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olymeric diphenylmethane diiso-
cyanate (PMDI) is a widely used adhe-
sive in the forest products industry (Frink
and Sachs 1981, Rowell and Ellis 1981,
Skaar 1984, Johns 1989, Woods 1990). It
has the advantage that it can be used at
low concentration (about 2 to 5 wt%),
and cures quickly (several minutes) at
mild temperatures. All three major com-
ponents of wood (cellulose, hemi-
cellulose, and lignin) contain hydroxyl
groups. The wood used in the manufac-
turing of wood composites usually has 6
to 12 percent moisture content (MC).
Thus, there are two potential competing
reactions with PMDI. One reaction is be-
tween water and PMDI to form urea
structures. The second reaction is be-
tween PMDI and the sugar ring hydroxyl

groups (or the lignin phenolic groups) to
form urethane structures. Additional
side reactions might be the addition of
PMDI to urea to form biuret and the addi-
tion of PMDI with urethane to form
allophonate.Thesepossible reactionsare
shown in Scheme 1.

Previous studies of wood/isocyanate
reactions have utilized Fourier trans-
form infrared spectroscopy and differ-
ential scanning calorimetry (Rowell and

Ellis 1979, 1981; Steiner et al. 1980;
Owen et al. 1988; Galbraith and
Newman 1992; Wendler and Frazier
1995). Conclusions drawn from some of
that work are that dry wood can react
with PMDI to form urethane structures,
(Rowell and Ellis 1979, 1981) and that
dry hemicellulose and lignin can react
with PMDI to form urethane (Galbraith
and Newman 1992, Owen et al. 1988),
but dry cellulose cannot, under normal
processing conditions (Owen et al.
1988). Other work has shown that the
major products are urea/biuret struc-
tures if the MC is above 4.5 percent
(Steiner et al. 1980). However, most of
these studies were performed under lab-
oratory conditions that were not neces-
sarily representative of those employed
during industrial manufacturing. Re-
cently, Wendler and Frazier (1995,
1996a, 1996b) and Bao et al. (1999)
have used 15N cross polarization magic
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Abstract
15N-1Hheteronuclear correlation (HETCOR)NMRexperimentswereemployed to

study the products from the reaction of 15N enriched polymeric diphenylmethane
diisocyanate (PMDI) with cellulose, lignin, water, and aspen and southern yellow pine
wood samples. Both urea and biuret structures can be clearly recognized in the
wood/PMDIcomposites.Twopeaksaround104 to106ppmresult fromdifferentchem-
ical environments of urea structures.



angle spinning (CPMAS) NMR to study
these complex reaction processes. Valu-
able information was obtained by using
this powerful technique. The advantages
of 15N NMR are that: 1) all the signals
come from the adhesive so that it offers a
direct observation of the cure chemistry
of the adhesive; 2) fewer resonances
make interpretation of spectra easier
(Wendler and Frazier 1995, 1996a,
1996b); and 3) the abundance of nitro-
gen-containing species in wood is low,
so that there are no interfering signals
from the wood. However, severe overlap
of 15N urea and urethane resonances in
15N (CPMAS) NMR makes it difficult to
resolve the signals of urethane from
those of urea so that it is still not clear
whether or not urethane structures exist.

In order to overcome these limitations
from insufficient signal dispersion,
two-dimensional (2D-) NMR can be
used (Schmidt-Rohr and Spiess 1994).
Solid state two-dimensional hetero-
nuclear 13C-1H correlation (HETCOR)
NMR methods have been used success-
fully to assign spectra of macro-
molecules (Bielecki et al. 1991). The ad-
vantages of this technique include: 1)
the resolution in the 2D spectrum is

better than that in either 15N or 1H spec-
tra alone; overlapped signals in the one
dimensional spectra are spread into two
dimensions to provide higher disper-
sion; and 2) it provides a map of the indi-
vidual I-S dipolar coupling information,
which is not available in the one dimen-
sional spectra. This paper illustrates the
use of 15N-1H HETCOR as a technique
to study the complex wood-PMDI adhe-
sive composite system.

