DMSO, A.C.S. reagent grade, 99.9%) and chloroform (CHCl3, HPLC grade, 99.9%) 
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were purchased from Aldrich Chemical and used as received. Chloroform was dried with 

molecular sieves before use.   

 

 

        
                                     Property                                 PF                       PMDI 

 
                                     Viscosity (25oC, Pa.s)           0.300                    0.166 
                                                     (25oC, mPa.s)         300                       166 
                                     NCO content (%)                    --                           31 
                                     Isocyanate equ. Wt. (g)                                        133 
                                     Solids content (%)                   50                        100 
                                              pH                                 11.8                          -- 

 
 

Table 3.1. Some properties of OSB PF and PMDI used in this research. (PF contains  
                 post-added urea) 
 

 

 

3.2.2.  Methods  

      Neat PF and PMDI resins, as well as five PF/PMDI blends (75/25, 60/40, 50/50, 

33/67, 15/85) were investigated; blend ratios are reported on resin solids.  Hereafter, in 

this chapter the blends will be referred to with the blend ratio and method of mixing. For 

example, 75/25 (high shear) contains 75 parts PF resin solids to 25 parts PMDI resin 

solids, and was mixed using high shear (1500 rpm as defined previously).  All blends in 

subsequent chapters were prepared by hand mixing. 

      A controlled stress TA Instruments AR1000 rheometer was used to conduct 

rheological flow and oscillation experiments. The steady-state flow experiments were 

conducted to determine the viscosity and the shear stress-shear rate relationships with a 

cone and plate geometry over a range of shear rates (0.2 s-1 to 2878 s-1). Flow 

experiments were conducted for the pure resins, and for the blends immediately after 

mixing; a second set was conducted 30 minutes after mixing. The stainless steel cone 
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with diameter of 40mm had a 2o cone angle and a truncation of 57µm.  Each adhesive 

sample was equilibrated on the Peltier plate at 25oC for one minute before the flow 

experiment began. The steady-state shear rate was achieved by specifying a 5% shear rate 

tolerance. Five data points per decade of the shear rate were obtained. Each steady-state 

experiment took from five to six minutes to complete. Oscillation experiments were 

conducted with a parallel plate geometry at 0.0001rad. displacement and 1Hz frequency 

to investigate adhesive rheological changes over a period of one hour at ambient 

laboratory conditions. Preliminary work was conducted to ensure that the response of 

each adhesive was within its linear viscoelastic region. Disposable parallel plates 

(aluminum, 25mm diameter) were used with a plate gap set at 200 µm all oscillation 

experiments.      

    The residual isocyanate content of PF/PMDI blends was measured with proton nuclear 

magnetic resonance (NMR) performed on a Varian 400MHz NMR spectrometer at room 

temperature. After PF/PMDI blends were prepared, a small portion (0.5-1g) was 

transferred to a dry 10-mL glass vial to react with excess diethylamine for 30 minutes in 

the presence of 5 mL dimethyl sulfoxide (DMSO) for thirty minutes. A portion of the 

reaction mixture (0.5 mL) and 0.5 mL of DMSO-d6 were then transferred into a 5 mm 

NMR tube. Acetic acid was added as an internal standard for quantitative analysis. 

Tetramethylsilane (TMS) was used as an internal reference.   

 

 

3.3. Results and Discussion 

     An immediate viscosity increase upon both hand and high shear mixing was observed 

for all PF/PMDI blends. This viscosity increase is due to an increase in molecular weight 

because of urethane formation between PF and PMDI, as discussed by Pizzi and Walton 

(6,7). 

    Figure 3.2 shows the data obtained from the steady-state flow experiments for the neat 

resins and the five PF/PMDI hand-mixed blends which were tested immediately after 

mixing. It is clear that both neat PF and PMDI exhibit Newtonian behavior over the full 

range of the shear rates as indicated by the independence of viscosity on the shear rate. 

This is consistent with the results reported in the literature that PF resoles (3) and 
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novolaks (8) typically exhibit Newtonian flow behavior. The OSB PF used in this study 

had higher viscosity (0.3 Pa.s or 300 cps) than the PMDI (0.166 Pa.s or 166 cps).  All 

blends exhibited shear-thinning behavior and all had much higher viscosities than the 

neat resins over most of the shear rates. No clear Newtonian region was detected for any 

blend. The 50/50 (hand mixed) blend had a much higher viscosity than the rest of blends.    

The viscosity of 75/25 (hand mixed) was similar to that of PF at shear rate higher than 

300 s-1. Figure 3.3 shows the viscosity versus shear rate for high shear mixed PF/PMDI 

blends tested immediately after mixing. The blends also exhibited shear-thinning 

behavior. Unlike the hand mixed blends, here the 33/67 (high shear) blend showed the 

highest viscosity.  This demonstrates the effect of energy input on the blend viscosity. 

This effect can be explained by considering the degree of co-reaction (urethane 

formation) as a result of different energy input since PF and PMDI resins are immiscible.  

The 15/85 (hand mixed) is difficult to mix by hand because these two resins are 

immiscible with PF being water-based and PMDI being 100% organic. For the 15/85 

(high shear) blend (Figure 3.3), a more gradual viscosity change with shear rate is 

observed than 15/85 (hand mixed) blend (Figure 3.2). Thirty minutes after mixing, flow 

experiments were conducted on each hand-mixed blend and the viscosity versus shear 

rate is shown in Figure 3.4.  It is clear that all the blends still exhibit shear-thinning 

behavior and generally they all showed a significant increase in viscosity.  

     In addition to the observed increases in blend viscosities, the shear-thinning behavior 

of the blends is clear evidence of co-reaction. Neat PF and PMDI exhibit Newtonian 

behavior because of their low molecular weight and the absence of chain entanglements. 

Therefore, one would not expect changes in shear rate to affect the liquid structure, and 

the apparent viscosity. However, the blends developed structure and entanglements due 

to co-reaction, then the shear-thinning indicates that the structure (entanglements) is 

broken down as the shear rate increases. It is also clear that the effect of shear rate on 

blend structure (as evidenced by the apparent viscosity) is different for each blend 

(Figures 3.2 and 3.3).  This can be explained by the different degrees of co-reaction in 

each blend which cause different molecular weights and chain entanglements. 

     The viscosities of neat resins and blends at shear rates of 100 s-1 and 1s-1 are plotted in 

Figures 3.5 and 3.6, respectively.  Notice that at the shear rate of 100 s-1 (Figure 3.5), the 
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50/50 (hand mixed) and the 33/67 (high shear) blends exhibit a remarkably higher 

viscosity than their counterparts mixed under the same conditions. There is something 

unusual about these systems because blends with a higher or lower PMDI content have 

much lower viscosities. Pizzi and Walton (7) have shown that the isocyanate reaction 

with PF methylol groups and phenoxides is an order of magnitude faster than the 

PMDI/water reaction, therefore, the increase in molecular weight that is observed here is 

primarily caused by PF-isocyanate reactions. These findings indicate that a stoichiometric 

optimization between isocyanate and methylol groups seems to occur between 50 and 

67% PMDI solids. The extent of the PF-isocyanate reaction is clearly also dependent on 

the mixing conditions. For hand mixed blends tested 30 minutes after mixing (Figure 

3.5C), the viscosity showed a dramatic increase for each blend except for the 15/85 

blend. This observation supports the conclusion by Pizzi and Walton (7) that the 

water/PMDI reaction is much slower than the PF-PMDI reactions because the excess 

water in the 15/85 blend did not result in a significant viscosity increase.  One mole of 

water consumes two moles of isocyanate to form one mole of substituted urea. As shown 

in Table 3.2, water is in great excess in each blend. 

 

 

 

                           PF/PMDI Blend        75/25       60/40        50/50       33/67       15/85 

                          H2O/NCO                 22.6         11.3           7.5           3.7           1.3 
                          molar ratio 
 
 
Table 3.2. H2O/NCO molar ratio in each PF/PMDI blend.   
 
 
 
     The adhesives showed similar viscosity trends at 1s-1 (Figure 3.6) with the 50/50 

(hand mixed) blend and the 33/67 (high shear) blend have higher viscosities than other 

blends mixed under similar conditions. The 50/50 (hand mixed) and 33/67 (hand mixed) 

blends exhibited dramatic increases in viscosity 30 minutes after mixing. 
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Figure 3.2. Viscosity vs. shear rate for hand mixed PF/PMDI blends immediately  
                   after mixing. 
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Figure 3.3. Viscosity vs. shear rate for high shear mixed PF/PMDI blends immediately 
                   after mixing. 
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Figure 3.4 Viscosity vs. shear rate for hand mixed PF/PMDI blends 30 min. after mixing. 
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Figure 3.5. Viscosity vs. PMDI content (%) at the shear rate of 100 s-1. (�): Immediately  
                   after hand mixing. (�): Immediately after high shear mixing. (�): 30 min.  
                   after hand mixing. 
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Figure 3.6.  Viscosity vs. PMDI content (%) at the shear rate of 1 s-1. (�): Immediately  
                   after hand mixing. (�): Immediately after high shear mixing. (�): 30 min.  
                   after hand mixing. 
 
 

     From results presented above, it is evident that different degrees of co-reaction may 

have occurred in each blend as indicated by viscosity differences in the blends. But how 

much residual PMDI remains in each blend is another interesting question.  The residual 

isocyanate will be responsible for room temperature reactions which relate to blend 

stability, and also for the cure reactions at elevated temperatures.  Isocyanate content is 

usually determined with ASTM Standard D 5155-91 Test Method C. However, the resole 

alkali in each blend interferes with the titration. For this reason, the residual isocyanate 

content in the blends was estimated using proton NMR in this research. The method 

involves the addition of N,N-diethylamine to the liquid PF/PMDI resin. Any residual 

isocyanate will rapidly react with the amine to produce the corresponding urea derivative. 

Fortunately, the methylene protons from the urea derivative are resolved from other 

protons. As shown in Figure 3.7, the methylene (CH2) protons in the PMDI/diethylamine 

derivative can be clearly identified as the quartet at 3.3 ppm with no overlap with 

diethylamine protons. The location of the CH2 protons in PMDI/urea derivatives is 

consistent with the chemical shift of CH2 in N,N-diethylacetamide (quartet at 3.3 ppm) 
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(9). The same quartet was also identified in the proton NMR spectrum of the PF/PMDI 

blend/diethylamine reaction mixture (Figure 3.8). Methyl protons from acetic acid 

(singlet near 1.9 ppm) are resolved from all other signals, so acetic acid has been used as 

an internal standard to quantitate the residual NCO in the blends. Since acetic acid was 

added with a known quantity, the mole number of the urea methylene protons (3.3 ppm) 

can be calculated, and it can be further corrected for the residual isocyanate content in 

PF/PMDI blends. The residual isocyanate (%) is expressed as either the percentage of the 

isocyanate groups initially added in the blends, or the weight of residual NCO over total 

resin solids (Table 3.3). 
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CH2CH3
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Diethylamine
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Figure 3.7. Partial 1H solution NMR spectra of diethylamine (top) and PMDI/  
                  diethylamine derivative (bottom). (all in  DMSO-d6 with TMS as the internal  
                  reference) 
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Figure 3.8. Partial 1H NMR spectrum of the reaction mixture of the 33/67 PF/PMDI and  
                  excess diethylamine with acetic acid added as an internal standard. 
 

 

 

 
                   PF/PMDI Blend                    75/25         50/50          33/67         15/85   
                    Initial NCO% 
              (NCO Wt./total resin solids)          7.8             15.5           20.8            26.4 
 
               Residual NCO%                  0.46�0.05   0.79�0.06   3.36�0.15   5.16�0.13    
               (based on total resin solids)     
 
               Residual NCO%                    5.9�0.6       5.1�0.4     16.2�0.7     19.6�0.5    
              (based on initial NCO added)     
 
  
            (Average from two measurements) 
 
Table 3.3.  Residual isocyanate (%) in each hand mixed PF/PMDI blend. 
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    From Table 3.3, we can see that there are different residual isocyanate contents in the 

blends.  The 75/25 (hand mixed) blend had the lowest while the 15/85 (hand mixed) had 

the highest residual NCO content over total resin solids.   One would also expect that the 

residual NCO content based on initial NCO should increase with the PMDI solids ratio in 

the blends.  This is indeed the trend except for the 50/50 (hand mixed) blend which 

exhibited an unusually low residual PMDI content (based on initial NCO).  In this case, it 

is likely that the stoichiometry between isocyanate groups and hydroxymethyl and 

phenolic hydroxyl (phenoxide) groups are matched, so a maximum degree of co-reaction 

occurred which forms a significantly higher number of urethane linkages than the rest of 

the blends.   

     Unlike the steady-state flow experiment, the small sinusoidally varying stress applied 

in the oscillatory experiment does not interfere with the structure introduced in thermoset 

networks. The changes in storage modulus (G�), loss modulus (G�), and complex 

viscosity (�*) can be obtained to reveal adhesive room-temperature stability. The 

complex viscosity for the hand mixed PF/PMDI blends and the neat resins measured at 

room temperature are depicted in Figure 3.9. The 50/50 (hand mixed) blend showed the 

highest increase in the complex viscosity over a period of an hour, while the 75/25 (hand 

mixed) blend showed an increase similar to PF.  The 33/67 and 60/40 (hand mixed) 

blends showed medium increases in complex viscosity. As shown in Table 3.3, the 50/50 

(hand mix) blend had a much lower residual isocyanate content than the 33/67 (hand mix) 

blend, but this small amount of free isocyanate seems to be able to advance the network 

structure at room temperature. This observation may also be due to the high molecular 

weight after mixing in this blend, so a small amount of isocyanate still can advance the 

network structure rapidly.  In the 15/85 (hand mix) blend, despite its highest residual 

isocyanate content, the change in complex viscosity showed a behavior similar to neat 

PMDI. The higher residual isocyanate content (~20%) may suggest that the cross-

reactions might have been complete after mixing and the reaction after then is mainly the 

slow PMDI/water reaction. This again demonstrated the much slower isocyanate/water 

reaction than the urethane formation in the blends, otherwise a significant increase in 

complex viscosity would have be detected. Although the oscillation experiment was 

conducted in open air, PMDI did not show any increase in complex viscosity. This 
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indicates that PMDI is rheologically stable at room temperature, probably due to the 

small surface area exposed to air in the parallel plate geometry during the oscillation 

experiments.  For high shear mixed blends (Figure 3.10), the 33/67 blend showed the 

highest increase in complex viscosity and all blends exhibited a much higher complex 

viscosity than their hand mixed counterparts (Figure 3.9). The changes in storage 

modulus of the hand mixed and high shear mixed blends are shown in Figures 3.11 and 

3.12.  Similar trends were observed as in the complex viscosity: the 50/50 (hand mix) 

blend and the 33/67 (high shear) blend showed the highest increases in storage modulus.  
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Figure 3.9. Complex viscosity �n*
� vs. time for hand mixed PF/PMDI blends. 
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Figure 3.10. Complex viscosity �n*
� vs. time for high shear-mixed PF/PMDI blends. 
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Figure 3.11. Storage modulus vs. time for hand mixed PF/PMDI blends. 
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Figure 3.12. Storage modulus vs. time for high shear-mixed PF/PMDI blends. 
 

 

     In this study, the PF/PMDI blends were made by simply combining the two resins 

together at different ratios for hand-mixing or high shear mixing. One has to bear in mind 

that since PF and PMDI are immiscible, emulsions will form in an industrial mixing 

process when one resin is gradually added to another under stirring, in addition to the 

cross reactions between the two resins. The viscosities of PF/PMDI emulsions can be 

significantly affected by various factors such as type of emulsion formed and the droplet 

size and size distribution, etc.  This can be influenced by the addition sequence (e.g., 

adding PF to PMDI or PMDI to PF), which can result in different types of emulsions, 

e.g., water-in-oil (W/O) or oil-in-water (O/W).  Different mixing rates can also generate 

different droplet sizes and size distributions of the discontinuous phase. The effects of 

these factors on blend rheological properties were not explored this research. 

     Although this research does not deal with the resin cure behavior with the use of a 

rheometer, Figure 3.13 shows the cure study of the OSB PF in an oscillation experiment. 
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The experiment was conducted as described previously except that the resin was 

subjected to a 5oC/min. heating and also a multiwave technique was used (described in 

Chapter 2.4.4.).  In Figure 3.13, gelation can be clearly detected as the crossover between 

the storage and loss modulus, and vitrification is identified as the peak in the loss 

modulus, which also corresponds to the plateau of the storage modulus. This preliminary 

data demonstrates the capability of the advanced rheometer to study not only room 

temperature stability but also the cure behavior of thermosetting wood adhesives.   
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Figure 3.13. A temperature ramp experiment on OSB PF with multiwave technique. 
 

 

3.4. Conclusions 

      PF and PMDI react rapidly at room temperature, resulting in a significant increase in 

viscosity immediately after mixing. However, the effect of emulsion formation has not 

been evaluated separate from resin co-reaction. This may influence blend rheology, and 
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has not been considered here. The viscosity increase is highly dependent on the blend 

ratio and mixing conditions. After mixing, residual NCO is present in each blend, with 

the 50/50 blend having the lowest content. The reactions between PF resole and PMDI 

proceed at room temperature resulting in increased complex viscosity and rigidity over 

time. All blends exhibited a shear-thinning behavior over a wide range of shear rates. The 

shear-thinning behavior of the blends is evidence of the co-reaction between the two neat 

resins. Different degrees of co-reaction in the blends cause differences in blend molecular 

weight and chain entanglement, as evidenced by different relationships between viscosity 

and shear rate in each blend. Some blends, e.g. 75/25 (hand mixed), have processable 

viscosities at shear rates associated with the spraying process in OSB manufacturing. The 

blend stability also depends on blend ratio and mixing conditions as seen from the 

dynamic oscillatory experiments.    
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Chapter 4. Adhesive Penetration Behavior 

 

4.1. Introduction  

      The mechanisms for wood bonding are complicated and often debated. Mechanical 

interlocking, covalent bonding and secondary interactions have been proposed as the 

likely adhesive mechanisms (1). All require a certain degree of adhesive penetration into 

the wood substrate to either form mechanical interlocks or to promote more reactions, or 

interactions. For this reason, the term “penetration” carries different meanings depending 

on the dimensional scale. The macroscopic or gross adhesive penetration involves 

adhesive movement into the large voids of the wood structure (2). Microscopic adhesive 

penetration includes movement within wood cell walls (i.e. cell wall penetration) and it 

can further involve molecular level mixing. Most studies on wood adhesive penetration 

reported in the literature deal with gross penetration.   

