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Background

The chemical and structural complexity of
wood has made it difficult to understand wood adhe-
sion mechanisms. In addition, variation in anatomy
and ultrastructure between tree species, within a spe-
cies, and even within a single tree make it difficult to
do systematic studies to understand these mechan-
isms. Discussions on the many factors involved in
wood adhesion [1] and hypotheses on the crucial as-
pects for durable bonds [2] help to explain some of
the fundamentals of wood adhesion. Nevertheless, it
has still been difficult to prove the validity of certain
hypotheses. For example, covalent bonds between the
adhesive and wood have been proposed, but their
formation has not been shown unambiguously. Iso-
cyanates are known to form urethane bonds with cel-
lulosic polymers under dry conditions. However,
researchers have yet to directly demonstrate whether
the common wood adhesive polymeric diphenylme-
thane diisocyanate (pMDI) reacts with wood [3].

Adhesive performance is usually concerned
mainly with interface properties because many sub-
strates, such as metals and plastics, are not porous,
but adhesives can readily penetrate into wood. Be-
cause of wood’s cellular structure, most adhesives
can flow into the cell lumina to give a mechanical
interlock. Additionally, low molecular weight adhe-
sives can infiltrate the cell walls. When chemicals
enter into the cell wall, they may react with the wood
polymers (lignin, cellulose, hemicelluloses) or inters-
perse between the polymer chains. Norimoto devel-
oped models to classify the different processes [4]. In
Figure 1, model B1, the ellipse represents the reac-
tion area within the cell wall, while the two lines
represent the cell wall polymers, and the small circle
is the hydroxyl groups on these polymers. In the sub-
sequent drawings, the large circle is the isocyanate
that can react with hydroxyl group to give B2, cros-
slink the chains as in B3, bulk up the cell wall as in
B4, or form its own polymer network as in B5. These
models can be used to evaluate interaction of pMDI
and model compounds phenyl isocyanate (PI) or ben-
zylphenyl isocyanate (BPI) with wood.
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New methods were needed to actually de-
termine the interactions of the pMDI, PI, and BPI
with the wood. One method involves being able to
dissolve wood and then to run the nuclear magnetic
resonance (NMR) spectra to characterize reactivity of
hydroxyl groups, shown by a change in chemical
shift in the 'H-"*C peaks of wood polymers. A second
method uses nanoindentation to examine for changes
in the cell wall mechanical properties before and after
the isocyanate infiltration into cell walls.

Experimental

Well characterized latewood loblolly pine
(Pinus taeda) was converted to matchstick-sized
(1 mm x 1 mm x 30 mm) specimens oriented parallel
to the grain. The samples examined were untreated
wood, wood heated to 160 °C for 2 hours, wood
reacted with PI, BPI, or pMDI at 25 °C with a dibu-
tyltin dilaurate catalyst for 2 hours, and wood reacted
with PI or pMDI at 160 °C for 2 hours. To evaluate
the effect of water, wood with both = 0% and 14%
moisture content was used in these studies. For the
NMR studies, the experiments followed similar pro-
cedures outlined in previous publications [5, 6], ex-
cept that a 50 °C and ~10 mbar drying was used to
remove unreacted isocyanate. For nanoindentation
studies, the techniques are described in detail in ref-
erences 7 and 8.

Chemical Analysis of Isocyanate
Interaction with Wood

The first question to answer in assigning the
proper model (B1-B5 in Figure 1) for isocyanate
treatment of wood was whether the adhesive formed
covalent bonds with the wood, as illustrated in B2
and B3. NMR spectroscopy is a good way to charac-
terize chemical changes in polymer structure and
would allow us to determine if the isocyanate reacted
with the wood polymers. We needed a method for
converting wood into a solution for solution-state
NMR to obtain sufficient resolution and peak disper-
sion. A method had been developed for analysis of



wood acetylated after ball milling [9]. We developed
an extension of this method that can be used without
acetylation and any separation or purification steps
[5, 6]. Many of the NMR signals for the wood poly-
mers (lignin, hemicelluloses, cellulose) were assigned
using literature data and model compounds [5]. Mak-
ing isocyanate-modified lignocellulosic model com-
pounds not only provided information about their
chemical shifts but also about suitable reaction condi-
tions and reaction rates. Then, these reaction condi-
tions were applied to wood to examine changes in
chemical shifts and to confirm the regiochemistry of
the hydroxyl groups that were converted to carba-
mates [5].

