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SY NOPSlS 

Southern pine samples with different dimensions and bulk densities were impregnated with 
the multifunctional monomer ethyl a-hydroxymethylacrylate (EHMA) and 5 mol % of 
fluorinated or nonfluorinated crosslinking agent. The maximum impregnation yield ( 105% 
by weight) was achieved under vacuum with good improvement of water repellency. 

Impregnation with EHMA plus another multifunctional monomer 2-vinyl-4,4-dimethyl- 
2-oxazolin-5-one (vinyl azlactone ) was carried out to improve the mechanical properties 
of wood samples. Water repellency was also improved depending on the amount of vinyl 
azlactone in the monomer solution. A maximum of 41% antiswell efficiency (ASE) was 
obtained by impregnation with a 9 : 1 w/w mixture of EHMA and vinyl azlactone. Im- 
provements of 38-54% in impact strength and 27-44% in compression modulus were 
achieved depending on the relative amount of vinyl azlactone incorporated. FT-IR and 
solution or solid-state NMR spectroscopy were used for chemical characterization of the 
polymers themselves and the wood-polymer composites. 

INTRODUCTION 

To reinforce the physical or mechanical properties 
of wood, techniques such as heat or pressure treat- 
ment, crosslamination (as in plywood), surface 
coating, and impregnation with reactive materials 
have been extensively evaluated. The most prom- 
ising method for improving the specific properties 
of the wood cell wall material is chemical impreg- 
nation under vacuum or pressure. Compounds highly 
reactive to the hydroxyl groups of cellulose, hemi- 
cellulose, and lignin components of wood include 
epoxides, isocyanates, anhydrides, lactones, and 
diols. All have been examined for the reduction of 
equilibrium moisture content, one of the most im- 
portant factors related to dimensional stability of 
wood.' Chemical impregnation also has potential for 
reducing the susceptibility of the wood to biological 
degradation. A simple acetylation by a dip process 
in acetic anhydride has been widely utilized to reduce 
swellability of wood in water.2 Another widely stud- 
ied system is the crosslinking of wood via impreg- 
nation with formaldehyde in the presence of acid 
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~ a t a l y s t . ~  Several liquid monomers [ e.g., methyl 
methacrylate (MMA) and styrene (St) ] were also 
incorporated into wood samples with up to 160 wt 
% weight gain, and then polymerized in the lumens 
to improve wood's dimensional stability.' These 
systems were very effective in filling the cell lumens 
with polymers but not effective in penetrating the 
cell walls to any noticeable extent with p01ymer.~ 

To improve the penetration of monomers into cell 
walls, we chose the multifunctional monomer, ethyl 
a-hydroxymethylacrylate (EHMA ) , as a candidate. 
This monomer contains three different functional- 
ities including an alcohol, ester, and polymerizable 
double bond. The hydroxyl group was expected to 
increase monomer hydrophilicity and hydrogen 
bonding capability with the various components of 
wood. Moreover, after or during the polymerization, 
intra- or intermolecular transesterification should 
occur through reaction of the hydroxyl groups of 
EHMA units and cellulose with monomer ester 
groups to form a very strong three-dimensional net- 
work that provides good dimensional stability to the 
wood-polymer composite. Further improvement in 
properties may be possible via crosslinking of the 
EHMA polymer using added or in situ formed diac- 
rylate crosslinking agents. In situ network formation 
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of EHMA coupled with improved adhesion and 
binding to wood should provide enhanced toughness 
to the final composite. 

We describe here wood impregnation with EHMA 
and diacrylate crosslinking agents in the presence 
of the water-soluble radical initiator, 2- ( carbamoyl- 
azo) isobutyronitrile (V-30), which was found to be 
a good initiator while maintaining low viscosity for 
sufficient time to give good monomer incorporation 
at  elevated temperat~re.~ The EHMA-comonomer 
system containing the multifunctional monomer, 2- 
vinyl-4,4-dimethyl-2-oxazolin-5-one (vinyl azlac- 
tone), was also examined to improve the dimen- 
sional stability of wood. Generally, 2-oxazolin-5- 
ones are known to undergo ring-opening addition 
reaction with a variety of nucleophiles including 
water, alcohols, amines, and thiols.6 With the vinyl 
azlactone, an acid-catalyzed Michael reaction also 
occurs with thi01s.~ The reactivity of vinyl azlactone, 
before or during vinyl copolymerization, opens pos- 
sibilities for forming very rigid crosslinked polymers 
with material-containing hydroxyl groups like 
EHMA, poly (EHMA) , or wood. 