       When a thermosetting adhesive penetrates into the wood substrate, it forms an 

interphase. The interphase region is defined as the volume containing both wood cells 

and adhesive (3). The size of the interphase and the proximity between adhesive and 

wood polymers are both believed to play an essential role in wood adhesion. Penetration 

depth, which controls the size of the interphase, is believed to have a major impact on 

bond strength (1,3,4). Although over-penetration into the wood substrate will cause a 

starved bondline (which usually deteriorates the bond performance), a certain degree of 

adhesive penetration is often needed for satisfactory bonding. However, establishing a 

direct correlation between penetration depth and wood composite mechanical 

performance is a challenging task. 

     Adhesives penetrate into wood lumens and cell walls as a result of capillary forces and 

applied pressure. Adhesive rheology, adhesive and wood surface chemistry, wood 

moisture content, temperature, wood anatomy and consolidation pressure will control 

penetration. The rate of adhesive penetration into wood is inversely proportional to the 

adhesive viscosity and proportional to both the capillary radius, and the cosine of the 

contact angle (5).    
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      The difficulty in quantitative characterization of wood adhesive penetration is mainly 

caused by the irregularity of the wood surface as well as the lack of a reliable method to 

differentiate the adhesive from wood. Smith (6) and White et al. (7) conducted pioneering 

work towards a quantitative characterization of wood adhesive penetration using 

bromine-tagged resins in a neutron activation analysis (NAA). White et al.’s study (7) 

was also one of the first to demonstrate the effects of resin viscosity and molecular 

weight on penetration behavior. Kamke and coworkers (2,8) have developed a method to 

quantify resin penetration into wood by using staining and fluorescence microscopy. This 

method has been successfully applied to study PF resole and urea-formaldehyde resin 

penetration into wood. A trend was observed for PF resoles that adhesive penetration 

decreases as its weight average molecular weight increases (2).  
       In order to investigate the nature of wood/PMDI bonding, a few studies have been 

conducted to study PMDI penetration in wood. By using fluorescence microscopy, 

Phanopoulos et al. (9) reported that PMDI penetrates much deeper into wood than UF 

and PF resins. A direct relationship was demonstrated between PMDI penetration and 

OSB board strength (9): the composite strength properties are directly related to the 

volume of penetration, and thickness swell depends on the maximum depth of 

penetration. It is necessary to point out that, in this study (9), PMDI penetrated 

completely into wood and left negligible adhesive at the interface. However, the 

apparently starved bondlines did not cause deteriorated mechanical properties, at least 

from the internal bond strength results. This demonstrates the peculiar bonding 

mechanism of PMDI as compared to common formaldehyde-based adhesives. A recent 

study (10) used X-ray microscopy to further investigate PMDI penetration into wood 

with a much higher resolution.  They attributed the presence of PMDI in large lumens to 

the wicking from the open cell ends at the interface. Evidence of the presence of PMDI in 

pits between vessels was also presented.  Tentative results were also presented to show 

that PMDI penetration into wood cell walls is not significant, but a definite conclusion 

was hindered by the sensitivity limit of the experimental techniques used (10). In 

contrast, PMDI was clearly demonstrated to be able to penetrate into wood cell walls and 

form intimate molecular interactions with wood polymers in work done by Marcinko et 
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al. (11, 12) using dynamical mechanical analysis (DMA) and nuclear magnetic resonance 

(NMR). 

      In this research, the wood penetration behavior of PF/PMDI hybrid adhesives and the 

neat resins was studied by using staining and fluorescence microscopy as developed by 

Kamke and coworkers (2,8).   

 

 

 

4.2. Experimental 

4.2.1.  Materials 

        The same commercial OSB resins, liquid PF (Core® OSB resin from Dynea) and 

PMDI (Rubinate® 1840 from Huntsman Polyurethanes) used in the rheological studies 

were used in this research. The PF/PMDI blends in this study were prepared by vigorous 

hand-mixing with a shear rate of approximately 200rpm for one minute. Solid-sawn 

yellow-poplar (Liriodendron tulipifera) and Southern Pine (Pinus sp.) were cut into 

240x60x8mm (LxT�R) boards with a grain angle of 3 to 5o with respect to the tangential 

bonding surfaces, and were conditioned to an equilibrium moisture content (EMC) of 

approximately 10% in an environmental chamber.   

 

4.2.2.  Methods 

       Bonded laminates were prepared to evaluate adhesive penetration. The pure resins, as 

well as three PF/PMDI blends (60/40, 33/67 and 15/85) were investigated; blend ratios 

were based on resin solids. PF/PMDI blends were hand mixed as described above, and 

applied immediately to the wood surfaces with a hard rubber roller (100g/m2 on each 

bonding surface). Bonding (tangential) surfaces were lightly sanded with 220-grit 

sandpaper and cleaned with compressed air before adhesive application. Specimens were 

hot-pressed at 586KPa (85psi) at 175oC for 20 minutes. These conditions are adopted 

from a previous wood adhesive fracture toughness study (11) which used similar wood 

sample dimensions. The exact state of cure for each adhesive was not known under these 

hot-press conditions. Two replicates were prepared for each adhesive. From each 

laminate, eight 50µm thick transverse sections were then cut using a sliding microtone. 
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Each microscope slide section was stained in a 0.5% Toluidine Blue water solution for 15 

seconds, and then rinsed with distilled water, followed by 70% and 100% ethanol. The 

slide sections were then fixed between a microscope slide and a cover glass using a drop 

of glycerin. Resin penetration-depth was measured with an epi-fluorescence microscope 

(Zeiss Axioskop) and digital image analysis techniques (2,8).    

 

 

4.3. Results and Discussion 

     After staining, good contrast was obtained between the adhesive and wood using 

fluorescence microscopy, so the adhesive areas in the bondline were quantified with an 

image analysis technique. An important parameter in resin penetration, the effective 

penetration depth (EP), is defined as the total adhesive area (�Ai) divided by the bond 

length (D) in the field of view (2,8) as shown in Figure 4.1. EP is a more reliable 

parameter to quantitatively compare adhesive penetration than the maximum penetration 

depth since it excludes the cell walls and unfilled lumens (9).  This method was used to 

compare the PF/PMDI hybrid adhesive penetration into yellow-poplar and Southern Pine 

in this research. The error bars presented in the figures of this chapter represent � one 

standard deviation. 

    As shown in Figure 4.2, the adhesive penetration was highly dependent on the blend 

ratio.  For yellow-poplar substrates, the 33/67 blend showed the lowest EP among all 

blends investigated, and it is also significantly lower than that of the pure resins. The 

drop in EP is likely caused by the significant increase in the molecular weight, as 

evidenced by the viscosity increase presented previously in Chapter 3. To further 

investigate the effect of resin viscosity on penetration, the effective penetration (EP) 

depth versus adhesive viscosity at the shear rates of 100 s-1 and 1 s-1 is plotted in Figure 

4.3.  It is shown that for EP vs. adhesive viscosity at the shear rate of 1 s-1, there is not a 

significant difference in EP below a certain viscosity limit. However, the adhesive 

penetration showed a significant reduction when the blend viscosity increases beyond this 

limit (e.g. the 33/67 blend).   For EP vs. adhesive viscosity at the shear rate of 100 s-1, no 

clear relationship can be observed.  The 33/67 blend exhibited poorer penetration than the 
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50/50 blend, although it has a lower viscosity than the 50/50 blend. Recall that 100 s-1 is 

within the calculated shear rate range which is associated with a bondline consolidation 

process.  Figure 4.3 indicates that resin penetration is a complicated process, and the 

adhesive viscosity may not be the only factor that governs the penetration depth in a 

bondline consolidation.   

      A substrate dependence for most adhesives was observed as well. EP tended to be 

greater in yellow-poplar for most blends and the PMDI. Interestingly, PMDI had a 

significantly lower EP than PF when Southern Pine was used as the substrate, although 

the same amount of resin solids were applied. It is speculated that some PMDI might 

penetrate into the wood cell walls, and that these areas are not detected by the image 

analysis technique used here. This observation is similar to some previous studies, where 

PMDI was found to wet Southern Pine much better than PF (13,14). Commercial PMDI 

also has a much lower number average molecular weight than commercial OSB PF core 

resin. Good wetting in addition to relatively low molecular weight should allow PMDI to 

penetrate into wood cell walls much better than PF.    

     The bondline images of the selected adhesives between yellow-poplar substrates are 

shown in Figures 4.1 and 4.4-4.7.  Pure PF (Figure 4.1) tended to fill up the vessel 

elements, and PMDI (Figure 4.4), in contrast, tended to coat the inside walls of the 

vessels as reported in the literature (9,13).  A thin coating of PMDI inside the vessels may 

be a good indication of adhesive penetration into wood cell walls (13). Qualitatively, 

there was a significant amount of 33/67 PF/PMDI blend (Figure 4.5) that remained in the 

bondline; the bondline thickness was 40-50 microns. This indicates that the high 

molecular weight materials formed in this blend cannot penetrate easily into wood, even 

under high pressure. Since the adhesives were applied on the wood tangential faces, this 

blend apparently cannot flow among vessels through pits. For the 60/40 (hand mixed) 

blend (Figure 4.6), the bondline is much thinner than that of the 33/67 blend, and the 

adhesive appears to fill up the vessels. This indicates that this blend can penetrate into 

vessels but probably not into the wood cell walls due to its increased molecular weight.    

The unsymmetrical penetration of adhesives in bondlines (e.g. in Figure 4.6) was 

reported in the literature for PMDI and was hypothesized by the preferential penetration 
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of PMDI into the wood on which the adhesive was first applied (10,13).  This could also 

be caused by the gravity effect for a low viscosity adhesive such as PMDI.   

      The sequential application of neat PF and PMDI resins may be of some interest in 

wood composite manufacturing because it would prevent application problems that may 

arise due to the significant viscosity increase in pre-mixed blends. This possibility was 

investigated in this study by applying PF and PMDI onto separate boards, and pressing 

them together. The bondline image of a sequentially applied PF/PMDI system is shown 

in Figure 4.7.  Careful examination of the bondline revealed that PF and PMDI remained 

in two separated phases as indicated by the different colors (Figure 4.7). No significant 

chemical reaction seemed to take place between the two adhesives; otherwise an 

increased bondline thickness would have been observed as in the blend systems. This 

reflects the fact that the two resins are immiscible, and that significant reaction will only 

occur by vigorous mixing.   
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Figure 4.1.  Bondline image of yellow-poplar bonded with 100% PF.  
                   (EP= �Ai/D) 
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Figure 4.2.  Effective penetration (EP) depth into Southern-Pine and yellow-poplar.  
                   (Twelve observations were made on each bondline. Error bars represent �  
                   one standard deviation) 
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Figure 4.3. Penetration depth into yellow-poplar vs. hand-mixed blend viscosity at 1 s-1  
                   and 100 s-1. 
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Figure 4.4.  Bondline image of yellow-poplar bonded with 100% PMDI. 
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Figure 4.5.  Bondline image of yellow-poplar bonded with the 33/67 PF/PMDI blend. 
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Figure 4.6.  Bondline image of yellow-poplar bonded with the 60/40 PF/PMDI blend.  
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Figure 4.7. Bondline image of yellow-poplar bonded with sequentially applied PF/PMDI. 
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4.4. Conclusions 

      Adhesive penetration and bondline thickness are highly dependent on blend ratios. 

Different blends produce significantly different bondline thicknesses and penetration 

patterns. Resin penetration depth showed a correlation with the adhesive viscosity at a 

low shear rate (e.g. 1 s-1); adhesive penetration was hindered when its viscosity was 

higher than a certain limit.  PF tends to remain in the vessels as a bulky material while 

PMDI can penetrate into wood cell walls and only leave a thin coating in the inside 

vessels. Sequentially applied PF and PMDI remained in separate phases and no 

significant reaction between these two resins takes place in the absence of vigorous 

mixing. 
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Chapter 5. Adhesive Cure Behavior Studied with DMA 

 

5.1. Introductions 

      Dynamic mechanical analysis (DMA) has been an effective tool for studying 

thermosetting adhesive cure behavior. Because it can directly reveal the mechanical 

response of adhesives under controlled cure conditions, DMA has been widely utilized to 

compare wood adhesive cure rates, to study the effects of additives on resin cure behavior 

and thermal stability, and to help optimize hot-pressing conditions.  Kim et al. (1,2) used 

DMA to study PF resole cure behavior as a function of resin synthesis parameters and to 

study the effect of urea addition. In these studies, liquid resin was loaded on glass cloth 

and rapidly heated to either 50oC or 70oC, then a fast heating rate (e.g. 25oC/min) was 

applied until the sample reached the desired temperature (e.g. >110oC).  The cure time in 

these studies was defined as the time to reach a plateau modulus. Although gelation and 

vitrification should have both theoretically occurred, only vitrification was detected and it 

was defined as the maximum of the damping peak, tan � (tan � = loss modulus E�/storage 

modulus E�) (2). The authors suggested that gelation probably occurred at the early stage 

of cure but was difficult to detect due to the rapid heat rate used in this study (2). Laborie 

(3) recently conducted isothermal cure experiments of liquid PF resoles loaded on wood 

flakes and clearly identified gelation and vitrification as classically defined by Gillham 

and coworkers (4,5). However, the average molecular weight of the PF resoles used in 

Laborie’s DMA studies was much lower than that of commercial OSB and plywood PF 

resins. Since resole cure is a step-growth polymerization, resoles with low molecular 

weights normally require longer time to gel, and to advance from a gelled state to a fully-

cured glassy state, making it relatively easier to resolve gelation and vitrification.  For 

partially cured PF resoles loaded on glass microfiber filters, softening was clearly 

detected before the cure started (6,7). In order to consider the effects of wood substrate 

on resin cure, liquid adhesives were applied between two plies of thin wood flakes in a 

reported DMA experiment (8). In that study (8), an initial softening was observed for a 

beech wood joint bonded with a PF resole. This is an interesting observation because 

neither liquid wood adhesives nor the wood substrate is expected to soften when losing 
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moisture upon heating. A significant decrease in modulus was also observed for four 

thermosetting wood adhesives (e.g., MUF, PF, RF and tannin-based adhesive) at 

approximately 100oC (8). As pointed out by the authors, this peculiar behavior cannot be 

attributed to adhesive thermal degradation but rather to the degradation of wood itself or 

by the delamination of the wood joint (8). This study demonstrated the fact that although 

using wood as the substrate in DMA experiments can reveal interactions between resins 

and wood, complications may arise from wood thermal softening and degradation.     

      The goal of this part of the investigation was to study the cure behavior of PF/PMDI 

blends as well as the neat resins. By detecting vitrification in each adhesive system, the 

relative cure rate as indicated by the time to vitrification was compared. Wood flakes 

were used as the substrate in the DMA experiments and a constant heating rate was 

applied. The maximum of the tan � peak is defined as vitrification of the adhesives as 

used in the literature (2).     

 

 

5.2. Experimental 

5.2.1.  Materials 

      The same commercial OSB resins, liquid PF (Core® OSB resin from Dynea) and 

PMDI (Rubinate® 1840 from Huntsman Polyurethanes) were used as received. All the 

PF/PMDI blends were vigorously hand mixed at approximately 200rpm for one minute 

before testing. Wood flakes with the thickness of 0.3mm were cut from water-soaked 

Southern-Pine (Pinus sp.) blocks with a disk flaker and were conditioned to an 

equilibrium moisture content (EMC) of approximately 10% in an environmental chamber 

at 20oC and 65% relative humidity. These flakes were sealed in plastic bags to maintain 

constant moisture before testing. 

 

5.2.2.  Methods 

      A dynamic mechanical thermal analysis (DMTA) instrument (Polymer Laboratories) 

was used to study adhesive cure behavior.  Single layers of wood flakes, (30x8x0.2mm, 

LxTxR) were used as the curing substrate. Wood flakes were soaked in the adhesive for 

one minute and the excess adhesive was then removed with a glass rod.  Pure resins as 
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well as five PF/PMDI blends (85/15, 60/40, 50/50, 33/67 and 15/85) were investigated; 

blend ratios were based on resin solids. The mass of resin solids and of dry wood was 

approximately equal. Samples were analyzed in dual cantilever beam mode with a strain 

amplitude of 1%, a frequency of 1Hz and a heating rate of 10oC/min. Liquid nitrogen was 

used to control the heating rate.   

 

 

 5.3. Results and Discussion  

       During thermoset cure, characteristic transitions can be assigned to gelation and 

vitrification. These transitions are often seen as peaks in tan δ traces. Gelation 

corresponds to network formation, marking the transition between the liquid and rubbery 

states. Vitrification occurs subsequently when the resin is transformed into the glassy 

state. In order to study the cure behavior of PF/PMDI hybrid adhesives on wood flakes, 

the thermal behavior of untreated wood flakes was first investigated. A typical thermal 

scan of a wood flake is shown in Figure 5.1. The storage and loss moduli show minor 

changes over the temperature range studied; no major transitions are present and so the 

wood does not obscure the cure analysis. Of course, wood flakes treated with either neat 

PF or one of the hybrid resins will have additional moisture present. Nevertheless, the 

resin cure transitions are generally pronounced so that wood transitions do not complicate 

the analysis. 