Experimental
sample preparation

15N labeled PMDI for 15N NMR stud-
ies was synthesized in the laboratory by
Huntsman Polyurethanes from 95 per-
cent 15N enriched aniline (Bao et al.
1999). Cellulose and REPAP lignin
samples were obtained from the Aldrich
Chemical Company. The samples were
dried at 110°C in a forced air oven for 1
hour and stored over a desiccant prior to
use. Two samples, one of cellulose and a
second of lignin powder were each
mixed with 15N PMDI 1:1 by weight,
spread on aluminum plates, and pressed
at 220°C for 60 seconds. A third sample
of PMDI mixed with an excess of water
was allowed to react for 1 minute at

110°C until a solid was obtained. These
samples from the reaction of PMDI with
lignin, cellulose, and water were used as
references.

Harvested logs of aspen (Populus
tremuloides) and southern pine were ob-
tained from two forest product structural
panel manufacturers. A representative
log was cross sectioned. The cross sec-
tions were further cut in a tangential
plane into veneers of approximately 100
mm by 100 mm by 1 mm. The veneers
were conditioned in a forced air oven at
110°C for 1 hour. After ovendrying, the
veneers were equilibrated to either 7 or
14 percent wood MC in environmental
chambers. MCs were determined using
a Wagner moisture meter Model-L606.
The measurements were obtained from
stacked veneers to ensure proper sam-
pling depth.

After equilibration, the veneers were
further cut into samples approximately
50 mm by 50 mm by 1 mm. The samples
were coated with 10 percent of 15N-en-
riched PMDI based on total mass of
wood, and cured via hot-pressing. A
pressing force of 150 psi was applied to
the samples for 60 seconds at tempera-
tures ranging from 120° to 220°C. The
final thicknesses of the samples were
approximately 50 percent of their origi-
nal thicknesses prior to hot-pressing.
The hot-pressed, PMDI-coated samples
were then cut into 3-mm disks with a
cork borer and stacked in a ceramic rotor
for solid state NMR analysis. The in-
completely cured sample (sample with-
out heat treatment) was painted with 10
percent PMDI and then kept at room
temperature for 5 hours.

NMR spectroscopy
The NMR spectra were collected on a

Varian Unityplus 200 MHz NMR spec-
trometer at room temperature. The spec-
tral window was 20 kHz. Heteronuclear
two-dimensional NMR spectroscopy
employed 15N and 1H π/2 pulses of 6 µs
and averaging of 1536 transients per free
induction decay. The proton evolution
period consisted of 0-16 BLEW-12
(Caravatti et al. 1982, 1983, Kaplan
1993) cycles of 72 µs (12 × 6 µs) each, to
suppress 1H-1H dipolar interactions. Si-
multaneously, BB-12 (Caravatti et al.
1982,1983; Bielecki et al. 1991; Kaplan
1993; Schmidt-Rohr and Spiess 1994)
pulses were applied to 15N in order to
suppress 15N-1H heteronuclear dipolar
interactions. A 63° pulse (orthogonal to
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Scheme 1. — Possible reactions of MDI in wood.



the initial π/2 preparation pulse) was ap-
plied to tilt the proton magnetization
into the xy plane. Following the evolu-
tion period, 1H polarization was selec-
tively transferred to 15N with n-cycle(s)
(n = 1 and 16) of the WIM-24 multi-
ple-pulse sequence (Caravatti et al.
1982, 1983; Bielecki et al. 1991; Kaplan
1993; Schmidt-Rohr and Spiess 1994),
which caused cross polarization while
effectively suppressing 1H-1H dipolar
interactions. The magic angle spinning
rate was 1.7 to 3.5 kHz, which is equal to
half of a WIM-24 frequency or m times
half of a WIM-24 frequency (where m is
an odd integer), with the specific value
chosen for each sample to optimize the
overall performance. Selective cross po-
larization was followed by 15N detection
with continuous wave 1H decoupling us-
ing a field strength of 50 kHz. The ac-
quisition time was 12.8 ms and the re-
laxation delay was 1.2 second. The 1H
chemical shift scaling factor (0.44) dur-
ing the evolution period was determined
experimentally from the 1H chemical
shifts of 15N enriched succinimide.