EXPERIMENTAL 

Materials 

V-30 initiator was obtained as a generous donation 
from Wako Chemical Co. and used without further 
purification. Vinyl azlactone was donated by 3M 
Chemical Co. and used as obtained. EHMA was 
synthesized by reaction of ethyl acrylate with form- 
aldehyde in the presence of DABCO (1,4-diazabi- 
cyclo [ 2,2,2] -octane) .’ Fluorinated and nonfluori- 
nated diacrylate crosslinking agents were prepared 
from fluorinated or nonfluorinated bispheno1-A- 
based epoxide and EHMA with a catalytic amount 
of BF3-OEt, .5 

Wood samples (Southern pine) with different di- 
mensions (1 X 1 X f” for the water soaking test, f 
X $ x f” for impact strength testing, and f X 1 X hr’ 
for the buckled plate test) and bulk densities (0.355 
and 0.590 g/cm3) were obtained from the Forest 
Products Laboratory, Forest Services, USDA, and 
used after drying at 105°C for 12 h. 

Typical Impregnation Process 

All wood for testing or impregnation was first oven- 
dried for 12 h in air at 105°C. Impregnation involved 
placing the wood samples (usually 1 X 1 X f ”  with 
wood fibers parallel to one of the long dimensions) 

in a vacuum chamber ( < 3 mmHg) at 50-60°C for 
30 min. Monomer or a monomer mixture containing 
1.5-3 mol % V-30 initiator was introduced into the 
vacuum chamber until the wood samples were cov- 
ered. After 1-2 h of impregnation at 50-60°C (at  
that time most impregnated wood samples sank into 
the monomer), vacuum was released and the im- 
pregnation process carried out for another 30 min. 
Finally, wood samples were removed and wiped to 
remove excess monomer from wood surfaces. The 
wood samples were wrapped in aluminum foil and 
thermally polymerized at 80-115°C for 10-96 h. Af- 
ter unwrapping, the samples were dried in a vacuum 
oven at 45°C overnight to remove unreacted mono- 
mer. All data on weight and dimension change of 
wood samples were recorded at each step of the im- 
pregnation and cure procedure. 

Characterization 

Water repellency and dimensional stability were 
evaluated by a water soaking test with 1 X 1 X i” 
samples (grain parallel to smallest dimension) of 
untreated wood and wood-polymer composites using 
published procedures.’ Sample volumes were cal- 
culated from the exterior dimensions measured to 
the nearest 0.001 cm with a microcaliper. Three 
samples for each treatment and the control were 
evaluated and results averaged. Water repellency 
was measured for short-term resistance to water up- 
take and is expressed as water-repellent effectiveness 
( WRE ) calculated from eq. ( 1 ) . 

WRE = { (D, - D,) /D,}  X 100, (1) 

where D, = volume change (or water uptake) of 
control immersed in water for short times, usually 
60 min, and D, = volume change (or water uptake) 
of impregnated wood sample in water for the same 
time period. 

The dimensional stability of impregnated wood 
samples was evaluated with antiswell efficiency 
( ASE) values using changes in tangential, radial, 
and longitudinal dimensions after 7 d of soaking in 
distilled water. Dimensional stability was expressed 
as ASE’ determined from eq. (2)  and ( 3 ) .  

s = (V, - V,)/V’ x 100, (2)  

where S = volumetric swelling coefficient, V, = wood 
volume of oven-dried sample (12 h, 105°C) before 
water soaking test, and V,  = wood volume after wa- 
ter soaking test. 
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1) Wood Impregnation I V-30 1 2) Polymerization 

Wood-Polymer Composites 

Scheme 1 
presence of V-30. 

Wood impregnation with EHMA and diacrylate crosslinking agents in the 

ASE = ( S 2  - S , ) / S ,  X 100, ( 3 )  

where S1 = volumetric swelling coefficient for treated 
wood and Sz = volumetric swelling coefficient for 
untreated wood. 

Relative impact strength was measured by an in- 
strument (Cs-137-053) made by Custom Scientific 
Instruments Inc. using $ x $ x samples of 
wood and wood-polymer composites. Longitudinal 
toughness of wood-polymer composites was mea- 
sured with the buckled plate testg using a 1020C 
Instron and 1 X f X &" samples. For these two non- 
ASTM tests, fibers were parallel to the long axis of 
the sample and fracture occurred perpendicular to 

the fiber direction. The compression modulus (E)  
was calculated from eq. ( 4 )  using data from the buc- 
kled plate test.g For each of these tests, 9-10 un- 
treated wood samples were used as controls, and 5- 
10 treated samples for each impregnation compo- 
sition; values given in the tables are averages. 

E = 12PCl2/?r2wh3, ( 4 )  

where P, = maximum force, w = width of wood sam- 
ple, 1 = length of wood sample, and h = thickness 
of wood sample. 

Infrared spectra were obtained on powdered 
samples made into KBr pellets run on a Perkin- 

Table I 
or Fluorinated Diacrylate Crosslinking Agent 

Impregnation of EHMA into Southern Pine with 5 mol'?& Nonfluorinated 

Sample Wood Final % Wt. Final % VOl. d 
No. Weighta Weightb Incr. Volume Change' (idem3) 

GR4L-Eld 
GR4L-E2d 
GR4L-E3d 
Ave. 