      A thermal scan of neat PF on a pine flake is shown in Figure 5.2, where a sharp 

increase in storage modulus occurs with a tan δ peak near 160oC. Apparently, gelation 

and vitrification are not resolved in this case because only one tan δ peak is observed. In 

contrast, a pMDI coated flake shows no tan δ peaks, but does exhibit a steady increase in 

modulus (Figure 5.3). This behavior has been observed previously in similar systems (9).  

Notice that the pMDI treated flake shows a slight modulus decrease between 190 and 

230oC (Figure 5.3), whereas the flake treated with pure PF shows no modulus reduction 

in this temperature range (Figure 5.2). This difference in high temperature storage 

modulus could be related to the relative thermal stabilities of cured PF and pMDI. 

     Figure 5.4 compares the tan δ traces of the neat resins and three blends. All blends 

cured faster than PF as indicated by the earlier appearance of the tan δ peak. Generally, 

 102



the cure speed was faster as the PMDI content was increased, as indicated by the time to 

the tan δ maxima (Figure 5.5). One exception is the 15/85 PF/PMDI blend, which has the 

highest pMDI content, but cures a little slower than the 33/67 blend as judged by the tan 

δ maxima. The 15/85 blend also shows a very weak damping peak, and in this way 

resembles the scan with 100% PMDI (Figure 5.3). Therefore, relying on the tan δ trace of 

the 15/85 blend may be misleading. Figure 5.6 compares the storage modulus scans of 

the same blends represented in Figure 5.4. Notice that the storage modulus of the 15/85 

blend shows an immediate increase, similar to that seen for neat PMDI (compare Figures 

5.6 and 5.3). The immediate increase in storage modulus suggests that the 15/85 blend 

cures more rapidly than the 33/67 blend. Furthermore, Figure 5.6 may provide some 

evidence of phase separation in the 15/85 blend. On the one hand, the storage modulus of 

the 15/85 blend shows the immediate increase similar to neat PMDI. On the other hand, 

the 15/85 blend shows a distinct modulus increase and tan δ peak, unlike neat PMDI and 

similar to the other blends. This implies that separate phases are likely present in the 

15/85 blend, with one phase curing similar to PMDI, while the other cures similar to the 

other blends. 

      Notice that the tan � peak of the 33/67 blend has a partially resolved shoulder at 

approximately 120oC (Figure 5.4). This indicates that two overlapping events are 

occurring. Temperature scans of the 33/67 blend at different heating rates are shown in 

Figure 5.7. It is clear that the two partially overlapping peaks become resolved as the 

heating rate increases. The partially resolved tan � peak could indicate a gelation 

followed by vitrification as indicated in a generalized Continuous Heating 

Transformation (CHT) cure diagram (10). However, due to the heterogeneous nature of 

PF/PMDI blends, these two partially resolved peaks could also be two separate 

vitrification peaks caused by separate phases. If present, phase separation would have a 

profound impact on the mechanical properties of the blend system. PF/PMDI phase 

structure will be further investigated with other experimental techniques in this research, 

such as differential scanning calorimetry (DSC) and solid-state Nuclear Magnetic 

Resonance (NMR).   

     Since a broad tan � peak at around 180oC occurs for most blends (Figure 5.4), a 

further examination of both the storage modulus and tan � trace of the 33/67 blend will 
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reveal the nature of this peak. As shown in Figure 5.6, the tan � peak at around 180oC 

corresponds to a sharp modulus drop. The degree of reduction in modulus at elevated 

temperatures is also a function of blend ratio. For example, the 33/67 PF/PMDI blend 

showed a more significant decrease in storage modulus than the 60/40 blend (Figure 5.6).  

It is speculated that this peak is caused by the thermal dissociation of the urethane 

linkages in the blends.  Neither wood flakes nor pure PF show such a dramatic drop in the 

storage modulus in the temperature scans. The notion of thermal dissociation is further 

supported by temperature scans of the 33/67 blend at different heating rates (Figure 5.7). 

In particular, the broad tan � peak at around 180oC remains relatively independent of 

heating rate. Although devitrification can also occur in this temperature range, it will be 

heating rate dependent. Since the broad tan � peaks are independent of heating rate, it is 

likely the thermal dissociation of the urethane linkages in the blends. The upper thermal 

stability temperature of possible urethanes formed in PF/PMDI blends is reported to be 

around 180-200oC (11).  Furthermore, different blends may have different concentrations 

of urethane linkages and this will conceivably cause different degrees of modulus 

reduction at elevated temperatures, as shown in Figure 5.6 for the 33/67 and 60/40 

blends. The hypothesis of urethane thermal degradation will be further investigated with 

solid-state NMR in the following chapters. The urethane concentrations in the blends as 

well as the effect of thermal treatment (e.g. >200o) on the urethane concentrations will be 

reported.  
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Figure 5.1. Temperature scan of Southern-Pine (Pinus sp.) flake. (10oC/min.)  
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Figure. 5.2. Temperature scan of neat PF on wood flakes. (10oC/min.) 
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Figure 5.3. Temperature scan of neat pMDI on wood flakes. (10oC/min.) 
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Figure 5.4. Tan � traces of PF/PMDI blends and neat resins on wood flakes. (10oC/min.) 
  
 

 106



0 20 40 60 80 100
% PMDI

9

10

11

12

13

14

15

Ti
m

e 
(m

in
.)

 
 
Figure 5.5. Relative cure speed for PF/PMDI blends as indicated by the time to the  
                  appearance of the tan� peaks in temperature scans. (all at 10oC/min., based on  
                  two measurements for each blend ) 
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Figure 5.6. Storage modulus (E�) developments for three PF/PMDI blends during  
                   temperature scans. (10oC/min.) 
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Figure 5.7. Tan � traces in temperature scans of the 33/67 PF/PMDI blend on wood  
                   flakes at different heating rates. (Tan � traces are shifted vertically for  
                   comparison) 
 
 
 
 
 
5.4. Conclusions 

     All PF/PMDI blends cure faster than pure PF.  The blend cure rate is dependent on the 

blend ratio.  PF/PMDI blends cure faster with higher PMDI contents.  No characteristic 

tan � peaks were detected in the temperature scan of PMDI cured on a single layer of 

wood flakes. The PF/PMDI blends display a reduction in modulus at high temperatures 

and the degree of reduction is dependent on blend ratio. The reduction in modulus at 

elevated temperatures may be related to the thermal degradation of urethane linkages.  

Phase separation may occur in the PF/PMDI blends and this needs further investigation. 
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Chapter 6. Mode I Fracture Toughness Test 

 
6.1. Introduction 

    Adhesive strength and durability are two important criteria in designing and selecting 

adhesives for wood bonding applications. However, evaluation of these adhesive 

properties has not been an easy task for the wood products industry. This is because most 

test methods commonly used are based on either applying shear loads parallel to the 

wood grain (e.g. ASTM D905-98 compression shear block test and ASTM D906 tensile 

shear test), or tensile loads perpendicular to the wood grain (e.g. ASTM D 1037 internal 

bond strength test). Because these tests are conducted on the two weakest wood 

orientations, significant wood failure often overshadows adhesive performance. Some of 

these test methods also rely on a somewhat subjective assessment of the percentage of 

wood failure. These factors, in addition to the non-uniform nature of wood make test 

results from these common methods highly variable.    

      Ebewele, Koutsky, River and colleagues (1-4) conducted pioneering work on the 

double cantilever beam (DCB) mode I fracture toughness test of wood adhesive joints. 

This method, which is based on linear elastic fracture mechanics, originated from the 

work of Griffith (5). Compared to the forward shear mode (mode II) and transverse shear 

mode (mode III), the mode I fracture (i.e. the cleavage/opening mode) is the primary 

failure mode in wood composites (6,7).  According to linear elastic fracture mechanics, 

the energy input during a mode I cleavage fracture test is equal to the potential energy 

stored in the DCB specimen and the energy required to extend an inter-laminar bondline 

crack. One important assumption of this approach is that there is no permanent 

deformation or energy loss in the specimen during testing. The most important parameter 

obtained from mode I fracture testing is the crack extension energy which is often 

referred to as the mode I fracture energy (GIC) or the strain energy release rate (SERR), 

shown below in Equation 6.1 (8-10). 

                                                          
da
dC

B
P

G C
I 2

2

�                                           Equation 6.1 

In this equation, PC is the critical load at crack initiation or arrest, B is the width the DCB 

specimen, and dC/da is the change in compliance, C, with respect to the change in the 
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crack length, a. dC/da can be obtained either from a direct compliance method or from a 

corrected beam theory method. The direct compliance method (10) utilizes the following 

relationship derived from beam theory: 

                                                        3
3

3
2 ka
EI
aC ��                                           Equation 6.2 

where E is the flexural modulus and I is the cross-sectional moment of inertia of the DCB 

specimen. In this method, a simple curve fit is conducted to obtain the constant k in 

Equation 6.2 and then the fracture energy is calculated from Equation 6.1. In the     

corrected beam theory method (10), a shear correction factor (x) is part of the calculation 

of fracture energy as shown in Equation 6.3. 
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)( 22

�

�                                        Equation 6.3 

By plotting the cube root of the compliance (C1/3) with respect to the crack length (a), a 

crack correction factor is obtained as the ratio of the y-intercept (b) and the slope (m), i.e. 

x=b/m.  The effective rigidity of the test specimen (EIeff) is obtained as 2/(3m3). The 

introduction of the correction factor accounts for shear and crack tip rotation effects in 

adherends with a low shear modulus, which is important for wood (11). 

      Earlier DCB fracture testing of wood adhesives often used contoured beams either 

made from solid wood or wood composites such as OSB or laminated strand lumber (1-

4).  Preparation of these contoured beams and calibration of dC/da for each specimen is 

labor-intensive, thus hindering wider application of the fracture method in evaluating 

wood adhesive performance. Recently, an improved DCB method using a flat wood 

geometry was reported by Gagliano and Frazier (11). Preparation of flat wood beams for 

the DCB test involves cutting solid wood at an angle at 3-5o to the grain and assembling 

them as shown in Figure 6.1 (11). With this type of geometry, the crack propagates 

within the bondline; therefore, the DCB results reveal the intrinsic properties of adhesive 

bondlines. The flat wood geometry greatly reduces the amount of work required for 

sample preparation. The dC/da of a contoured beam is linear which can be obtained from 

calibration; the dC/da of a flat beam requires measuring crack length during each test 

cycle, which can easily be accomplished with the help of computer automation and 

related digital hardware as demonstrated by Gagliano and Frazier (11).      
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Figure. 6.1. Geometry and dimension of the flat wood DCB specimen as used by  
                   Gagliano and Frazier (11). 
 

 

6.2. Experimental 

6.2.1.  Materials 

      Flat sawn wood laminae (250x150x11mm, LxTxR) were prepared from 

yellow-poplar (Liriodendron tulipifera) lumber according to Gagliano and Frazier (11). 

The laminae were machined with a grain angle of 3 to 5o with respect to the tangential 

bonding surfaces, and were equilibrated to an EMC of approximately 10%. Immediately 

prior to bonding, the laminae were planed to a final thickness of 10mm.   

       The same PF resole as used in Chapters 3-5 and PMDI (Isobind� 1088, obtained 

from the Dow Chemical Company) are used in this study. Isobind� 1088 PMDI is 

interchangeable with Rubinate� 1840 and has essentially identical properties as listed in 

Table 3.1 (12). Each blend, with a total weight of approximately 50 grams, was hand-

mixed vigorously at approximately 200rpm for one minute.  Blend ratios were based on 

resin solids. 

 

6.2.2.  Methods 

      Pure PF and pMDI resins as well as four PF/pMDI blends (90/10, 75/25, 50/50 and 

33/67) were investigated. The adhesive was applied onto the freshly-planed surfaces with 

a hard rubber roller (50 g/m2 per bonding surface), and the bonded assembly was then 

hot-pressed at 0.69MPa (100psi) at 200oC for 20 minutes. These press conditions were 
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selected based on the micro-dielectric analysis of bondline cure for the neat resins; neat 

PF and pMDI resins both vitrified in approximately 18 minutes under the stated cure 

conditions. After hot-pressing, the bonded laminates were cooled to room temperature, 

and machined into fracture specimens, 20mm wide and 200 mm long. Four to five 

specimens were obtained from each laminate. For each adhesive, four laminates were 

pressed; half were tested dry and half were tested after simulated weathering. The 

weathering involved a two-hour water boil followed by overnight oven drying at 105oC. 

Both dry and weathered specimens were equilibrated to an EMC of about 10% before 

testing.  Fracture testing was conducted according to the method of Gagliano and Frazier 

(11). The samples were loaded cyclically in Mode I cleavage. For each crack extension, 

the test system recorded a maximum and arrest load corresponding to crack initiation and 

arrest, respectively as shown in Figure 6.2. The initiation/maximum (GInitiation/Max) and 

arrest (Ga) fracture energies (or strain energy release rates) were calculated using linear 

elastic beam theory with correction method described previously (11). From 7 to 20 crack 

extensions were obtained for each specimen (Figure 6.2), meaning that 7 to 20 values of 

GInitiation/Max and Ga were obtained for each sample. Maximum and arrest fracture energies 

were simply averaged across logical groupings of fracture specimens. 
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Figure 6.2.  A typical load vs. displacement curve for flat yellow-poplar DCB 
                    specimens tested in this research. 
 
 

 6.3. Results and Discussion 

      After the average SERR for each adhesive was calculated, an apparent trend became 

obvious (Figure 6.3).  The SERRs of the blends are highly dependent on the blend ratios. 

The maximum and arrest strain energy release rates exhibit the same trend-when PMDI 

was added to PF, the SERR for the blends increased, and reached a maximum at 25% 

PMDI (i.e., the 75/25 PF/PMDI); continual addition of PMDI lowers the SERR of the 

blends.  Applying equal amounts of PF and pMDI (i.e., PF + PMDI system) onto separate 

yellow-poplar boards resulted in a lower SERR than most of the blends, indicating that 

pre-mixing optimizes the adhesive fracture toughness. This is consistent with results in a 

recent patent (13) which states that pre-mixtures of PMDI and spray-dried solid resoles 

provide better internal bonding strength and lower thickness swell in OSB boards than 

the sequentially applied resole/PMDI binder systems. These results suggest that 

significant co-reactions only occur after a vigorous mixing.    

    The 75/25 PF/PMDI blend is particularly interesting, not only because of its high 

SERR, but also because it has a relatively low viscosity, especially at high shear rates 

(Figures 3.2 and 3.3). This viscosity is within the processable range for spraying in 

oriented strand board manufacturing.   
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    PMDI shows the lowest SERR among all the adhesives investigated (Figure 6.3), 

although it is one of the highest performance binders in the wood products industry.  One 

has to bear in mind that the mode I fracture energy (G or SERR) is also a function of 

adhesive bondline thickness (14) as shown in Figure 6.4, in which several relationships 

between bondline thickness and fracture energy are presented. The type 1 trend is most 

widely quoted, i.e. SERR increases initially with the increase of bondline thickness until 

it reaches a maximum. Additional increases in bondline thickness will cause the SERR to 

drop and finally level out (Type 1 in Figure 6.4). This trend was reported to be the case 

for a PF adhesive by Ebewele, et al. (3).  Although the chemical compositions of each 

PF/PMDI adhesive system were different in this study, the bondline thickness could have 

played an important role. Examination of all the bondlines with a fluorescence 

microscope revealed that pMDI had the thinnest bondline (~2 microns) among all the 

adhesives (Table 6.1). 

 

 

 

           Adhesive                    PF       90/10     75/25     50/50      PMDI      PF+PMDI 

 

  Bondline Thickness (�m)   ~ 6        ~ 8       11� 4     77�10        ~2              ~ 6 

 

Table 6.1. Bondline thickness (�m) of the adhesives investigated in this study. 

 

 

       Specimens bonded with two pure resins and two blends (i.e., 50/50 and 75/25 

PF/PMDI) were exposed to simulated weathering in the form of a two-hour water boil 

followed by overnight oven drying at 105oC.  For the blended systems, the reductions in 

the SERR of the weathered specimens are quite drastic as shown in Figure 6.5.  Because 

the PF used in this experiment was a resole (manufactured under basic conditions), it is 

hypothesized that the alkali may facilitate hydrolysis of the urethane linkages formed 

between PF and PMDI. This reaction may account for the sharp drop in the fracture 
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toughness. Similar results were reported by Newman and Glasser (15) who studied the 

weathering properties of adhesives comprised of kraft lignin and pMDI in which urethane 

linkages were also formed. A significant deterioration in the mechanical properties (i.e. 

internal bond strength) was found after water boil (15). These results suggest that 

urethane linkages will degrade under severe weathering conditions. Cyclic weathering 

conditions may be a more appropriate means of studying the durability properties of 

PF/PMDI hybrid adhesives.   

      Another noticeable feature of the weathered specimens is the increased performance 

of pMDI after weathering (Figure 6.5).  The cause of this is not clear, but it may be due 

to the relaxation of cure stresses. This phenomenon was previously observed under 

different weathering conditions (16).  A solid-state NMR study will be conducted in this 

research to investigate the effects of water-boil on the chemical structure and dynamics of 

the PMDI/wood bondline. This will hopefully shed some light on this observation of 

increased fracture energy after weathering. 
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Figure 6.3. Maximum and arrest strain energy release rates for dry DCB specimens.  
                  (Based on between 30 and 70 data points per specimen; the error bars  
                   represent  � 1 standard deviation) 
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Figure 6.4. Effect of adhesive bondline thickness on fracture energy. (14) 
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Figure 6.5. Effects of weathering on arrest fracture energies (Ga) (Based on  
                   between 30 and 70 data points per specimen; the error bars represent 
                   � 1 standard deviations) 
 

 

6.4. Conclusions 

     All the blends except the 33/67 blend have better fracture toughness than the pure 

resins under dry conditions. Pre-mixing optimizes the bondline fracture toughness. 