Results and discussion
Figure 1 shows 15N CPMAS NMR

spectra obtained from the reaction of 15N
enriched PMDI with water, cellulose,
lignin, and aspen wood. The resonances
near 142 ppm could be attributed to the
nonprotonated 15N of biuret or dimer
structures (Figs. 1a, 1b, and 1d) (Duff
and Maciel 1990a, 1990b, 1991a,
1991b; Bronnimann et al. 1992). The
chemical shifts of the resonances in this
spectrum can be compared with those of
model compounds presented in Table 1.
While the shifts of these 15N’s are differ-
ent, the resolution in the 1D spectra is
not sufficient to distinguish between
these species. The resonances in the re-
gion of 110 to 120 ppm can be attributed
to CO-NH-R of biuret structures. This
peak can be clearly observed in Figure
1b, and appears as a shoulder in Figures
1a and 1d. The fact that the peaks at 110
to 120 and ca. 142 ppm increase to-
gether when comparing the spectra in
Figures 1a, 1b, and 1d is consistent
with the hypothesis that they arise from
the same (biuret) structure.

In the 100- to 110-ppm region, signals
from urea structures are observed
(Bielecki et al. 1991, Kaplan 1993,
Schmidt-Rohr and Spiess 1994, Bao et
al. 1999). The signal at 48 ppm is from
the nitrogens of unreacted isocyanate
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Figure 1. — The 15N CPMAS spectra of PMDI reaction products from exposure to
a) water at 110°; b) cellulose at 220°; c) lignin at 220°; and d) aspen at 220°.

Figure 2. — 15N(F2)-1H(F1) HETCOR spectrum of PMDI/water reaction products.

Table 1.— Structures and 15N chemical shifts of MDI-derived species (based on data
presented by Duff and Maciel 1990a, 1990b, 1991a, 1991b).



groups in PMDI (Duff and Maciel
1990a, 1990b, 1991a, 1991b; Bronn-
imann et al. 1992). The 15N CPMAS
spectrum of PMDI-treated southern
pine (not shown) is very similar to that
of aspen (shown in Fig. 1d).

In the presence of a large excess of
water, the predominant product is ex-
pected to be urea (106 ppm), as is ob-
served in Figure 1a. When there is a de-
ficiency of water, once all the available
water is consumed, isocyanate will react
with urea to form biuret. It is observed

that the intensities of the peaks at 142,
115, and 48 ppm are much higher in cel-
lulose (Fig. 1b) than in any of the other
samples. Because this sample contains
very little water and cellulose is highly
crystalline, the possibility of PMDI re-
acting with water is very low. Due to the
inavailablity of H2O, the amount of
unreacted isocyanate is much higher in
cellulose. For the same reason, the
unreacted isocyanate reacts preferen-
tially with NH of urea to form biuret,
rather than with the OH of cellulose to

form urethane, which is also expected to
produce resonances in the 105- to 110-
ppm region.

In the solid state, NMR cross polar-
ization between nuclei is not through the
chemical bonds. As long as the con-
cerned nuclei are close in space, cross
polarization can occur in the absence of
chemical bonding. The crosspeaks in the
HETCOR spectrum will primarily arise
from interactions between 15N atoms
and directly attached protons. However,
additional crosspeaks will be observed
between 15N and other protons on the
same molecule, and protons on neigh-
boring molecules.

In order to understand the reaction of
the different components of wood with
PMDI, model samples were obtained
from the reactions of each component
with PMDI separately. The NMR spec-
tra of related model chemicals can be
found in references (Okuto 1966; Pur-
gett et al. 1982; Duff and Maciel 1990a,
1990b, 1991a, 1991b; Bronnimann et al.
1992; Kricheldorf and Meier-Haack
1992; Pouchert and Behnke 1993a,
1993b, 1993c).

The 2D HETCOR NMR spectrum of
the mixture from the reaction of PMDI
in water (cured at 110°C for 1 min.) is
shown in Figure 2. This spectrum clear-
ly shows the crosspeak correlating the
shifts of the urea 1H and 15N atoms (A)
and a spinning sideband from this peak
(A′). Crosspeaks C and D correlate the
shifts of the biuret NH protons with the
secondary and tertiary 15N atoms of
biuret structures, respectively. Because
the 15N that produces the signal at 142
ppm does not have directly attached pro-
tons, it is more likely to show correla-
tions to the resonances of remote pro-
tons on the same and adjacent
molecules. Crosspeak D’ is observed, re-
lating these 15N’s with the aromatic pro-
tons of PMDI. It is observed that even
when mixed with water, there is
unreacted isocyanate remaining (cross-
peak D). The resonance at 50 ppm
(crosspeak E) is from interaction of the
isocyanate nitrogen with protons having
a chemical shift at 4 to 5 ppm (possibly
from bulk H2O or cellulose). The biuret
15N resonance at 115 ppm is from the
NH nitrogen that cross polarizes with
the directly attached amide protons (9.4
ppm). The chemical shift of these amide
protons in biuret is almost the same as
those found in solution NMR spectra
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Figure 3.— 15N(F2)-1H(F1) HETCOR spectrum of PMDI/lignin reaction products.