Although many wood adhesive studies show
reactions using isocyanates under dry conditions,
wood normally has significant moisture levels. This
introduces a competing reaction of the isocyanate
with water to generate carbon dioxide and an amine
that reacts further with another isocyanate group to
produce a urea compound. The use of model com-
pounds PI and BPI and wood under dry conditions
= 0% and 14% moisture contents led to the observa-
tion that although small isocyanate molecules can
react with polymers under dry conditions, increasing
the molecular weight of the isocyanate and increasing
the moisture content significantly lowered the reac-
tivity with the wood hydroxyls [5]. Thus, no covalent
bond formation has been observed with the pMDI
(even with excess isocyanate) under typical condi-
tions for pMDI adhesives at 160 °C [5]. Thus, models
B2 and B3 do not represent how pMDI adhesives
interact with wood at normal moisture content.

Mechanical Analysis of Isocyanate
Interaction with Wood

With the NMR analysis discussed above, we
eliminated two of the four possible interactions with-
in the cell wall as illustrated in Figure 1 and are left
with models B4 (bulking of the cell wall) and B5
(formation of an interpenetrating polymer network).
B4 would most likely plasticize the cell wall, de-
creasing the modulus of the wood cell walls, while
B5 would decrease creep of the wood cell walls.
Thus, the way to examine these processes is to meas-
ure wood cell wall mechanical properties. This can be
done by using the proper nanoindentation methods,
but these methods did not previously exist.

Nanoindentation methods have been used on
many materials, including wood. Until recently, these
methods did not account for the edge effects that are
common in wood given its layered cell walls, the
large changes next to the empty lumina, and its mid-
dle lamella at joined the cell walls. We also ac-
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counted for cell wall flexing, given its cellular struc-
ture with empty lumina. Thus, methods were first
developed that could correct the elastic modulus and
hardness for these structural compliance factors [7].
Then methods were developed to measure time-
dependent deformations using nanoindentation [§].

Application of these techniques demonstrat-
ed that the phenylisocyanate-treated wood at 160 °C
had swollen cell walls and that these cell walls had a
decrease in the elastic modulus of the cell wall com-
pared with the unmodified cell wall. This is consis-
tent with the mono-functional isocyanate-forming
urea and related structures that bulk the cell wall and
with plasticizing the wood polymers. On the other
hand, the multi-functional pMDI can actually poly-
merize, allowing it to form an interpenetrating poly-
mer network [3] that decreased the creep of the cell
walls. Thus, the mono-functional isocyanate is con-
sistent with model B4, whereas the multi-functional
isocyanate is consistent with model B5 from the na-
noindentation data.

Conclusions

Understanding of the crucial durability fac-
tors in adhesive bonds to wood is difficult because of
the complexity of its wood anatomy on several di-
mensional scales. Furthermore, the fact that adhe-
sives can flow into the pores and that some adhesives
are able to even infiltrate the cell walls increases this
complexity. With pMDI adhesive, it has not been
clear as to whether or not adhesive performance is
dependent upon covalent bond formation between the
adhesive and wood. We determined that covalent
bonds are not formed under typical bonding condi-
tions using an advanced solution-state NMR method.
Using advanced nanoindentation methods, we also
determined that the pMDI is not simply bulking the
wood cell walls but is probably forming an interpene-
trating polymer network within the cell wall. This
knowledge should help in the designing of more dur-
able adhesives and better wood modification me-
thods.
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Figure 1. Potenial models for the molecular-scale interactions
between wood polymers and pMDI infitrated intc the cell wall. The
models are based oh those atiginally proposed by Norimoto [4].
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