Severe weathering conditions likely contribute significantly to the alkali-catalyzed 

hydrolysis of urethane linkages, resulting in significant drops in the SERRs. PMDI 

exhibited better fracture toughness after weathering. 

      The 75/25 PF/pMDI blend has potential for application in the manufacture of OSB, 

and it warrants further investigation. This blend not only has excellent fracture toughness, 

but also has a fast cure rate as well as a viscosity that is within a processable range.  
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Chapter 7. Synthesis of 13C, 15N-Doubly Labeled PMDI 

 
7.1. Introduction 

     Solid-state Nuclear Magnetic Resonance (NMR) is an effective tool in studying 

adhesive bondline chemistry and dynamics, but it often requires isotopic labeling in order 

to overcome the line broadening caused by chemical shift anisotropy and low natural 

abundance of some nuclei such as carbon and nitrogen. Application of 15N-labeled 

polymeric diphenylmethane diisocyanate (PMDI) in studying PMDI bondline chemistry 

and structure has been reported in the literature (1-5). Compared to 13C-NMR, 15N-NMR 

is more suitable for studying the PMDI/wood bondline due to the exclusion of 

overlapping wood signals. However, signal overlap has prevented a complete 

characterization of PMDI cure chemistry, especially in unequivocally detecting the 

presence of urethane linkages between wood and PMDI. The presence of such urethanes 

can only be supported by indirect evidence, including cure dependent changes in 

molecular dynamics and the spectral manipulation of differential mobility (1).  Zhou and 

Frazier (6) recently reported a procedure for synthesizing 13C, 15N-PMDI for a study of 

PMDI cure chemistry. Different from earlier studies (1-4) in which triphosgene was used 

for the phosgenation of polyamines, this labeling strategy involves the synthesis of 

phosgene used in the phosgenation reaction. The advantages of the double label were 

demonstrated by the complementary information provided by 13C and 15N NMR spectra, 

and the significant peak narrowing in the carbonyl region of the 13C spectra due to 

elimination of the quadrupole effect (6). This approach revealed more supporting 

evidence of the presence of urethanes in the cured PMDI/wood bondline (6). The doubly 

labeled PMDI has also been used in studying the dependence of PMDI cure chemistry on 

cure temperature, wood species, and resin loading weight (7). As reviewed in Chapter 2, 

the chemistry in PF/PMDI blends is similar to that of the PMDI/wood bondline, except 

that urethanes are formed between PF resoles and PMDI. This similarity provides a basis 

for adopting the use of 13C, 15N-PMDI in studying the chemistry and dynamics of 

PF/PMDI hybrid adhesives with solid-state NMR. This chapter describes the synthesis 

procedure of 13C, 15N-PMDI.    
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     The synthesis procedure follows the method developed by Zhou and Frazier (6) 

except for modifications to the experimental apparatus. As discussed in detail in Chapter 

2, the PMDI synthesis is divided into three steps: polyamine synthesis, phosgene 

synthesis, and phosgenation. The 15N isotopes were introduced in the 15N-aniline-

paraformaldehyde condensation reaction that forms 15N-polyamine; and the 13C isotopes 

were introduced to phosgene without catalysis through a gaseous reaction of chlorine and 
13C-carbon monoxide, as initially reported by Masaki et al. (6,9). A complete analysis 

was conducted to compare the lab-synthesized PMDI with a commercial PMDI 

commonly used in wood composites industry. 

 

7.2. Experimental  

7.2.1.  Materials 

Polyamine Synthesis and Phosgenation: 

      98% 15N-aniline and 99% 13C-carbon monoxide were purchased from Cambridge 

Isotope Laboratories and were used without further purification. The 98% 15N-aniline has 

a dark brown color, indicating the presence of trace amounts of impurities. However, 

further distillation was not conducted in order to conserve the reagent. Paraformaldehyde 

(95%), aqueous hydrochloric acid (37%), sodium hydroxide (NaOH) aqueous solution 

(10N), and 1,2-dichlorobenzene (ODCB, anhydrous, 99%) and 1-phenyl-1-cyclohexene 

(95%) were purchased from Aldrich Chemical and used as received. Chloroform (HPLC 

grade, 99.9%) was obtained from Aldrich Chemical and was dried with molecular sieves 

for more than 24 hours before use. 

 

Phosgene Titration: 

     Acetone (HPLC grade, 99.9%) obtained from Aldrich Chemical was dried for 24 

hours with molecular sieves before use. Sodium iodide (NaI, 99.5%), purchased from 

Aldrich Chemical, was stored under nitrogen gas. Sodium thiosulfate pentahydrate 

(Na2S2O3
.5H2O, 99.5%) was used as received from Aldrich Chemical. 
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PMDI Characterization: 

   Diethylamine (99.5%), dibutylamine (99.5%), toluene (HPLC grade, 99.9%), 1,2,4-

trichlorobenzene (99%, anhydrous), and tetrahydrofuran (THF, HPLC grade, 99.9%) 

were purchased from Aldrich Chemical and used as received. Methanol (99.9%) was 

purchased from Allied Signal and was dried with molecular sieves for more than 24 hours 

before use.  CDCl3 (99.8%-D) and tetramethylsilane (TMS, 99.9%) were obtained from 

Aldrich and used as the solvent and internal standard, respectively, in solution NMR 

experiments. A commercial PMDI (Rubinate 1840, obtained from Huntsman 

Polyurethanes) is used for comparison with the doubly labeled PMDI. 

  

 

7.2.2.  Methods  
15N-Polyamine Synthesis: 

     The 15N-polyamine synthesis through the acid-catalyzed condensation of aniline and 

paraformaldehyde follows the procedure described by Ni and Frazier (4) (Figure 2.11). 

The aniline to formaldehyde molar ratio and the aniline to HCl molar ratio were 

approximately 4:1 and 1:1.5, respectively. HCl (6N, 22.2mL, 133mmol) was first added 

into a 100-mL triple neck round bottom flask submerged in a cold water bath followed by 

drop-wise addition of 15N-aniline (8g, 85mmol) while sufficient mixing was maintained 

with a magnetic stir bar. Paraformaldehyde (0.69g, 23mmol) was then added to the same 

flask. The flask was then removed from the cold bath and placed in a 110oC oil bath. 

Contents were allowed to reflux for 10 hours under vigorous agitation. The dark 

brownish reaction mixture was then allowed to cool to room temperature before 10N 

NaOH (14mL) was added to the flask to neutralize the aqueous phase. The reaction 

mixture was then extracted with chloroform (2x25mL) followed by washing with 

distilled water (2x25mL) in a 250-mL separation funnel. Rotational evaporation was 

conducted on the combined chloroform fractions before a vacuum distillation at 

0.3mmHg starting from 50oC. The temperature of the oil bath was increased to a final 

temperature 90oC to ensure complete removal of the residual aniline. The 15N-polyamine 

(4.01g, 88% yield based on paraformaldehyde) was a dark brownish viscous liquid and 
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was stored at room temperature before use. 15N-aniline (2.12g) recovered from the 

vacuum distillation showed a transparent color.  

 
13C-Phosgene Synthesis: 

    The apparatus used in the phosgene synthesis is depicted in Figure 7.1. All glassware 

was flamed under dry nitrogen flow and allowed to cool to room temperature before use.  

1,2-dichlorobenzene (ODCB) was first transferred to a 100-mL graduated cylinder. 

Chlorine (Cl2, 3.58g, 50.4mmol) gas was then slowly bubbled into the ODCB solution 

through a specially made glass adaptor fitted into the graduated cylinder. After the 

desired amount of chlorine was obtained, the glass adapter was taken out of the graduated 

cylinder which was then immediately sealed with a rubber septum. The five-neck 1000-

mL glass reaction kettle (A) (1000mL-Ace Glass medium-pressure glass reactor, actual 

volume 1.22L) was evacuated to a pressure of 1-2 mmHg and then opened to rapid 

flowing dry nitrogen gas; the kettle was cycled between evacuation and positive nitrogen 

pressure twice.  13C-CO (1.22L, 50.4mmol) was added to the reactor with the help of a 

balloon. All the Cl2/ODCB solution was then transferred via cannula into a 200-mL flask 

(B in Figure 8.1) fitted with two stopcock valves. The opening of the flask was sealed 

with a rubber septum and the other end was connected to the reaction kettle through 

chemical resistant Tygon tubing. The Cl2/ODCB solution was then transferred into the 

reaction kettle with the help of compressed nitrogen. The reaction was allowed to proceed 

at 55oC in an oil bath for 36 to 48 hours under moderate agitation with a magnetic stir 

bar. The reaction kettle was allowed to cool to room temperature, then 0.5mL of 1-

phenyl-1-cyclohexene was added with a micro-syringe to remove residual chlorine.   

     A phosgene purification step was then conducted using the apparatus depicted in 

Figure 7.2. The glassware was first flamed under mild dry nitrogen flow and then 

allowed to cool to room temperature. The phosgene gas in the reaction kettle was 

transferred into a cold trap (I) (submerged in liquid nitrogen) by intermittent application 

of vacuum to the cold trap. White particles of phosgene (b.p. 7.48oC, m.p. –127.84�C,) 

(10) were formed inside the trap.  ODCB (108mL) was then transferred into the trap 

using a cannula and the cold trap was sealed with a rubber septum. The phosgene/ODCB 

solution was allowed to warm to room temperature before a titration was conducted to 
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determine the phosgene yield. To determine the yield, a small portion of the 

phosgene/ODCB solution (7.2mL) was transferred into a dry 10-mL graduated cylinder 

using a cannula. and phosgene yield was determined by an iodometric titration method 

(11). The phosgene/ODCB solution in the graduated cylinder was equally splitted and 

transferred into two 25-mL flame-dried erlenmeyer flasks for two separate titrations. The 

phosgene/ODCB solution in each erlenmeyer flask was reacted with 8mL 0.6N 

NaI/acetone solution. The reaction mixture was then titrated to the colorless endpoint 

with 0.15M Na2S2O3
.5H2O aqueous solution. Average phosgene yield was determined to 

be 55% from two titration experiments. Phosgene (25.9mmol) was left in the cold trap for 

the subsequent phosgenation reaction.  
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Figure 7.2. Schematic diagram of the apparatus used in the phosgene purification. 

 

 

Polyamine Phosgenation: 

     15N-polyamine (1.88g) was vacuum dried (60oC, 0.6mmHg) for two hours in a 50-mL 

double-neck flask (one neck sealed with a rubber septum). ODCB (25mL) was then 

transferred into the flask using a cannula and the solution was allowed to cool to room 

temperature. The polyamine was completely dissolved in the ODCB, forming a dark 

brown solution.  

     Another five-neck glass reaction kettle (1000-mL Ace Glass, medium-pressure glass 

reactor, actual volume 1.22L) was flamed under nitrogen and placed under vacuum 

(0.2mmHg). The reactor was then submerged in an ice water bath, and the 

phosgene/ODCB solution was transferred in via cannula. While maintaining vigorous 

agitation in the reactor with a magnetic stir bar, the polyamine/ODCB solution was 

transferred in the sealed reactor using a cannula. Fine solid particles were formed in the 

reactor. The reaction mixture was then slowly heated to 180oC in an oil bath and 

maintained at that temperature for 20 minutes. The gas pressure inside the reactor was 

released twice at 10 and 20 minutes after the reaction temperature had reached 180oC.  At 
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this point, the reaction mixture exhibited a dark golden color and no particles were 

present. The reaction mixture was allowed to cool to room temperature before being 

vacuum filtered into a dry 250-mL round-bottom flask using a Buchner type glass filter 

(Ace Glass) under a nitrogen blanket. Vacuum distillation at 0.3 mmHg and 60oC was 

performed on the filtered reaction mixture to remove ODCB. A heat treatment was then 

conducted by immersing the flask containing 13C, 15N-PMDI in a 200oC oil bath for 5 

minutes under mild nitrogen flow in order to break down MDI dimers and also to remove 

chlorine-containing impurities. After the heat treatment, the flask was immediately 

quench cooled by spraying acetone onto the flask, followed by submerging the flask in a 

cold water bath. Dark brownish 13C, 15N-PMDI (2.30g, 97% yield on polyamine) was 

obtained and was stored in a dessicator in the presence of anhydrous sodium sulfate 

drying agent. 
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Figure 7.3. Schematic diagram of phosgenation step. 
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PMDI Characterization: 

      13C and proton solution NMR spectroscopy were used to check the purity of the 

product.  The instrument was a Varian 400MHz spectrometer operating at 100.577MHz 

for 13C.  15N solution-NMR was conducted on a Varian 500MHz NMR spectrometer with 
15N-glycine as the external reference.  CDCl3 was used as the solvent in all solution NMR 

experiments. 

      The isocyanate content was determined according to ASTM Standard D 5155-91 Test 

Method C but at a one tenth of the scale described in the method. 13C, 15N-PMDI 

(0.078g) was allowed to react with 2.0mL dibutylamine/toluene solution (2.01M in dry 

toluene) in the presence of 2.5mL 1,3,5-trichlorobenzene and 25mL dry methanol. The 

reaction mixture was then titrated to a pH of 4-4.2 with a standard HCl solution 

(0.1029N).   

      The molecular weight of the urea derivative of pMDI was determined with gel 

permeation chromatography (GPC) with a differential refractometer (Waters Model 410) 

and a differential viscometer (Viscotek Model 100). Degassed HPLC grade 

tetrahydrofuran (THF) was the mobile phase. The separation columns used were Waters 

Ultrasyragel columns with pore diameters of 103A, 102A and 10A. A universal 

calibration was conducted on the GPC with polystyrene standards with narrow molecular 

distributions (American Polymer).  The urea derivative of 13C, 15N-PMDI was prepared 

by reacting pMDI (0.05g) with excess diethylamine (1mL, 0.0096mol) in dry chloroform 

for 30 minutes. The residual diethylamine and chloroform were then removed using a 

rotational evaporator. The molecular weight of the urea derivative was determined by 

GPC at 40oC and further corrected for urea derivatization.  

     The monomer ratio of PMDI was measured with a Hewlett Packard HP6890 Gas 

Chromatography (GC) system with a capillary column (Hewlett Packard HP-5) using dry 

chloroform as the solvent.   
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7.3. Results and Discussion 

     Chemical resistant tubing is necessary during the bubbling of chlorine into 1,2-

dichlorobenzene (ODCB) and the transfer of the Cl2/ODCB solution into the reaction 

kettle. Otherwise chlorine-containing contaminants may be formed in the final product as 

detected in the practice runs with un-labeled materials. The chlorine to carbon monoxide 

molar ratio was used as 1:1 in this research. Attempts where ultraviolet light was allowed 

to shine on the reactor during phosgene synthesis in order to improve the yield of 

phosgene were incomplete.  No significant increase in the phosgene yield was obtained. 

A high boiling point alkene, i.e. 1-phenyl-1-cyclohexene, was found to be effective in 

removing residual chlorine in the reaction kettle and remains in the reaction kettle during 

the phosgene purification step. With the set-up described in this research, the phosgene 

yields between 45 and 55% can easily be obtained, and the PMDI yield can be achieved 

at above 95% (based on polyamine). The phosgene to amine (NH2) molar ratio at 1.2-

1.5:1 was found to be sufficient to convert all polyamines to isocyanates without 

generating ureas. The introduction of the chlorine/ODCB solution to the reactor kettle 

can now be conducted much more easily and safely than in the previous setup (6). The 

phosgene purification step is essential in order to obtain high-purity PMDI.   

     The 13C solution NMR spectra of commercial PMDI (Rubinate 1840 from Huntsman 

Polyurethanes) and the synthesized 13C, 15N-PMDI are shown in Figure 7.4.  The two 

spectra are similar except that in the labeled PMDI, the intensity of 13C-labeled 

isocyanate carbons overshadow the rest of the carbon signals and appear as a strong 

doublet (�124.6). An expansion of the aromatic region (Figure 7.5) further reveals the 

similarity between the labeled and commercial PMDI. A weak doublet at approximately 

151 ppm may be attributed to the chlorine-containing contaminant such as secondary 

carbamoyl chloride (Figure 2.19).  No substituted urea (from PMDI/waster reaction) was 

detected as evidenced by the absence of a resonance peak near 152.6 ppm.  The proton 

spectra of commercial PMDI and labeled PMDI are shown in Figure 7.6. Trace amounts 

of impurities seem to be present in the labeled PMDI, as indicated by the peaks between 

1 and 2 ppm. A strong doublet (�42.5) is observed in the 15N solution NMR spectrum 

(Figure 7.7). 
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     The GC chromatograms of commercial PMDI and labeled PMDI are shown in Figure 

8.8.  No detectable 2,2’-MDI was present in either resin. However, the doubly labeled 

PMDI has a higher 4,4’-MDI content (95%) than the commercial PMDI (90%). This 

result is consistent with the literature value when the same polyamine synthesis procedure 

was used (4).  Figure 7.9 shows the concentration and viscosity responses for commercial 

and labeled PMDI in a GPC experiment. Both resins showed similar chromatograms 

except the doubly labeled PMDI exhibited a lower proportion of polyisocyanate 

oligomers.  The 13C, 15N-PMDI seems to contain a high-molecular fraction as indicated 

by the presence of a peak at 14 minute of the elution time in the viscosity response. 