Figure 4.— 15N(F2)-1H(F1) HETCOR spectrum of PMDI/cellulose reaction products.



(9.6 ppm). It is not as easy to form inter-
molecular hydrogen bonds with nitro-
gen nuclei in biuret as with those in urea.
The resonance at 106 ppm contains con-
tributions from the urea nitrogen that
cross polarizes with protons whose
chemical shifts are at 7.6 ppm.

The 2D HETCOR NMR spectrum of
the mixture from the reaction of PMDI
in lignin (cured at 200°C for 1 min.) is
shown in Figure 3. The urea 15N reso-
nance is at 104 ppm compared with the
106-ppm shift of this resonance ob-
served for the corresponding structure
in Figure 2. A shoulder on the aromatic
area is observed when compared to the
spectrum of the sample from the reac-
tion of PMDI in water. This indicates

that aromatic protons in lignin are in
proximity to the PMDI nitrogens. The
fact that there is no signal from un-
reacted isocyanate or from biuret im-
plies that there are more hydroxyl
groups (from water or from wood com-
ponents) or that the hydroxyl groups are
more available for reaction. It is noticed
that urea structures in an aromatic ring-
rich environment have 15N atoms with a
chemical shift of 104 ppm, which cross
polarize with the amide protons whose
chemical shift is 7.7 ppm.

The 2D HETCOR NMR spectrum of
the mixture from the reaction of PMDI
in cellulose (cured at 200°C for 1 min.)
is shown in Figure 4. It is obvious that
the content of biuret structures is much

higher (crosspeaks C and C′, and D and
D′) in this sample than in the PMDI/wa-
ter sample cured at the lower tempera-
ture, and the PMDI/lignin and PMDI/
aspen samples cured at the same tem-
perature. The resonance at 142 ppm pri-
marily contains contributions from the
tertiary nitrogen of the biuret structure.
The resonance at 116 ppm contains con-
tributions from the secondary amide ni-
trogen of the biuret structure, which
cross polarize with protons at 9.3 ppm
(amide protons) and 7.2 ppm (aromatic
protons). The cellulose is highly crystal-
line so that only a limited amount of
moisture can be absorbed on the surface
of crystals. The lack of moisture results
in the formation of a high percentage of
biuret structures. One urea peak is ob-
served around 106 ppm, which cross po-
larizes with amide protons at a chemical
shift of 7.3 ppm (crosspeak A).

The different chemical shifts of the
amide protons of PMDI in lignin and in
cellulose environments may be due to
the different shielding effects of the aro-
matic rings of lignin compared to the
saturated sugar rings. They may also be
due to chemical shifts averaging from
chemical exchange with the phenolic
hydroxyl protons of lignin or the alco-
holic hydroxyl protons of the sugar ring.
The observed relative shifts of the am-
ide-type protons in PMDI are certainly
consistent with the former explanation.

In the spectrum of uncured PMDI in
aspen wood having a 7 percent MC
(Fig. 5a), the nitrogen nuclei with
chemical shifts between 100 to 110
ppm cross polarize with four types of
protons: the aromatic proton (6.7 ppm,
A), two types of amide protons (8 and
8.3 ppm, B and C) of urea structure and
the protons from the sugar rings in cellu-
lose and hemicellulose (3 to 5 ppm, C′).
The aromatic protons (6.8 ppm, A) can
arise from both PMDI- and/or lignin-
rich environments (Lundquist 1980, Jin
et al. 1997). It can be assumed that the
signals of aromatic protons are mainly
from PMDI because all of the 15N’s are
near PMDI aromatic protons on the
same molecule, although the relative in-
tensity of lignin resonances in the 13C
NMR spectrum (not shown) is low. Both
the hydroxyl protons and aliphatic sugar
ring protons can contribute to the signals
at 3 to 5 ppm. If the signals in this region
arise primarily from the aliphatic pro-
tons, there should be no change after the
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Figure 5. — 15N(F2)-1H(F1) HETCOR spectra of PMDI on aspen having 7 percent
MC: a) uncured sample; and b) cured at 120°C for 1 minute.