GR4L-F1 

GR4L-F3" 
Ave. 

GR4L-F2" 

2.53 g 
2.53 
2.54 
2.53 

2.42 g 
2.42 
2.43 
2.42 

4.37 g 
4.37 
4.45 
4.40 

4.89 g 
4.99 
4.98 
4.95 

73% 
73 
75 
74 

102% 
106 
105 
105 

3.93 cm3 
4.06 
3.98 
4.00 - 

4.44 cm3 
4.42 
4.35 
4.40 

1.11 
1.08 
1.12 

-4.17% 1.10 

1.10 
1.13 
1.15 

2.59% 1.12 

a After drying at  105OC for 12 h. 
After polymerization a t  100°C for 12 h and drying at  45'C in umuo for 2 h. 
Average data for original wood sample (GR4L) 

volume: 4.29 cm3 
weight 2.53 g 
density: 0.59 g/cm3. 

EHMA 45.00 g, 342.6 mmol 
Nonfluorinated bisepoxide 6.12 g, 18.0 mmol 
BF3-OEt, catalytic amount. 

EHMA 41.82 g, 312.0 mmol 
Fluorinated bisepoxide 9.95 g, 16.4 mmol 
BF3-OEt, catalytic amount. 

Composition of nonfluorinated system: 

Composition of fluorinated system: 
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Elmer FT-IR 1600 Series spectrometer. Solution I3C 
NMR spectroscopy was carried out a t  75 MHz on a 
Bruker AC-300 while a Bruker multinuclear CP/ 
MAS probe on a Bruker MSL-200 was used for solid- 
state 13C NMR acquisitions; both methods used 
standard acquisition parameters. Thermograms of 
wood-polymer composites were obtained with a 
DuPont 910 Differential Scanning Calorimeter 
(DSC) cell using crimped pans, a 951 Thermogravi- 
metric Analysis (TGA) unit, and a 9900 data station 
with a 10"C/min heating rate under nitrogen flow. 
Thermal analysis involved small pieces of wood or 
wood-polymer composite sliced from the original 
samples with a razor blade and allowed to equilibrate 
for 1 d on the bench top. Scanning electron micros- 
copy (SEM) was used to examine the impregnated 
polymers within the wood before and after sample 
fracture; interior portions were exposed by cutting 
with a razor blade, gold sputter coated, and examined 
with a JEOL SEM. 

RESULTS AND DISCUSSION 

Wood Impregnation with EHMA and Diacrylate 
Crosslinking Agents 

Preformed or in situ generated diacrylate ethers from 
fluorinated or nonfluorinated bisepoxides and 
EHMA were shown to serve as efficient and reactive 
crosslinking agents for vinyl monomer~.~ By using 
such systems (shown in Scheme 1 ) , wood impreg- 
nation was carried out a t  50°C for 1 h under reduced 

c 
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PPM 

Figure 1 13C CP/MAS spectra of untreated wood (A),  
and wood impregnated with EHMA and 5 mol % of flu- 
orinated ( B )  or nonfluorinated (C) diacrylate crosslinking 
agent in the presence of V-30. 
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Figure 2 DSC thermograms (exotherm up) of nondried 
untreated wood (A) ,  a physical mixture of wood and 102 
wt % of poly(EHMA) crosslinked with 5 mol % fluori- 
nated diacrylate crosslinking agent ( B ) ,  and wood im- 
pregnated with EHMA and 5 mol % fluorinated (C, 102 
wt % polymer uptake) or nonfluorinated (D, 73 wt % 
polymer uptake) diacrylate crosslinking agent (heating 
rate, 10°C/min). 

pressure. A key factor affecting monomer incorpo- 
ration in wood is the viscosity of the monomer so- 
lution. During impregnation at 50°C for l h, the 
viscosity of the monomer solution was low enough 
to give reasonably high monomer incorporation (70- 
11096, Table I)  without gelation. 

13C CP/MAS NMR spectroscopy was used for 
preliminary confirmation of impregnation by 
EHMA and complete polymerization of EHMA in- 
side the wood samples. The methyl carbons of 
poly (EHMA) were observed at 14.2 ppm and the 
ester carbonyl peaks around 173 ppm. Absence of 
double bond carbon peaks at 123 and 140 ppm 
(clearly seen in unpolymerized samples) provided 
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100 150 200 250 300 350 400 450 500 550 600 650 Figure 4 Swelling of wood-polymer composites mea- 
sured with the water soaking test; A untreated wood oven- Temperature ("C) 
dried at  105°C for 12 h; B: wood impregnated with EHMA 
and 5 mol % fluorinated diacrylate crosslinking agent, 102 
M % polymer uptake; c: wood impregnated with EHMA 
and 5 mol % nonfluorinakd aacrylate crosslinking agent, 
73 % polymer uptake. 