However, this portion was not detected in the concentration response. No such peak was 

detected when unlabeled materials were used with the same synthesis procedure. The 

number and weight average molecular weights were found to be 354 and 379 g/mol for 
13C, 15N-PMDI, and 378 and 530g/mol for commercial PMDI. The commercial PMDI 

has a higher polydispersity than the lab-synthesized PMDI. The isocyanate content of the 

doubly labeled PMDI was found to be 30.1% from two titrations. This number is 

comparable to that of the commercial PMDI (31%). 
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Figure 7.4. Solution-state 13C NMR spectra of a commercial PMDI (Rubinate 1840) and  
                  13C, 15N-PMDI. (both in CDCl3 with TMS as an internal reference)  
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Figure 7.5. Aromatic and isocyanate carbons in the solution-state 13C NMR spectra. (both  
                   in CDCl3 with TMS as an internal reference)  
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Figure 7.6. Proton spectra of a commercial PMDI (Rubinate 1840) and doubly labeled  
                  PMDI. (both in CDCl3 with TMS as an internal reference) 
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Figure 7.7. Solution-state 15N NMR spectrum of doubly labeled PMDI. (referenced to  
                    glycine-15N at 31ppm) 
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Figure 7.8.  Gas chromatograms (GC) of a commercial PMDI (Rubinate 1840) and  
                    doubly labeled PMDI. 
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Figure 7.9. GPC chromatograms of a commercial PMDI (Rubinate 1840) and doubly  
                  labeled PMDI. (Left: concentration responses; Right: viscosity responses.) 
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7.4. Conclusions 

      13C, 15N-PMDI was successfully synthesized with an appreciable yield. The product 

had properties similar to those of commercially PMDI used in the forest products 

industry. Compared to commercial PMDI, the lab-synthesized PMDI has a higher 4,4’- to 

2,2’-MDI monomer ratio and a lower proportion of polyisocyanate oligomers. The 

improvements made in the experimental procedure in this research have made the 

synthesis both easier and safer, and resulted in improved yields.   
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Chapter 8. Solid-state NMR Studies 

 

8.1. Introduction 

     The chemistry of PF/PMDI hybrid adhesives was discussed in detail in Chapter 2. It is 

necessary to recap here that urethane linkages form immediately after blending PF resoles 

with PMDI (1). Two types of urethane linkages are possible: aromatic urethanes from 

phenolic hydroxyls (phenoxides) and aliphatic urethanes from hydroxymethyl groups. 

The PF resoles investigated in this research have a solids content of approximately 50%, 

so PMDI/water reactions are also important, although they occur at a slower rate than 

urethane formation (1).  The complex nature of the PF resole/PMDI bondline in wood 

composite applications can also be attributed to the processing conditions. During the 

manufacture of a typical wood composite (e.g. OSB), platen temperatures can be as high 

as 200oC; high enough for urethanes to undergo thermal degradation. Hydrolysis may be 

another aspect of PF/PMDI chemistry. Recall in Chapter 6 that a base-catalyzed 

hydrolysis was thought to explain a significant drop in blend performance after a two-

hour water boil. As shown in Chapter 6, a significant drop in fracture energy was found 

for resole/PMDI bonded wood specimens after a two-hour water boil. The changes in 

chemistry and molecular dynamics after weathering are of particular interest, since a 

good understanding of these changes can help improve the potential use of PF/PMDI 

hybrid adhesives. 

      Compared to PF/PMDI hybrid adhesives, the chemistry of the wood/PMDI bondline 

has been a subject of much research for some time and is understood to a good extent. It 

has been reported that the main reactions occurring in wood/PMDI bondlines are 

isocyanate/water reactions which form substituted urea and biuret structures (2-7). 

However, evidence also suggests the formation of urethane linkages between PMDI and 

wood.  Figure 8.1 shows the 15N solid-state NMR spectrum of a model urethane formed 

between rigorously dried yellow-poplar wood powder and 13C, 15N-PMDI under 

anhydrous conditions in dry dioxane; this reaction was catalyzed by phenyl mercuric 

acetate, which is known to promote urethane formation (even with secondary alcohols) in 

preference to the water reaction (8). Also shown in Figure 8.1 is a typical spectrum of the 
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same labeled resin hot-pressed between yellow-poplar wood flakes. Figure 8.1 

summarizes the difficulties associated with the 15N characterization of the wood/PMDI 

bond. It is known that urethane signals appear from about 97 to 102 ppm (9). In this case 

the wood-urethane appears at about 101 ppm. This overlaps with the urea signal which 

appears at 104 ppm, as shown in Figure 8.1. The biuret imide and amide peaks always 

appear at 138 and 112 ppm respectively; residual isocyanate appears at 44 ppm. 

Previously, wood-urethane identifications were always tentative because of the overlap 

with the urea signal (5). However, it was demonstrated that relaxations of signal density 

centered at 101 and 104 ppm were significantly different; this was noted to be consistent 

with the different motional characteristics expected for ureas and wood-urethanes (5). 

     Recently, Zhou and Frazier introduced the application of 13C, 15N-doubly labeled 

PMDI for studying this complex system (10). It was found that the double label provided 

additional information through the labeled carbonyls observed in the carbon spectra.  As 

shown in Figure 8.2 (bottom), strong wood signals are present such as the resonance at 

105 ppm for cellulose C1 carbon and the resonance near 155 ppm for aromatic lignin 

carbons. Despite the potential interference with wood signals in the 13C spectrum, the 

carbon signals in the wood/13C, 15N-PMDI bondline (top one in Figure 8.2) are so strong 

that the interference from wood is negligible.  Interestingly, the carbonyl signals were 

narrowed by the attached 15N, and this provided improved resolution between the wood-

urethane and urea/biuret carbonyl signals. However, Figure 8.2 demonstrates that 

baseline resolution was not obtained. The sharp signal at 156-157 ppm has been 

identified as urethane, and the shoulder at 154 ppm as urea/biuret. The distinction 

between wood-urethane and urea/biuret signals was much better than that seen in the 15N 

spectrum.   

      Zhou and Frazier (10) noted that the double label technique provided complementary 

nitrogen and carbon spectra that supported the identification of the wood-urethane. As a 

demonstration, Figure 8.3 shows the carbon and nitrogen spectra of wood samples cured 

with the doubly labeled PMDI resin. The sample cured at 120oC shows a sharp carbon 

signal at 156 ppm and a shoulder at 153 ppm; the corresponding nitrogen spectrum shows 

a maximum at 101-102 ppm. Notice the change for the sample cured at 185oC. The 

carbon maximum has shifted to 153 ppm and this corresponds to a nitrogen signal at 104 
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ppm. It is apparent that the temperature dependent peak shifts in the carbon spectra 

correspond to those in the nitrogen spectra.  The spectra in Figure 8.3 display cure 

chemistry which is dominated by urethanes at low temperatures, and which at higher cure 

temperatures is dominated by urea/biuret structures. Furthermore, Zhou and Frazier 

demonstrated that the putative urea/biuret carbon signal was moisture dependent; a 

similar moisture sensitivity was not seen in the nitrogen spectra (10). Consequently, the 

additional information from the carbon spectra formed the basis of a more definitive 

 

assignment of the urethane signal in the nitrogen spectra. 

igure 8.1. 15N CP/MAS spectra showing the chemical shift assignments of a  
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Figure 8.2.  13C CP/MAS NMR spectra of wood (bottom) and wood/13C, 15N-PMDI 
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       PF resole/PMDI hybrid adhesives are more complex than the PMDI/wood bondline 

due to additional reactions, such as: self-crosslinking of PF, PF/PMDI cross-reactions, 

PMDI/water reactions, etc., however, as will be discussed in detail later in this chapter, 

the similarities between these two systems present the basis for adopting a spectral 

decomposition approach to obtain information about the chemistry and dynamics of all 

underlying components within the central nitrogen resonance. The chemical species 

distributions and the morphology of non-weathered PF/PMDI bondlines, and also those 

after exposure to water-boil weathering will be investigated in this research. As reported 

in Chapter 5, elevated temperatures (e.g. > 200oC) seemed to cause thermal degradation 

as evidenced by a drop in the storage modulus. Effects of this thermal treatment on 

bondline chemistry will also be investigated with CP/MAS NMR.  

     Hopefully, through these studies, more information regarding the chemistry and 

morphology of PF/PMDI blends will be obtained. Understanding the effects of 

weathering and thermal treatment will provide insights into the optimized manufacturing 

and application conditions for PF/PMDI blends. 

 

8.2. Experimental  

8.2.1.  Materials 

Model Compound Synthesis: 

      p-tolyl isocyanate (99%), urea (99%), o- and p-hydroxyl benzyl alcohol (99%) were 

purchased from Aldrich Chemical and used without further purification. HPLC grade 

tetrahydrofuran (THF) and N, N’-dimethylformamide (DMF) were used as solvents. 

They were dried with molecular sieves for more than 24 hours prior to use. All the model 

compounds were synthesized under nitrogen except for N, N’-di-p-tolylurea. 

 

CP/MAS NMR Experiments: 

     13C, 15N-PMDI was synthesized according to the procedure described in Chapter 8. A 

commercial OSB PF (obtained from Dynea) was used as received.  The OSB PF used in 

the solid-state NMR studies was similar to that used in the rest of this research except it 

does not contain urea, which would have been simply been post-added after resin 
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polymerization. Wood flakes with dimensions of approximately 50x50x0.6 mm (LxTxR) 

were sliced from a block of yellow-poplar (Liriodendren tulipifera) sapwood using a 

CAE disk flaker. The flakes were conditioned in a desiccator over a saturated CrO3 salt 

solution to achieve an equilibrium moisture content of approximately 7%. They were 

stored in plastic bags and placed in a dark place before use.  Flat-sawn yellow-poplar 

laminae with dimensions of 150x100x10mm (LxTxR) were prepared as described in 

Chapter 6. These laminae were conditioned to an equilibrium moisture content of 

approximately 10% in an environmental chamber.  

 

 

8.2.2.  Methods  

Model Compound Synthesis and Characterization: 

 

N, N’-Di-p-tolylurea:  THF (20 mL) was first transferred to a 50-mL round bottom flask 

followed by p-tolyl isocyanate (6g, 45 mmol) and distilled water (1g, 56 mmol). The 

mixture was agitated with a magnetic bar for 2 hours at room temperature. The reaction 

mixture was then filtered and dried in a vacuum oven and 5.1 g (21 mmol, yield: 95%) of 

white particles were obtained. EI-MS: m/z 240 (M+, calcd for C15H16N2O 240). 
 

Tri-p-tolyl-biuret: N, N’-di-p-tolylurea (0.2g, 0.83 mmol) and p-tolyl isocyanate (1.5g, 11 

mmol) were combined in a 50-mL round bottom flask. The mixture was heated in an oil 

bath at 180oC for 40 minutes (7). Excess p-tolyl isocyanate was removed by vacuum 

distillation. 0.23g dark brownish solids were obtained (0.62 mmol, yield: 75%).  EI-MS: 

m/z 373 (M+, calcd for C23H23N3O2 373). 

 

1-p-Tolyl-biuret: Urea (1.2 g, 20 mmol) was dissolved in 20-mL DMF in a dry 100-mL 

round bottom flask. p-Tolyl isocyanate (2.44 g, 18 mmol) dissolved in 20 mL DMF was 

then transferred into the flask using a cannula. The reaction mixture was heated in an oil 

bath at 50oC overnight, and then poured into a beaker containing 200 mL distilled water.  

The white solids were filtered and re-crystallized in 50/50(v/v) ethyl acetate/THF. 2.3 g 
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white crystals were obtained (12 mmol, yield: 67%). EI-MS: m/z 193 (M+, calcd for 

C9H11N3O2 193). 

 

1,7-Di-p-tolyl-triuret:  Urea (0.56g, 9.3 mmol) was dissolved in 20-mL DMF in a dry 100-

mL round bottom flask. p-Tolyl isocyanate (2.49 g, 22 mmol) dissolved in 20 mL DMF 

was then transferred into the flask using a cannula. The reaction mixture was heated in an 

oil bath at 50oC overnight, and then poured into a beaker containing 200 mL distilled 

water. The white solids formed were filtered and re-crystallized in 50/50(v/v) ethyl 

acetate/THF. 1.5 g white crystals were obtained (0.46 mmol, yield: 50%).  FAB-MS: m/z 

325 ([M-H]+, calcd for C17H18N4O3 326). 

 

p-Hydroxy benzyl p-tolyl carbamate: p-Tolyl isocyanate (3.08 g, 23 mmol) in 20 mL THF 

was transferred to a dry 50-mL round bottom flask. p-Hydroxyl benzyl alcohol (3.16 g, 

25 mmol)  dissolved in 20mL THF was then transferred drop wise into the flask using a 

cannula. The reaction mixture was agitated overnight with a magnetic bar, and then 

poured into a beaker containing 200 mL distilled water. The solids were filtered and 

washed with distilled water, then dried in a vacuum oven.  5.24 g light yellowish solids 

were obtained (20 mmol, yield: 87%).  EI-MS: m/z 257 (M+, calcd for C15H15NO3 257). 

 

o-Hydroxy benzyl p-tolyl carbamate:  o-Tolyl isocyanate (1.02 g, 7.7 mmol) in 20 mL THF 

was transferred to a dry 50-mL round bottom flask. o-Hydroxyl benzyl alcohol (0.99 g, 8 

mmol)  dissolved in 20mL THF was then transferred drop wise into the flask using a 

cannula. The reaction mixture was agitated overnight with a magnetic bar, and then 

poured into a beaker containing 200 mL distilled water. The solids were filtered and 

washed with distilled water, then dried in a vacuum oven. 1.65 g yellowish solids were 

obtained (6.4 mmol, yield: 83%). EI-MS: m/z 257 (M+, calcd for C15H15NO3 257). 

 

     All solution-state NMR measurements were performed on a Varian Unity-400 MHz 

spectrometer at room temperature, observing 1H and 13C at 400 MHz and 100.6 MHz, 

respectively. Deuterated dimethyl sulfoxide (DMSO-d6) was used as the solvent in all 

solution NMR experiments. Tetramethylsilane (TMS) was used as an internal reference 
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in both 1H- and 13C-NMR experiments. Mass spectra were obtained for all model 

compounds from a MicroMass VG Quattro mass spectrometer equipped with a positive 

electron impact (EI) source operating at 70 eV.  Except a negative Fast Ion Bombardment 

(FAB) experiment was conducted on 1,7-di-p-tolyl-triuret with glycerol (matrix) and 

acetone as a solvent.  

 

Preparation of Flake Composites: 

    The PF resole/PMDI blends investigated in the solid-state NMR studies were hand 

mixed with a glass rod at approximately 200 rpm for one minute. The blend ratios were 

based on resin solids. Neat PMDI and three PF/PMDI blends (33/67, 50/50, 75/25) were 

investigated. The resin solids loading weight was 10% (based on dry wood).  Flake 

composites were prepared by applying the resin of interest to two flakes using a Teflon 

spatula, and then hot-pressing the bonded flakes. The resin-sandwiched flakes were then 

wrapped in a Teflon sheet and hot-pressed between two yellow-poplar laminae 

(150x100x10 mm, LxTxR) at 175oC and 0.69MPa (100psi) for 20 minutes. The hot-press 

apparatus was the same as described in Chapter 6 but the plate temperature was set at 

175oC to ensure a bondline temperature profile similar to that of the fracture testing 

specimens (Chapter 6). After hot-pressing, the flake composites were allowed to cool to 

room temperature and were stored in plastic bags inside a desiccator that contained 

anhydrous sodium sulfate. Four flake composites were prepared for each adhesive; two 

were tested dry and two were tested after simulated weathering in the form of a two-hour 

water boil followed by overnight oven drying at 105oC (the same as used in Chapter 6).  

Two more flake composites were also prepared for the 33/67 blend for study of the 

thermal degradation at elevated temperatures. 

 

CP/MAS NMR:   

      13C and 15N Cross Polarization/Magic Angle Spinning (CP/MAS) NMR experiments 

were performed on a Bruker MSL-300 MHz spectrometer, operating at 75.47 MHz for 
13C and 30.43 for 15N nuclei. Small discs were punched from the flake composites using a 

paper hole puncher. These discs were randomly placed in a 7mm and 4mm Zirconium 

oxide rotor for 15N and 13C CP/MAS experiments, respectively; all with powdered 
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aluminum oxide filled in and around the sample to facilitate rapid and stable spinning. 

The 15N spectra were externally referenced to   glycine-15N at 31 ppm; all 13C spectra 

were referenced to adamantane. Glycine-15N and adamantine were used to set the 

Hartmann-Hahn conditions for 15N and 13C CP/MAS experiments, respectively. The 

spinning rate of the rotor was approximately 4.2 KHz (� 20Hz) for 15N and 6.1 KHz (� 

30Hz) for 13C CP/MAS NMR experiments. A variable contact time 15N CP/MAS 

experiment was conducted at room temperature for each sample with the contact time 

ranging from 0.1 to 8 milliseconds.  Twelve hundred scans were accumulated for each 

contact time during the 15N variable contact time experiments except for the 75/25 blend 

on which 1500 scans were accumulated; approximately 8000 scans for 13C CP/MAS 

experiments were obtained using a standard cross polarization pulse sequence. Two 15N 

CP/MAS NMR experiments were conducted on each adhesively-bonded flake composite, 

so a total of four measurements was obtained for each adhesive bondline. Exceptions are 

the thermally treated 33/67 blend and the weathered 75/25 blend in which two 

measurements were obtained each.   

 

 

 

 8.3. Results and Discussion 

 A. Model Compound Studies:      

     One of the major objectives of this research is to provide a better understanding of the 

chemical nature of cured PF/PMDI hybrid adhesive bondlines using CP/MAS NMR.  A 

number of model compound studies regarding PF and PMDI reactions have been reported 

(1, 11-13) and they provide a basis of knowledge for studying PF/PMDI blends, but none 

were intended for assisting chemical shift assignments in solid-state NMR experiments.   