wood is cured. If the signals in the 3- to
5-ppm region are mainly from water and
the hydroxyl groups of cellulose, some
change must occur because during the
curing period the water is consumed
and the hydroxyl groups are incorpo-
rated into amide-type structures. It is no-
ticed that the cured samples do not have
proton signals in this area (Figs. 5b to
7b), indicating that the signals come
mainly from water.

Of particular interest is the fact that
there are two kinds of amide protons at 8
ppm and 8.3 ppm. The corresponding
15N chemical shifts are about 1 to 2 ppm
apart. Those resolved resonances could
suggest the presence of both urea and
urethane structures. However, it is well

known that the reaction rate of water
with isocyanate is much more rapid than
the reaction of secondary alcohols with
isocyanate (Pirkle and Hauske 1977).
The presence of water will further mini-
mize the formation of urethane. Further-
more, rotational echo double resonance
(REDOR) (Gullion and Schaefer 1989)
experiments performed in our labora-
tory failed to reveal signals from dipolar
interactions between 15N of PMDI-de-
rived species and the 13C resonances of
cellulose; this is consistent with the ab-
sence of urethane structures. The only
REDOR signals observed were those in-
dicating the proximity of PMDI-derived
15N and aromatic 13C resonances of aro-
matic groups from PMDI-derived spe-

cies and/or lignin. The limit of detection
for the REDOR experiments performed
is several percent. Therefore, it is not
likely that the reaction between wood
(with about 7% to 14% moisture) and
PMDI can result in a high percentage of
urethane structures at room temperature
in 5 hours. The two kinds of amide pro-
tons might also arise from urea struc-
tures in different chemical environments
such as the aromatic ring-enriched envi-
ronment of polyurea in voids between
cells, and the cellulose-hydroxyl
proton-enriched environment within the
cell structure.

The spectrum from the sample of 7
percent MC aspen with 10 percent
PMDI cured at 120°C for 1 minute is
shown in Figure 5b. When comparing
this spectrum with the spectrum in
Figure 5a, one can observe common
peaks A and B are present. However,
peak C′ is absent as a result of the reac-
tion of PMDI with moisture. Without
heating, unreacted PMDI has time to
diffuse into the cellulose-rich environ-
ment of the wood cell wall. Crosspeak
C″ in Figure 5a indicates the PMDI urea
nitrogens are in the proximity of cellu-
lose sugar rings. The presence of
unreacted isocyanate in this environ-
ment is consistent with the low probabil-
ity of finding urethane linkages.

The spectrum of 7 percent MC aspen
with 10 percent PMDI (cured at 160°C
for 1 min.) is shown in Figure 6a. The
peaks at 112 ppm (C) and 141 ppm (D)
are biuret NH and the tertiary nitrogens,
respectively. Isocyanate reacts more rap-
idly at 160°C than at room temperature,
so the available water near the isocya-
nate was exhausted and urea NH groups
are the only other readily available reac-
tive group. Therefore, the isocyanate
can react with urea to form biuret. How-
ever, the NH group of urea is less reac-
tive than water, so the content of biuret is
low. Another explanation for the forma-
tion of biuret is that the reactivities of
isocyanate with water and NH groups of
urea become less selective as the reac-
tion temperature increases. There are
two peaks (104 and 106 ppm, A and B)
in the center of Figure 6a. The chemical
shifts along the F1 axis are at 7.4 ppm
and 7.8 ppm, consistent with the shifts
of amide protons in the aromatic ring en-
riched environment. The shift of the aro-
matic protons cannot be resolved be-
cause of extensive peak overlap.
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Figure 6. — 15N(F2)-1H(F1) HETCOR spectra of PMDI: a) in aspen having 7 percent
MC and cured 1 minute at 160°C; and b) in southern pine having 7 percent MC and
cured 1 minute at 220°C.