Although it was initially intended for structural identification in CP/MAS NMR 

experiments, the model compound study conducted here was found unhelpful for 

chemical shift assignments because of the difference between solution and solid-states 

(10).  However, the model compound study conducted in this research adds some new 

information regarding PF/PMDI reactions that had not been reported in the literature.  For 

instance, the model reactions between p-tolyl isocyanate and urea were never reported in 
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the literature, so the information obtained here may provide useful knowledge for future 

studies on PF/PMDI bondlines; urea is a common post-additive in PF resins. Vigorous 

purification of the model compounds was not employed in this study.  These model 

compounds were only characterized with 13C solution NMR, and the molecular ions were 

examined in the mass spectra.  However, although trace impurities may still be present in 

these model compounds, a clear identification of the carbonyl carbons will serve the 

purpose sufficiently, as will be shown.   

  

PMDI/water reactions:     

     Reactions between PMDI and water form substituted urea, and upon heating form 

biurets, as shown in Figure 2.23. The corresponding model compounds were prepared 

and their structures were supported by 13C-NMR (Figure 8.4) and mass spectroscopy 

(Appendix 8.1).  For N,N’-di-tolylurea, the number of carbon peaks in the 13C spectra 

matches the number of the non-equivalent carbons, indicating its purity. For tri-p-tolyl-

biuret, the carbonyl and methyl peaks match the expected resonances.  The carbonyls 

from substituted urea and biuret linkages appear at 152.7 ppm and 153.8 ppm, 

respectively, and is consistent with those obtained from the reaction of aniline and 13C-

PMDI or 13C, 15N-PMDI (� 152.6 in DMSO-d6) (10).    

 

PMDI/urea Reactions: 

    Reactions between urea and PMDI are depicted in Figure 2.32. The model compounds 

corresponding to those products were prepared by varying the stoichiometry between 

urea and p-tolyl isocyanate. The structures of the mono- and di-substituted ureas have 

been confirmed with 13C-NMR (Figure 8.5) and mass spectroscopy (Appendix 8.1). The 

presence of four aromatic carbons and two carbonyls indicate that the 1-p-tolyl-biuret 

prepared here was reasonably pure. Trace contaminants are present in 1,7, di-p-tolyl-

triuret, but the two carbonyls were clearly identified.  It was found that the mono- and di-

substituted ureas were relatively easy to form in model reactions at 50oC in DMF, so it is 

speculated that these two reactions might be important in the PF/PMDI hybrid adhesives 

under hot-pressing conditions. The resonance from carbonyls resulting from PMDI/urea 

reactions will further complicate interpretation of the carbonyl region because several 
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carbonyl signals are also present in the hybrids as a result of urethane formation and 

PMDI/water reactions. 

 

Urethane Reactions: 

     Two aliphatic urethanes were prepared as the corresponding model compounds for the 

reaction between hydroxymethyl and isocyanate groups (Figure 2.21).  Both 13C NMR 

spectra indicate a fairly pure product.  The two carbonyl carbons from ortho- and para-

aliphatic urethanes are not well resolved in 13C solution NMR spectra. This will probably 

also be the case in the solid state.  In this study, the chemical shifts of the urethane 

carbonyl carbons (near 151.7 ppm in Figure 8.6) appeared upfield from the urea 

carbonyls (152.7 ppm in Figure 8.4). Literature reports the carbonyl in a model urethane 

prepared from 2-propanol and 13C, 15N-PMDI appeared downfield (153.2 ppm) from the 

urea carbonyls (152.6 ppm) in solution NMR (9). This indicates that although model 

compound studies provide useful information for solid-state studies, solution-state 

chemical shifts may be significantly different from those in the solid-state. 
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Figure 8.4. 13C solution-NMR spectra of N, N’-di-p-tolylurea and tri-p-tolyl-biuret (in  
                   DMSO-d6). 
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Figure 8.5. 13C solution-NMR spectra of 1-p-tolyl-biuret and 1,7-di-p-tolyl-triuret  
                   (in DMSO-d6). 
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Figure 8.6. 13C solution-NMR spectra of o- and p-hydroxy benzyl p-tolyl carbamates  
                   (in DMSO-d6). 
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B. Sample preparation and Spectral Decomposition: 

    PF resoles used in the wood composites industry often contain significant amounts of 

urea to   scavenge formaldehyde and also to lower cost.  This urea is typically post-added 

and so no significant co-reactions occur (11).  As shown in the model compound study, 

the presence of urea in a PF/PMDI bondline will further complicate the bondline 

chemistry.  For the sake of simplicity, the resole used in the solid-state NMR study does 

not contain urea.  As shown in Figure 8.7, it is clear that the addition of urea causes free 

formaldehyde and associated hemiformals (80 and 85 ppm) to disappear. Also, it is 

apparent that additional hydroxymethyl peaks appear in the range of 63 ppm.   The two 

new resonance peaks at approximately 160 ppm are due to free urea and 

hydroxymethylated urea as a result of urea/formaldehyde reaction. 
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Figure 8.7. 13C solution-NMR spectra of the OSB PF with and without urea addition.  
                  (in D2O with TSP-d4 as internal reference at –5.17 ppm) 
 
 

      In previous studies (2-6) of wood/PMDI bondline chemistry, flake composites were 

often prepared under direct heating in a press at various temperatures.  In this research, 

the procedure for preparation of flake composites was modified in order to simulate the 
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cure conditions as used in the adhesive fracture testing (Chapter 6).  Cure chemistry and 

morphology information revealed in this research correlate with the previous fracture 

results (Chapter 6). As shown in Figure 8.8, the bondline temperature in the bonded flake 

composites is similar to that in the fracture samples (Chapter 6), although not identical.  

The two temperature profiles exhibited identical patterns until 110oC, after which the 

flake composite bondline showed a steady increase in temperature while the fracture 

sample showed a plateau then an increase. This may be due to the different resin loading 

weights used; the fracture sample used a much higher resin loading weight than the flake 

composites. The greater quantity of carbon dioxide generated from isocyanate/water 

reactions in the fracture specimen bondlines may also be responsible for this temperature 

profile. 

 
 
 
 
 

0 4 8 12 16 20
Time (min.)

0

40

80

120

160

200

Te
m

pe
ra

tu
re

 (o C
)

Fracture Samples SS NMR Samples

 
Figure 8.8. Bondline temperature profiles in the flake composite and fracture specimen   
                  preparations used in this study. 
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200 150 100 50 PPM

Figure 8.9. A typical 13C CP/MAS NMR spectrum of the PF/PMDI blend bonded yellow- 
                   poplar flake composite. 
 

 

       A representative 13C CP/MAS NMR spectrum of a PF/PMDI hybrid adhesive bonded 

yellow-poplar flake composite is shown in Figure 8.9.  Wood resonances that can be 

clearly identified include the C1 carbohydrate carbon at approximately 105 ppm, other 

wood signals between 63 and 89 ppm, and the CH3 in hemicellulose at 21 ppm.  The 

strong resonance between 150 and 160 ppm is due to the carbonyls from the doubly 

labeled PMDI. The broad resonance at this region appears similar to that of the wood/13C, 
15N-PMDI bondline (Figure 8.2).  However, the underlying chemical components are 

much more complicated than those of the wood/13C, 15N-PMDI bondline due to the 

presence of aromatic and aliphatic urethanes, urea and biuret structures and also possible 

urethanes from the PMDI/wood reaction. Compared to the wood/13C, 15N-PMDI bondline 

(Figure 8.2), this spectrum exhibited a significantly weaker residual isocyanate resonance 

at 125 ppm. This is not a surprise because PMDI in the PF/PMDI bondline can participate 

in both the reactions with PF resole and with water.   

     Due to the complexity of the 13C CP/MAS NMR spectra, the 15N CP/MAS NMR is 

the focus of this research and will be used to conduct spectral decomposition. Since 
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spectral decomposition requires a good knowledge of the chemical shifts within the 

central nitrogen peak, the similarity between the PF/PMDI and wood/PMDI bondlines are 

presented in Figures 8.10 and 8.11). In Figure 8.10, the wood/PMDI bondline was 

prepared at a relatively low temperature (20oC) and a clear resonance was detected for 

urethanes at 101-102 ppm. Correspondingly, The 50/50 PF/PMDI blend also showed a 

clear shoulder at 98-100 ppm, indicating a high concentration of urethane present in this 

blend.  The peak shoulder that represents urethanes in the blends is not exactly identical 

to that in the wood/PMDI bondline, but lies in the region for urethanes as reported in the 

literature (between 97 and 102 ppm) (9).  Figure 8.11 shows the wood/PMDI bondline 

cured at a much higher temperature (185oC) in which no maxima or distinctive shoulder 

is present at 101-102 ppm. Figure 8.11 also shows a flake sample bonded with the 33/67 

blend. However, in this case the sample was thermally treated at above 200oC in order to 

cleave urethane linkages. As expected, the urethane concentration appears very low; there 

is no distinctive shoulder at 101 ppm. It is conceivable that PF/PMDI blends have 

different urethane concentration so it is not a surprise that the line shape can be different 

for different blends. Figures 8.10 and 8.11 demonstrate the similarities between the 15N 

spectra of the wood/PMDI bondline and PF/PMDI blends by showing the relative shifts 

of the urethane and the urea/biuret resonance.  The contention here is that the nitrogen 

assignments for this work are very similar to those published in the simpler wood/PMDI 

system. 
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Figure 8.10.  15N Spectra of wood/PMDI bondline (top) (10) versus a PF/PMDI blend  
                     (bottom),  showing high urethane concentration in both systems. 
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Figure 8.11.  15N Spectra of wood/PMDI bondline (top)  (10) versus a PF/PMDI blend  
                     (bottom), showing lower urethane concentration in both systems. The 33/67 
                     blend-T was treated by heating from room temperature to 210oC at  
                     10oC/min. in air in a DMA chamber. 
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     15N CP/MAS spectra of the flake samples bonded with neat PMDI and two PF/PMDI 

blends are shown in Figures 8.12-14.  It is interesting to note that for the 50/50 blend 

(Figure 8.13), a urethane shoulder was observed near 98-99 ppm at the contact time of 1 

ms, while there is no such shoulder in the 75/25 blend (Figure 8.14) at the same contact 

time.  In contrast, the 75/25 blend shows significant urethane-like shoulder near 95 and 

100 ppm at the two long contact times (2 and 4ms); such features are absent in the 50/50 

spectra. Therefore, these spectra indicate that different urethane concentrations are 

apparent in the different blends. Because of the presence of several contributing 

components under the major nitrogen resonance, detailed information regarding the 

chemical species concentration, and equally important, the relaxation behavior cannot be 

obtained without spectral decomposition. Consequently, spectral decompositions have 

been conducted by assuming that the central nitrogen signal is composed of biuret amide, 

urea and urethane signals. 
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Figure 8.12. 15N CP/MAS NMR spectra of non-weathered yellow-poplar flake composite  
                    bonded with PMDI obtained with variable contact times at 1,2 and 4ms from  
                    bottom up. 
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Figure 8.13. 15N CP/MAS NMR spectra of non-weathered yellow-poplar flake composite  
                     bonded with the 50/50 PF/PMDI blend obtained with variable contact times  
                     at 1,2 and 4ms from bottom up. 
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Figure 8.14. 15N CP/MAS NMR spectra of non-weathered yellow-polar flake composite 
                    bonded with the 75/25 PF/PMDI blend obtained with variable contact times  
                    at 1,2 and 4ms from bottom up. 
 

 

     As shown in Figure 8.15, the spectral decomposition of the central nitrogen peak for 

PF/PMDI blends was conducted using a commercial NMR software (Nuts for Windows 

95/NT). The urea and biuret amide resonances were fixed at 104 and 111 ppm, 

respectively. Since the urethane varies from 97 to 102 ppm (9), the urethane chemical 

shift was tentatively set at 98.5 ppm, but was allowed to “float” during the iteration 

process so as to optimize the spectral decomposition (Figure 8.15). Literature concerning 

solid-state NMR spectral decomposition shows that often times a single line shape 

function (i.e. Gaussian or Lorentzian) fails to describe solid-state NMR signals (15,16).  

This was in fact found to be the case for this work (17).  Therefore, a combination of 

Gaussian (75%) and Lorentzian (25%) line shapes was used in this research.  This was 
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determined by optimizing the similarity between the original spectrum and the spectrum 

calculated from the decomposition. 
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Figure 8.15. A typical spectrum showing the results after spectral decomposition. 
 

 

      After decomposition of the major nitrogen resonance, the respective areas of the 

contributing resonances from substituted ureas, biuret amides and urethanes were 

obtained for each contact time. The areas of each contributing component were then used 

to fit Equation 8.1 to obtain cross polarization rates (TNH) and proton spinning-lattice 

relaxation times in the rotating frame (TH
1�).  As shown in Figure 8.16, the peak area 

follows an increasing exponential function with a time constant TNH before it reaches a 

maximum, after which it follows a decreasing exponential function with a time constant 

TH
1�. The corrected peak area (A*), which is the theoretical peak area when cross 

polarization is instantaneous and the TH
1� is infinitely slow (18), were obtained and used 

to calculate relative concentrations in the major nitrogen resonance. The relative 

concentration was defined as the ratio of the corrected peak area (A*) of certain chemical 

species to the sum of the A* values for the three contributing components. It was found 

in this research that the correlation coefficients (r2) for most curve fittings were higher 
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than 0.95, and the urethane and urea peaks showed better fitting results than the biuret 

amide.   

                                                                  Equation 8.1 �1// exp)exp1(*)(
H

NH TTTTATA ��

��

  

0 2 4 6 8 10
Contact Time (ms)

TNH

TH
1�

Figure 8.16.  A typical curve fitting of peak area and contact time to obtain TNH, TH
1� and  

                      the corrected peak area (A*). 
 

      In the relaxation measurements, one curve fit generates an estimate and an associated 

standard error for each relaxation parameter. The standard errors are usually 10-20% of 

the corresponding estimates. Two to four of such measurements were obtained for each 

adhesive bondline. Reported in this study are the simple means and the standard 

deviations of the estimates. The relative concentrations of the three underlying 

components within the central nitrogen resonance were also taken as the simple means of 

the estimates obtained from each CP/MAS experiment.   

       It is necessary to point out here that one of the weaknesses of this spectral 

decomposition approach is that various types of urethane linkages cannot be 

differentiated. The urethanes specified in the spectral decomposition can only be taken as 

a sum of those formed between PMDI and methylols, and phenolic hydroxyls in PF 

resole, and also with wood hydroxyls and phenoxyls.  However, as demonstrated in the 

literature (1) and in this research, PMDI tends to react with PF resole rapidly during 

mixing, resulting an increased molecular weight. The increase in molecular weight will 
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hinder the penetration of un-reacted PMDI into wood for covalent bond formation.  So 

although the urethane formation from PMDI/wood reaction may contribute to the central 

nitrogen resonance, the contribution of this reaction is likely to be very small.  Another 

important point that needs to be emphasized here is that the decomposition results should 

not be considered quantitative because it only considers the major nitrogen resonance and 

ignores other resonances such as those due to free isocyanates (125 ppm) and biuret 

imides (138 ppm).    

  

  

C. Non-weathered Samples: 

     The chemical species distributions within the central nitrogen peak in each non-

weathered sample and associated student T-test results are shown in Figures 8.17 and 

8.18, respectively. One observation that is evident is that the neat PMDI bondline had a 

significantly higher biuret concentration than all blends, while there is no difference in 

biuret concentration among the three blends.  It is consistent with previous results and the 

findings presented in this research (Chapter 3) that urethane formation in PF/PMDI 

blends occurs during mixing, so the remaining NCO available for biuret formation is 

much less than in a wood/PMDI bondline. The blends also exhibited significant 

differences in urethane concentrations. The 50/50 blend showed higher urethane 

concentration than the neat PMDI and the 75/25 blend. No significant difference in 

urethane concentration was found between the 50/50 and 33/67 blends. As shown in 

Chapter 3, the hand mixed 50/50 and 33/67 blends showed a much higher viscosity than 

all other blends. The increase in viscosity was attributed to the cross reactions between 

the two resins, resulting in urethane linkages. The magnitude of the viscosity increase 

was hypothesized to correlate with co-reaction and urethane formation.  In non-weathered 

samples, since the sample underwent hot-pressing, the chemical components are certainly 

different than those of the blends immediately after mixing. However, it is evident that 

the cured 50/50 blend exhibited a higher urethane concentration than the 75/25 blend 

after hot-pressing. The 75/25 blend exhibited the same, while the 33/67 blend showed a 

marginally higher urethane concentration than the neat PMDI bondline.  The 33/67 blend 

bondline showed a significantly higher urea concentration than the neat PMDI bondline;  
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while the other two blend bondlines showed no differences in urea concentration than the 

neat PMDI.  Another interesting observation is that free isocyanate can still be detected at 

long contact times in some blends. This phenomenon is more evident in blends with high 

urethane concentrations (e.g. the 33/67 blend) (Figure 8.33).    

      To help visualize the spectral decomposition, partial 15N CP/MAS spectra for neat 

PMDI and non-weathered flake composites bonded with two blends are shown in Figure 

8.19. Careful inspection reveals that the 50/50 blend has a stronger urethane signal at 

most contact times. 
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Figure 8.17.  Chemical species distributions of the non-weathered samples obtained from  
                     decomposition of central nitrogen resonances   (each mean is based on   
                     4 NMR acquisitions from two separate samples, two NMR experiments per  
                     sample. Error bars represent � one standard deviation) 
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1 2 3 4 1 2 3 4 1 2 3 4 

 
1 

 0.0158 0.007 0.001  0.010 0.150 0.135  0.061 0.006 0.108

 
2 

  0.484 0.597   0.673 0.431   0.553 0.273

 
3 

   0.736    0.679    0.032

 
Figure 8.18.  P-values for the student T-tests of relative concentrations in each sample. 1:  
                      PMDI, 2: 33/67, 3: 50/50, 4: 75/25 blend.  T-test was conducted assuming  
                      unequal variances in two compared data arrays (concentrations). 
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Figure 8.19. Partial 15N CP/MAS NMR spectra of non-weathered yellow-poplar flakes  
                     bonded with PMDI (top), the 50/50 (middle) and 75/25 (bottom) blend at  
                     four contact times (0.5, 1, 2 and 4 ms).    
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     Besides structural information, CP/MAS NMR experiments can provide information 

about polymer morphology and molecular dynamics through the relaxation parameters 

(18). The relaxation parameters reveal insight into molecular mobility and spin diffusion 

in the solid-state (18). This type of information is important for studying heterogeneous 

materials like PF/PMDI blends, in which several competing reactions are occurring 

during mixing and curing. The two relaxation parameters of the non-weathered samples 

obtained from 15N CP/MAS NMR experiments, i.e. the proton spinning-lattice relaxation 

times in the rotating frame (TH
1�) and cross polarization rate (TNH), are shown in Figures 

8.20 and 8.22, respectively. The corresponding T-test results for these two relaxation 

parameters are listed in Figures 8.21 and 8.23. Information obtained from these 

relaxation parameter measurements will reveal molecular motions in the solid bondline. 

TH
1� is sensitive to molecular motions in the mid-KiloHertz regime while TNH reflects 

near static and low frequency molecular motions (19). The similarity between biuret and 

urea TH
1��s in all four adhesive bondlines suggests that these two groups are spin-

coupled, meaning that they are closely associated. This might be expected because biurets 

form from the reaction of isocyanate and urea groups.  For the 33/67 and 50/50 

bondlines, CP/MAS NMR showed that the TH
1� of the urethane is significantly higher 

than those of the urea and biuret components. This indicates that the urethane groups are 

not spin-coupled, or are separated from biuret/urea groups. This is expected because the 

urethane groups arise primarily from reaction with PF, which likely creates a different 

motional environment. The urethane TH
1� in the neat PMDI bondline is significantly 

higher than that of the biuret. There is no statistical difference among the three TH
1��s in 

the 75/25 bondline. From TH
1� measurements, it is clear that a phase-separated structure 

is present in the neat PMDI, the 50/50 and the 33/67 blend bondlines.  The size of the 

domain in which the three chemical species (biuret amide, urea and urethane) reside can 

be estimated to be in the order of a few nanometers, i.e. nano-phase separation is present 

in the three bondlines (20-22).        

     TNH measurements can reveal information on the rigidity of the cured network and 

also the phase structure.  As shown in Figure 8.22, no difference in TNH was found 

among the three chemical species in any of the four adhesive bondlines.  This may be 
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attributed to the fact that the three chemical species investigated all have directly attached 

protons so they all exhibit a fast cross polarization rate.   
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Figure 8.20. Rotating-frame proton spin-lattice relaxation times (TH
1�) for non-weathered  

                     samples. (Error bars represent � one standard deviation) 
 
 
 
 
 
Adhesive PMDI 33/67 50/50 75/25 

 1 2 3 1 2 3 1 2 3 1 2 3 

1  0.192 0.034  0.596 0.044  0.672 0.039  0.437 0.105

2   0.145   0.015   0.022   0.179

 
 
Figure 8.21.  P-values for the student T-tests of TH

1� of non-weathered samples. 1: biuret  
                     amide, 2: urea, 3: urethane. T-test was conducted assuming unequal  
                     variances in two compared data arrays. 
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Figure 8.22. Cross polarization rates (TNH) for non-weathered samples. (Error bars  
                    represent � one standard deviation) 
 

 

 

Adhesive PMDI 33/67 50/50 75/25 

 1 2 3 1 2 3 1 2 3 1 2 3 

1  0.547 0.319  0.155 0.107  0.289 0.729  0.329 0.180

2   0.280    0.534   0.255   0.629

 

 Figure 8.23.  P-values for the student T-test of TNH of non-weathered samples. 1: biuret  
                     amide, 2: urea, 3: urethane. T-test was conducted assuming unequal  
                     variances in two compared data arrays.  
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     For non-weathered samples, it is interesting to note that the urethane concentration in 

the 75/25 blend is lower than that of the 50/50 blend. This indicates a lower degree of 

cross reaction. Also, the molecular motion in the 75/25 blend is more homogeneous than 

that of the other blends in which a nano-scale phase separation is detected. Since the 

fracture energy of the non-weathered 75/25 blend was found to be significantly better 

than the rest of the blends and the neat resins (Chapter 6), it may be reasonable to deduce 

that the degree of co-reaction of the two neat resins may not be a deciding factor in 

determining the mechanical properties of the blends. However, a certain degree of co-

reaction is essential as evidenced by the inferior fracture energy of the sequentially 

applied PF/PMDI adhesive system (Figure 6.3).   

      It is necessary to reiterate here that the phase separation detected through TH
1� 

measurements of various underlying chemical components is on the nanometer scale. A 

phase separation on a macro-scale can also occur and cause detection of different proton 

relaxation times. In order to obtain the exact scale of phase separation in a heterogeneous 

polymer system, other thermal analysis techniques (e.g. DSC) which are capable of 

detecting larger scale phase separations (e.g. on the order of a few hundreds of 

nanometers and above) are often employed. A direct approach is to detect the existence 

of multiple glass transitions which belong to different macro phase-separated domains. 

However, as will be discussed in Chapter 9, due to the limited thermal stability of 

urethane structures, information obtained from thermal analysis techniques regarding 

glass transition temperatures at high temperatures is often unreliable. This is especially 

true for PF/PMDI blends where they have high crosslink densities, and where the glass 

transition temperatures of PF and urea/biuret networks are high enough (in fact seldom 

detected) to approach the thermal degradation temperature of the urethane linkages. 

Therefore, it is difficult to use DSC or DMA to detect larger scale phase separations than 

that can be obtained through TH
1� measurements.  Nevertheless, the possibility of larger 

scale phase separation may be likely for blends with higher urethane concentrations (e.g. 

the 33/67 and 50/50 blends).    
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D. Effects of Weathering  

     Weather resistance is one of the most important characteristics of exterior grade 

binders used in wood composites since it is related to the durability of the composites. As 

presented in Chapter 6, a significant drop in the fracture energy was observed for all 

PF/PMDI blends after a two-hour water boil followed by oven drying at 105oC. Under 

water-boil weathering conditions, urethane linkages are more susceptible to base-

catalyzed hydrolysis which leads to carbamic acid and alcohol.  In order to explain the 

changes in chemistry and molecular motions caused by the simulated weathering, flakes 

bonded with labeled blends (75/25, 50/50 and 33/67) were treated under the same 

weathering conditions as used in the fracture studies (Chapter 6).  

     Figures 8.24 and 8.25 show the chemical species distributions and the associated T-

test results for wood flakes bonded with PMDI and the 50/50 blend before and after 

weathering.  One important finding is that for neat PMDI bonded wood composites, there 

was no significant change in either urethane, urea, or biuret concentration after the 

weathering.  In contrast, for the 50/50 blend, in which the highest percentage of urethane 

was present, a significant decrease was detected in the urethane concentration after 

weathering. Correspondingly, the biuret concentration showed a significant increase, 

while the urea concentration remained unchanged.  For the 33/67 blend (Figure 8.26), no 

significant difference in either concentration was detected after weathering.  Figure 8.27 

shows the major nitrogen peak of the 50/50 blend before and after weathering. A close 

examination reveals that after weathering, the shoulder at approximately 98-99 ppm 

disappeared and the peak maximum shifted to 104 ppm. The hydrolysis products of 

urethanes can form an alcohol and carbamic acid which can quickly form an amine by 

decarboxylation. However, careful examination of the NMR spectra did not reveal 

significant resonances near 53 ppm after weathering, which is the characteristic chemical 

shift for amines (9). This can be explained by the fact that the magnitude of change is 

small so that no significant peaks in the spectra can be observed.   
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Figure 8.24. Chemical species distributions of the central nitrogen peak in 15N CP/MAS  
                     NMR for weathered (W) and non-weathered (D) specimens. (Error bars 
                     represent � one standard deviation). 
 
 
 
 
 
 

Biuret Amide Urea Urethane 

 
 

1 2 3 4 1 2 3 4 1 2 3 4 

 
1 

 1.0 0.007 0.036  0.232 0.150 0.097  0.364 0.006 0.586

 
2 

  0.005 0.127   0.424 0.671   0.004 0.203

 
3 

   0.025    0.588    0.009

 
 
Figure 8.25.  P-values for the student T-test of relative concentration in each sample. 1:  
                     PMDI-D, 2 PMDI-W, 3: 50/50-D, 4: 50/50-W. T-test was conducted  
                     assuming unequal variances in two compared data arrays (concentrations).   
. 
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Figure 8.26. Chemical species distributions for non-weathered and weathered 33/67  
                     blends. (Error bars represent � one standard deviation) 
 

8090100110120130

50/50 Non-weathered 50/50 Weathered

PPM

Figure 8.27. Partial 15N CP/MAS NMR spectra of non-weathered and weathered flake  
                    composites bonded with the 50/50 blend (at a contact time of 2 ms).  
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     The TH
1� after weathering and the related T-test results are shown in Figures 8.28 and 

8.29, respectively. For the neat PMDI bondline, a very similar relaxation behavior was 

detected for each component, indicating a close association of the three components. This 

indicates a more homogeneous relaxation behavior than the non-weathered PMDI 

bondline in which urethane and biuret showed different TH
1��s (Figure 8.20).  For the 

weathered 50/50 and 33/67 bondlines, no significant difference between the urethane and 

urea/biuret TH
1��s was detected as compared to the non-weathered samples, indicating 

that the three components had more similar proton spin relaxation behavior. This shows 

that the water-boil weathering caused a change in molecular motion and spin diffusion.  

No difference in TH
1� was detected in the weathered 75/25 bondline, the same as in the 

non-weathered bondline. Figures 8.30 and 8.31 show the cross polarization rates (TNH) 

and T-test results for wood flakes bonded with the three blends and neat PMDI after 

weathering. No difference was detected among the three components in any of the 

weathered bondlines, the same behavior as in the non-weathered bondlines. This 

indicates that the TH
1� measurements are more sensitive than the TNH measurements in 

detecting changes in molecular relaxation behavior and revealing bondline morphology.   
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Figure 8.28. Rotating-frame proton spin-lattice relaxation times (TH

1�) for weathered  
                    samples. (Error bars represent � one standard deviation) 
 
 
 
 
 
 
adhesive PMDI 33/67 50/50 75/25 

 1 2 3 1 2 3 1 2 3 1 2 3 

1  0.880 0.116  0.416 0.234  0.268 0.306  0.751 0.440

2   0.164    0.522   0.895   0.370

 
 
Figure 8.29.  P-values for the student T-test of TH

1� of weathered samples. 1: biuret  
                     amide, 2: urea, 3: urethane. T-test was conducted assuming unequal  
                     variances in two compared data arrays.    
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Figure 8.30. Cross polarization rates (TNH) for weathered samples. (Error bars represent �  
                     one standard deviation. The weathered 75/25 blend had two  
                     measurements instead of four.) 
 

 

 

Adhesive PMDI 33/67 50/50 75/25 

 1 2 3 1 2 3 1 2 3 1 2 3 

1  0.883 0.380  0.797 0.574  0.809 0.662  0.402 0.163

2   0.459    0.677   0.742   0.299

 

Figure 8.31.  P-values for the student T-test of TNH of weathered samples. 1: biuret  
                     amide, 2: urea, 3: urethane. T-test was conducted assuming unequal  
                     variances in two compared data arrays.    
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E. Effect of Thermal Treatment: 

      As reviewed in detail in Chapter 2, the thermal degradation of urethanes is a complex 

process. Modern OSB manufacturing conditions often contain a hot-pressing segment 

near or above 200oC, which is high enough for thermal degradation to occur. Degradation 

is especially likely for the surface layers in OSB panels. A detailed understanding of the 

chemical change caused by thermal degradation can help optimize the press conditions 

and to minimize thermal degradation. Deterioration in modulus caused by thermal 

degradation has been clearly presented Figure 5.6. For these purposes, the 33/67 

PF/PMDI blend was allowed to undergo the same heating procedure as presented in 

Chapter 5 which involved heating from room temperature to 210oC at 10o/min in air.   

     By applying the same spectral decomposition method for the 33/67 blend before and 

after the thermal treatment, the changes in chemical species are evident as shown in 

Figure 8.32. It is clear that after the thermal treatment, the urethane concentration 

decreased significantly (P=0.001) compared to the dry sample. The biuret concentration 

all showed a significant increase (P=0.008) while the urea concentration remained the 

same.  Compared to the weathered sample, the urethane concentration was also much 

lower after thermal treatment while urea and biuret concentrations increased 

significantly.  It is interesting to point out that the magnitude of increase in biuret 

concentration caused by thermal treatment is much higher than that caused by water-boil 

weathering.    

    Figures 8.33 and 8.34 show the 15N CP/MAS spectra of the 33/67 blend before and 

after thermal treatment. It is evident that after thermal treatment (Figure 8.34), free 

isocyanate formed leading to strong resonances at 44 ppm (free isocyanate) and 138 ppm 

(biuret imide).  Figure 8.35 further reveals this effect by showing spectra at one contact 

time (2ms) in dry and thermally-treated samples. As discussed in Chapter 2, thermal 

degradation of urethanes generates either free isocyanate and alcohol groups, or forms 

primary or secondary amines (Figures 2.34-36). The resulting free isocyanate can further 

react with urea to form biuret and also can react with urethane to form allophanate.   

     Figure 8.36 shows the central nitrogen peak for the non-weathered and thermally 

treated 33-67 blend.  It is evident that the decrease in urethane concentration after thermal 

treatment caused the peak maximum to shift downfield; and a new shoulder was detected 
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at 111 ppm, corresponding to the biuret amide resonance. Furthermore, the 13C CP/MAS 

NMR spectra of the same blend before and after thermal treatment are shown in Figure 

8.37.  Before heat treatment, the dry sample showed a broad carbonyl resonance centered 

near 155 ppm. After thermal treatment, the peak maximum shifted slightly to 154 ppm. 

Based upon the literature assignments, the slight peak shift shown in Figure 8.37 

corresponds to the thermal degradation of urethanes (155-156 ppm), which results in 

greater amounts of urea and biuret structures (154 ppm). However, it is clear that the 

peak shifts in this blend are minor, not nearly as dramatic as what occurs in the neat 

PMDI/wood system, as in Figure 8.3 for example. These results also suggest that the 15N 

spectra are more sensitive in detecting chemical changes caused by thermal treatment. 
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Figure 8.32. Chemical species distributions of the non-weathered (D), weathered (W) and  
                     thermally-treated (T) flakes bonded with the 33/67 blend. (Error bars  
                     represent  � one standard deviation) 
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Figure 8.33.  blend  

Figure 8.34. 15N CP/MAS spectra of wood flakes bonded with the 33/67 PF/PMDI blend  
                     after thermal treatment.  (contact time 1, 2, 4 ms from bottom up) 

15N CP/MAS NMR of wood flakes bonded with the 33/67 PF/PMDI
ermal treatment. (contact time 1, 2, 4 ms from bottom up) 
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Figure 8.37. Carbonyl region of the 33/67 PF/PMDI blend before (b
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pm may also contain reaction products such as biurets and triurets resulting from 

ocyanate/urea reactions. In order to overcome the complexity in the 13C CP/NMR 

AS may be helpful.  15N-labeled urea may be blended with OSB PF.  

 
Figure 8.38.  13C CP/MAS spectra of PF/PMDI blends cured on yellow-poplar. (PF  
                      contains 8% post-added urea; PMDI is doubly labeled) 
 
 

p
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With the help of model compounds synthesized from 15N-urea, the chemical shifts of the 

reaction products from isocyanate/urea reactions could be obtained, and could be used to 

compare with the solid-state CP/MAS spectrum.  The literature concerning the role of 

urea in OSB PF is lacking, so a model compound study might help provide references for 

chemical shifts of various reaction products. This proposed study would help one to 

understand the role of urea in PF/PMDI hybrid adhesives. 
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Figure 8.39. Carbonyl region of the PF/PMDI blend cured on yellow-poplar. (PF contains  
                     8%  urea; PMDI is a 13C,15N-doubly labeled resin) 
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changes in chemical composition after weathering.  Thermal treatment of the blends at 
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concentration corresponding to a significant increase in biuret concentration. No 

 of free amine was detected in the blends after thermal treatment. 
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Chapter 9 Advanced DSC Techniques 

 
9.1. Introduction 

     Differential scanning calorimetry (DSC) is one of the most widely used thermal 

analysis techniques for studying wood adhesives. Conventional DSC can be performed in 

different modes of operation to study the cure process of thermosetting wood adhesives.  

Despite its wide array of applications, DSC thermograms do not provide direct chemical 

information of the materials investigated, therefore controversy sometimes arises 

regarding the nature of certain thermal events. One example of this controversy is the 

ure of PF resoles; two exothermic peaks are often detected in a resole cure thermogram 

(Figure 2.41), however, the exact chemical nature of these two peaks is unclear. Another 

drawback of conventional DSC is that  measurement of 

heat flow. Information about other important fundamental properties, such as specific 

heat capacity (Cp), either cannot be easily obtained, is time consuming (e.g. ASTM 

E1269 requires three scans to obtain Cp information), or lacks the desired sensitivity.  For 

these reasons, some advanced DSC techniques were developed for better materials 

characterization. This research adopts two advanced DSC techniques in characterizing 

thermosetting wood adhesives: modulated DSC (MDSCTM) and TzeroTM technology, 

both invented by TA Instruments.   

   As reviewed in Chapter 2.4.2, modulated DSC is capable of separating the kinetic 

(non-reversible) and he at flow, thus allowing 

econvolution of overlapping thermal events such as glass transition temperature, cure, 

enthalpy relaxation, etc. (1-2).  Furthermore, MDSC technology allows the direct 

c

it typically only provides direct

  

at capacity (reversible) components of he

d

measurement of heat capacity with improved sensitivity and resolution. These features 

are desired in characterizing thermosetting wood adhesives. For example, Van Mele et al. 