The 2D HETCOR NMR spectrum of
the 7 percent MC southern pine with 10
percent PMDI (cured at 220°C for 1
min.) is shown in Figure 6b. The peak
intensities for biuret structure (C, C′, D,
and D′) are less intense than the corre-
sponding peaks in Figure 4 but stronger
than the corresponding peaks in Figure
6a. This may be because the reaction
rates for formation of both urea and
biuret increase with the temperature.
When there is a low water content in the
wood and more urea NH groups are
present in proximity to the isocyanate,
more biuret structure will be produced.

For 14 percent MC aspen (Fig. 7a),
only one urea peak is observed when the
wood composite is cured at or below
160°C. This indicates that when wood
has a high MC, the PMDI is mainly in
one type of environment. Because there
is a high content of water available at the

beginning of the reaction, the PMDI for-
mation rate is too rapid to permit a
significant amount of PMDI to pene-
trate into the wood cells. In the case of
low MC (such as 7% MC), some of the
PMDI can react with moisture to form
urea, and some of the PMDI can pene-
trate into wood cells and then form urea.
Consequently, PMDI can exist in two
different environments.

The spectrum of 14 percent MC
southern pine cured with 10 percent
PMDI at 220°C for 1 minute is shown in
Figure 7b. A high percentage of biuret
structures are apparent. This phenome-
non was not observed for the wood sam-
ples with 7 percent MC or when the cure
temperature was lower. This may be be-
cause: 1) PMDI can initially penetrate
into the wood cell quickly but as the
PMDI reacts, higher molecular weight
PMDI cannot; 2) the diffusion rate of

water is slower than the reaction rate of
the PMDI with water at high tempera-
ture; 3) the reaction rate for urea forma-
tion depends both on the availability of
water and the temperature. When south-
ern pine with 14 percent MC was cured
at 220°C, a large amount of water is
available at the very beginning of the re-
action and isocyanate reacts too rapidly
to diffuse into the wood cell. When the
available water is exhausted and urea
NH groups are readily available, the
isocyanate will react with the urea to
form the biuret structure. For aspen with
14 percent MC, a similar phenomenon
was observed. However, the percentage
of biuret structure is much lower (Bao et
al. 1999), possibly because the struc-
tures of wood cells of aspen are different
from those of southern pine.

Model for PMDI bonding
Based on the previous discussion, a

model for the PMDI bond can be pro-
posed, which is illustrated with the aid of
the diagram in Figure 8. PMDI can pen-
etrate into the wood cells and into the
middle lamellae between the wood cells.
Once there, it reacts with the available
moisture stored in the wood to form ei-
ther linear urea structures (indicated by
the linear segments in Fig. 8) and/or
crosslinking biuret/dimer/trimer struc-
tures (indicated by � in Fig. 8). The
chain length of each linear PMDI seg-
ment will probably be short compared to
the dimensions of the wood cell. The
crosslinking structures join chain seg-
ments to form a PMDI network. At high
crosslink densities, this PMDI forms
one network polymer. Because some
chain segments are within wood cells
and some chain segments are between
wood cells, the PMDI network can me-
chanically and physically bind wood
composites at the molecular level. Addi-
tionally, the PMDI may bond hydrogen
with the chemical components of the
wood (Chen et al. 1998) and can further
contribute to adhesion. The crosslinking
can also serve to increase the rigidity of
the plywood, especially at high levels of
crosslinking.

Conclusions
The major components formed from

the curing of PMDI in wood are urea
structures arising from the reaction with
water. At higher temperatures and low
MC, PMDI can react with urea NH’s to
form crosslinking biuret and/or dimer
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Figure 7.— 15N(F2)-1H(F1) HETCOR spectra of PMDI:a) in aspen having 14 percent
MC and cured 1 minute at 160°C; and b) in southern pine having 7 percent MC and
cured 1 minute at 220°C.



and trimer structures. Two peaks around
104 to 106 ppm result from different
chemical environments of urea struc-
ture. The excellent adhesion properties
of PMDI might be linked to the good
penetration ability of PMDI before reac-
tion with moisture in the wood matrix,
and the ability to use MC, isocyanate
equivalent weight, and cure temperature
to control the fraction of crosslinking
structures formed in the final product.
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