(3-5) reported a decrease in heat capacity at vitrification of epoxy thermosets. To 

summarize, MDSC can provide measurements of heat capacity and can help pinpoint the 

occurrence of vitrification-information that cannot be obtained easily from conventional 

DSC experiments.  

    Advanced TzeroTM technology is another recent enhancement of DSC technology. This 

advancement facilitates the direct measurement of heat capacity during conventional 
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DSC experiments and gives both much improved sensitivity and flatter baselines (6). 

When compared with MDSC, TzeroTM technology allows a much faster heating rate than 

that required in a regular MDSC experiment. This feature is desirable for studying fast-

curing thermosets which are commonly used in the wood composites industry. A slow 

heating rate, which is often employed in conventional MDSC experiments, may not 

reflect the actual cure scheme in certain application processes such as hot-pressing in 

OSB manufacturing.   

     Despite the advantages that these advanced DSC techniques provide in materials 

) of approximately 10% in an environmental chamber before use.  

characterization, reports of their applications on wood adhesives are scarce in the 

literature. In this research, modulated DSC is applied on several widely used 

thermosetting wood adhesives. Direct detection of vitrification will be demonstrated. 

These two advanced DSC techniques are also used to investigate PF resole/PMDI hybrid 

adhesive cure behavior and the morphological structure of the cured adhesives. This 

study will hopefully help introduce the two advanced DSC techniques to the wood 

adhesives industry and encourage further studies.  

 

 

9.2. Experimental  

9.2.1.  Materials 

      Three commercial OSB resins, liquid PF resole (Core® OSB resin from Dynea), 

pMDI (Rubinate® 1840 from Huntsman Polyurethanes), and powdered PF resole (from 

GP Resins) were used as received. The liquid PF and PMDI are the same as used in the 

rest of this research. Their properties are listed in Table 3.1. The PF/PMDI blends were 

hand mixed at a shear rate of approximately 200rpm for one minute with blend ratio 

based on resin solids.  Wood flakes with the thickness of 0.3 mm were cut from water-

soaked yellow-poplar blocks with a disk flaker and were conditioned to an equilibrium 

moisture content (EMC

 

9.2.2.  Methods  

    DSC experiments on the investigated wood adhesives were either conducted on a 2920 

DSC equipped with MDSCTM option and a refrigerated cooling system, or on a Q 
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SeriesTM DSC that incorporates Advanced TzeroTM technology (Q1000).  Both 

instruments are manufactured by TA Instruments. Nitrogen was used as the purge gas 

(50cm3/min.) and sapphire was used to calibrate heat capacity (Cp) measurements. 

Temperature and cell constant calibrations were performed using indium. The three 

portant experimental parameters in MDSC experiments, heating rate (oC/min.), 

odulation amplitude (oC), and period (s), were pre-determined for each adhesive system 

r to six modulated heat cycles across the narrowest transition such as 

in the first heat scan.  Either hermetic aluminum pans or high volume 

im

m

to ensure at least fou

the cure exotherm 

sample pans were used to contain volatiles during adhesive cure.  The sample weight in 

this research ranged from 5 to 10mg. 

 

 

 9.3. Results and Discussion 

Applications on Thermosetting Wood Adhesives: 

     DSC has been widely used for characterizing PF resins such as to investigate the 

interactions between PF and the bonding substrate (7), and the effects of various additives 

(e.g. cure accelerators) (8) and to compare the cure rates of resoles synthesized with 

rs (e.g. F/P ratio) (9). Due to water vaporization, sample pans that are 

te

d DSC is suitable for this purpose because it detects 

different paramete

capable of withstanding high pressures are required.  In a resole cure thermogram, two 

exothermic peaks are often de cted; the first peak has been attributed to the substitution 

of formaldehyde onto phenolic rings (often referred to as addition) forming methylol 

phenols; the second peak has been attributed to the water-producing condensation 

reaction (7,10,11).  The kinetic parameters were often obtained using conventional DSC 

experiments to obtain the activation energies (E) and reaction orders of the two reactions 

during resole cure. For example, Sebenik et al. (12) reported that the activation energies 

were 80.8-99.2 and 79.9-95.8 KJ/mol for the substitution and condensation reaction, 

respectively, and the reaction orders were 2 and 1 respectively. Despite the indirect 

evidence that supports the assignment of the exothermic peaks for the these two 

reactions, there has not been a study in the literature regarding direct monitoring of heat 

capacity during resole cure. Modulate
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vitrification in thermoset cure as indicated by a drop in heat capacity (Cp).  This decrease 

 is attributed to the reduced molecular motion of the chain 

segments as the crosslink density increases (5).   

 OSB PF (containing post-added urea) 

�

, two exothermic peaks with peak maxima at 88 C and 119 C were detected in the first 

capacity starting from 126 C, which is higher than the corresponding peak maximum 

change near 60 C.  As often reported in the literature, due to the high crosslink density in 

amount of water might cause the heat capacity slope change in the second scan.  

nt decrease in polymer chain motions 

occurs, thus it is more likely to be caused by reaction such as the substitution of 

in heat capacity at vitrification

   Figure 9.1 shows the MDSC thermograms of an

during two thermal scans at 0.5oC/min. The modulation amplitude and period was set at 

0.3oC and 80 seconds, respectively. High volume pans (from TA instruments) with a 

mass of approximately 260 mg and a volume of 250 L were used.  Use of slow heating 

rates ensures that a sufficient number of modulated heat cycles occur across the 

exothermic peak for deconvolution, and also to prevent vigorous reaction that may 

interfere with the measurement of heat capacity during cure. As can be seen from Figure 

9.1 o o

scan.  The first exothermic peak corresponds to a slight heat capacity slope change at the 

same temperature (88oC); the second peak corresponds a significant decrease of heat 
o

temperature. The second scan of the cured resole, however showed no characteristic 

transitions in the heat flow trace. However, the heat capacity showed a slight slope 
o

cured resoles, the glass transition usually cannot be detected from DSC thermograms. 

However, in this resin, all water from the condensation reaction and from the original 

resin (~50% water) was contained in the sample pan.  The presence of such a significant 

Regarding the nature of the two exothermic peaks, the slight change in heat capacity at 

the first exotherm may suggest that no significa

formaldehyde onto phenolic rings.  The dramatic heat capacity drop corresponding to the 

second exotherm supports the notion that this transition is associated with the 

condensation stage of cure.  Also, the heat capacity started to drop after if passed the peak 

maximum temperature, indicating that vitrification occurred after the peak maximum. 

Since the occurrence of exothermic peak maxima is often used to judge the cure speed, 

this deviation between the heat flow and heat capacity suggests that the heat capacity 

trace probably reflects the actual cure rate and should be considered in comparing resole 
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cure.  It needs also to be noted here that the two exothermic peaks occurred at a much 

lower temperature than that was reported in the literature for similar resole resins.  This is 

due to the difference in heating rate; a much slower heating rate was employed in this 

study to help understand the nature of the two exothermic peaks and to detect 

vitrification.   

    Another interesting point is that the OSB PF used in this analysis contains a significant 

amount of urea so the free formaldehyde content is very low. Again, recall that the first 

exotherm has been attributed to formaldehyde substitution. Figure 9.1 indicates that the 

first exotherm is still very energetic in the absence of significant amounts of free 

formaldehyde. Perhaps the nature of the first exotherm is not completely understood.   
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                  of  0.3 C/80s.  

 

 

Figure 9.1. MDSC thermograms of neat OSB PF scanned at 0.5oC/min. and a modulation  
o

 

Temperature (oC)



     Figure 9.2 shows the MDSC thermogram of a powdered OSB PF at a heating rate of 

5oC/min. and a temperature modulation of 1oC/60s.  In the first scan, a significant step 

increase in heat capacity was detected, this indicates a broad glass transition temperature 

(69oC) for the un-cured PF resin.  In contrast to water-based liquid PF (Figure 9.1), there 

were no resolved exothermic peaks detected in the heat flow trace in the first scan.  

Corresponding to the major exothermic peak at 130oC, a sharp decrease in heat capacity 

was detected starting from 125oC.  Here the vitrification occurred before the exotherm 

maximum temperature, and significant residual cure occurs after vitrification. This is a 

behavior totally opposite from that of the liquid OSB PF (Figure 9.1).  Also notice a 

change of slope seems to occur in the heat capacity trace in the second scan at 

approximately 80oC. This powdered PF has a much lower moisture content (< 3.75%) 

than liquid OSB PF, so a plasticization effect caused by water will be much less in this 

case.  Nevertheless, this sample shows a similar low temperature slope change.   

   Note that a minor undulation of heat capacity occurred at above 170oC in the second 

scan. This is likely caused by the leakage of volatiles at elevated temperatures that often 

ccurs when hermetically sealed aluminum sample pans were used.     o
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Applications on PF/PM  

 As presented in Chapter 8, a phase-separated structure is likely present in each cured 

/PMDI blend, and the phase-separation is on a nanometer scale as evidenced by the 

tion time (TH
1�). After obtaining this knowledge, a 

H

/

  

PF

rotating-frame proton lattice relaxa

question was raised regarding whether the phase separation occurred on a larger scale 

than that was detected through T 1� measurements. To serve this purpose, thermal 

analysis techniques such as dynamic mechanical analysis (DMA) and differential 

scanning calorimetry (DSC) are often used to study the phase structure of heterogeneous 

polymeric systems.  However, the PF PMDI blends present some challenges in adopting 

these techniques.  For example, attempts were made to prepare uniform specimens of the 

blends for DMA analysis. However, it was found that severe foaming caused by the 

PMDI/water reaction in the blends makes preparation of a uniform DMA specimen very 

difficult. Also. a second thermal scan of the wood flake cured with PF/PMDI blends (as 
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studied in Chapter 5) revealed no characteristic transitions in DMA experiments, despite 

the sensitivity of DMA to detect weak transitions.    

    As demonstrated in this chapter, some advanced DSC techniques have been proven 

useful in characterizing thermosetting adhesives with an improved sensitivity, especially 

cure nature of the 

.6 to 9.8.   The three blends presented here were hand mixed and 

through the heat capacity information. To take advantage of one of the most sensitive 

DSC instruments currently available, the Q SeriesTM 100 DSC with Advanced TzeroTM 

technology was used to study the PF/PMDI blends. Three hand mixed PF/PMDI blends 

were studied. They were precured in hermetically sealed DSC sample pans in an oven. 

Three scans (heat-cool-heat) were then performed on each sample at 20oC/min. By use of 

the Advanced TZero
TM technology, heat capacity information can be obtained in 

conventional DSC experiments.  A flat baseline and a minimum thermal lag make this 

technique a good candidate for characterizing cured PF/PMDI blends. 

     After conducting a few DSC experiments on the precured blends, some observations 

were quickly made.  The most important one is that due to the fast 

blends, it is difficult to prepare repeatable samples. A small variation such as the 

fluctuation in the oven temperature can cause non-repeatable results.  Furthermore, due to 

the high crosslink density in the network, a heating to an elevated temperature is required 

in order to detect transitions.  This was found to be complicated by both the leakage of 

volatiles at elevated temperatures (e.g.> 220oC) and also by the thermal degradation of 

urethane structures.    

     Nevertheless, some interesting and repeatable observations were obtained and are 

presented in Figures 9

precured in an oven at 120oC for 20 minutes in open aluminum DSC pans and were then 

hermetically sealed.  Figure 9.6 shows the heat capacity traces during the three thermal 

scans (heat-cool-heat at 20oC/min.) of the precured 50/50 blend. In the first scan, a weak 

transition was detected at approximately 55oC corresponding to the glass transition  of the 

precured sample. A dramatic drop in heat capacity was also detected in the first scan 

indicating residual cure. Interestingly, an energetic transition was detected in both the 

cooling and the second heat scans.  Also, a clear change of slope was detected in the 

second heat scan at above 170oC, although no classically defined glass transition can be 
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detected. This energetic transition was not detected for neither neat PF nor PMDI as 

shown in this chapter.    

 

 

igure 9.6. DSC thermogram of the precured 50/50 blend (hand mixed) at 20 C/min. 
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were observed.  A weak transition near 54oC and a residual cure were observed in the 

first heat scan.  Interestingly, this blend also showed an energetic transition in the cooling 

and the second heat scans, but at a much higher temperature than those of the 50/50 

blend. Also interesting for this blend is that, a step change in heat capacity seemed to 

occur between 160oC and 240oC in the second heat scan. However, this temperature is 

approaching the urethane thermal degradation temperature, so this step change could also 

be caused by thermal degradation.  Nevertheless, since the low temperature transitions 

detected in the 50/50 and 33/67 blends are not likely caused by the thermal softening of 

were observed.  A weak transition near 54oC and a residual cure were observed in the 

first heat scan.  Interestingly, this blend also showed an energetic transition in the cooling 

and the second heat scans, but at a much higher temperature than those of the 50/50 

blend. Also interesting for this blend is that, a step change in heat capacity seemed to 

occur between 160oC and 240oC in the second heat scan. However, this temperature is 

approaching the urethane thermal degradation temperature, so this step change could also 

be caused by thermal degradation.  Nevertheless, since the low temperature transitions 

detected in the 50/50 and 33/67 blends are not likely caused by the thermal softening of 
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the network because vitrification occurs at a much higher temperature in these two blends 

as can be seen in the first scans.  A clear transition in these two blends suggest that a 

separate domain is present in each of the blends, and the domain size must be larger than  

10-30 nanometers in order for DSC to detect the transition (14,15). In other words, a 

phase separated structure is present in the cured blends on a larger scale than which was 

detected by the TH
1� measurements. However, in contrast to most phase separated 

polymer systems re

   

 

igure 9.7. DSC thermogram of the precured 33/67 blend (hand mixed) at 20 C/min. 

  The 75/25 blend showed a similar behavior to the 50/50 blend except that the 

magnitude of the low temperature transition detected in the second heat scan was much 

d 33/67 blend (hand mixed) at 20 C/min. 

  The 75/25 blend showed a similar behavior to the 50/50 blend except that the 

magnitude of the low temperature transition detected in the second heat scan was much 

ported in the literature, the other phase was not detected in the cured 

PF/PMDI blends. The transition from other domains, which would be detected at a higher 

temperature, is likely overshadowed by the urethane thermal decomposition.    
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smaller than those of the 50/50 and the 33/67 blends.  A heat capacity slope change was 

also observed in the second heat scan, as in the 50/50 blend.  Figure 9.9 plots the low 

temperature transitions detected in the second heat scans for the three blends with the 

thermograms shifted vertically for comparison. It is evident that the low temperature 

transition in each blend has a different intensity. A much smaller magnitude of the 

transition might suggest that, the domain size is much smaller in the 75/25 blend than 

those of the 33/67 and 50/50 blends.  In other words, the 75/25 blend might have a 

relatively more homogeneous structure than other two blends on a micro scale, but a 

phase separated structure on nanometer scale is present as evidenced by the TH
1� as 

shown in Chapter 8. This speculation needs further verification. 

 

 
 
Figu
                  (1. 1st heat; 2. 1st cool; 3. 2nd heat) 

re 9.8.  DSC thermogram of the precured 75/25 blend (hand mixed) at 20oC/min.  

10 40 70 100 130 160 190 220 250
Temperature (oC)

0.00

0.40

0.80

1.20

1.60

2.00

H
ea

t C
ap

ac
ity

 (J
/g

/o C
) Residual cure

1

3

Tg = 50oC

Tg = ?
2

  
 
 
 

 194



30 50 70 90 110 130 150 170
Temperature (oC)

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

H
ea

t C
ap

ac
ity

 (J
/g

/o C
)

0.
4 

J/
g/

o C

33/67

50/50

75/25
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9.4. Conclusions 

     Modulated DSC was shown to be useful in directly detecting vitrification of various 

thermosetting wood adhesives. The occurrence of vitrification differs from the peak 

maximum temperature, thus vitrification may be a better criterion for comparing 

thermosetting adhesive cure.  No definite conclusion can be drawn from the DSC studies 

of the morphological structure of the cured PF/PMDI blends. However, evidence 

suggests that micro phase separated structure is likely present in the cured blends. The 

exact nature of the low temperature transition is not clear. 
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Chapter 10. Conclusions 

  

      PF resole/PMDI hybrid adhesives belong to the category of reactive polymer blends.  

The nature and the degree of the co-reaction have a profound impact on the ultimate 

bondline performance. These in turn are influenced by various factors such as blend ratio, 

mixing rate and time, cure conditions, etc. Maximum degree of co-reaction may not be 

desired because it causes reduced processability due to increased viscosity and poor 

stability. The cure rate of PF/PMDI blends is determined by the PMDI content. The 

fracture energies of PF/PMDI hybrid adhesives bonded wood specimens showed a clear 

trend, indicating that the highest fracture energy was achieved by the 75/25 blend.  

Sequentially applied blend showed a lower fracture energy than that of most pre-mixed 

blends. A desired bondline performance seems to be achievable by a good resin 

penetration, a fast cure rate and a certain degree of co-reaction.  

     The CP/MAS NMR study combined with a spectral decomposition method revealed 

semi-quantitative information regarding the PF/PMDI bondline chemistry and dynamics. 

Different urethane concentration and a heterogeneous structure are present in each blend.   

Although it is clear that water-boil weathering caused a reduction in urethane 

concentration and changes in relaxation behavior, the exact cause for the catastrophic 

deterioration in fracture energy is not well understood.  Since all blends exhibited a 

dramatic drop after weathering, it may suggest that cleavage of a small portion of the 

urethane linkages may be responsible for the loss of network damping properties.  

Although the weathering used in this research is severe compared to typical exterior 

application conditions, this does warrant future investigations because long-term 

weathering is also able to hydrolyze urethane linkages and change the relaxation 

behavior. A milder but more relevant weathering condition is able to reveal their true 

durability properties. 
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