Figure TGA thermograms Of undri*7 untreated wood 
(A),  and wood impregnated with EHMA and 5 mol % 
fluorinated (By 102 * % polymer uptake) or n@3nfluori- 
nated (C, 73 wt % polymer uptake) diacrylate crosslinking 
agent (heating rate, 10"C/min). 

evidence for complete polymerization (Fig. 1 ) . Weak 
peaks were seen between 120-140 ppm for aromatic 
carbons of the crosslinking agents although this re- 
gion overlaps the lignin peaks and makes quanti- 
tation difficult. 

Evaluation of chemical reaction and hydrogen 
bonding between ester or hydroxyl groups of 
poly (EHMA) and hydroxyl groups of wood com- 
ponents was attempted with DSC. Comparison was 
made of the thermograms of impregnated wood and 
a physical mixture of wood and crosslinked 
poly (EHMA) with the same overall composition as 
the impregnated wood sample (Fig. 2 ) .  The im- 
pregnated and cured wood samples show an endo- 
thermic peak around 200-230°C, that is not seen in 
the thermograms of wood alone and the mixture of 
wood and crosslinked poly (EHMA) . This may in- 

dicate some chemical interaction or binding between 
poly ( EHMA) and wood, perhaps involving transes- 
terification. 

Thermal weight loss of these impregnated wood 
samples detected by TGA showed a reduction of re- 
sidual moisture content ( initial weight loss at 
2 100°C) and slightly lower thermal stability due 
to the tendency of ester groups of poly (EHMA) to 
transesterify and release ethyl alcohol (Fig. 3 ) .  IR 
and solid-state NMR were used to confirm the latter 
process. Onset of decomposition and overall thermal 
stability were surprisingly similar for the wood- 
polymer composites and unimpregnated wood, with 
all samples showing baseline instabilities in the DSC 
and rapid weight loss above 300°C. 

Dimensional stability and water repellency were 
measured using a simple water soaking test. This 
test estimates not only water repellency (from the 

Table I1 
Diacrylate Crosslinking Agents by the Water Soaking Test 

Water-Repellent Effectiveness of Wood Samples Impregnated with EHMA and 5 mol YO 

WRE 

Sample From Water Uptake From Volume Change 

Wood impregnated with EHMA and fluorinated 

Wood impregnated with EHMA and nonfluorinated 
crosslinking agent 

crosslinking agent 

89 

85 

83 

81 

1 h immersion in water at 25°C. 
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data obtained for short-term water soaking) but also 
provides a measure of dimensional stability (from 
the data obtained for long-term water soaking). As 
shown in Table 11, water repellency of impregnated 
wood samples was increased significantly. Water- 

repellent effectiveness (WRE) values for impreg- 
nated wood-poly (EHMA) samples containing both 
diacrylate crosslinking agents were higher than 80%. 
The wood sample impregnated with EHMA and 
nonfluorinated diacrylate crosslinking agent showed 

Figure 5 SEM photomicrographs (580X) of untreated wood (lower picture) and wood 
impregnated with EHMA and 5 mol % fluorinated diacrylate crosslinking agent (upper). 
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the better improvement in water repellency and di- 
mensional stability (Figure 4 ) .  

Southern pine wood samples with lower density 
(0.355 g/cm3) were also impregnated with EHMA 
and either the fluorinated or nonfluorinated diacry- 
late crosslinking agents and V-30. Because of the 
large void space in these wood samples, much higher 
impregnation yields (around 120% weight gain) were 
obtained than with denser wood samples. Both 
groups of wood-polymer composites showed very 
good dimensional stabilities. Even after three 
months in water at 25"C, only 4.7% and 5.1% volume 
changes were detected for wood-polymer composites 
impregnated with EHMA and fluorinated or non- 
fluorinated diacrylate crosslinking agent, respec- 
tively, versus a 19.3% volume change for untreated 
wood samples under the same condition. Water up- 
take (by weight gain) of both families of impreg- 
nated wood samples after 3 months was also reduced 
to less than 30% of that of untreated wood samples. 

Finally, SEM photomicrographs of both groups 
of impregnated wood samples showed excellent in- 
corporation of poly (EHMA) into the wood, although 
there was void space remaining in some of the lu- 
mens of several samples (Fig. 5) .  We attribute in- 
complete filling in these cases to physical difficulties 
associated with our impregnation procedure since 
most samples obtained showed complete lumen 
bulking. 

I I I I I I 
1000 1608 1481 1281 1088 801 

VnuE MJHRER 

Figure 6 FT-IR spectra of 1 : 1 wt/wt mixture of 
EHMA and vinyl azlactone monomers ( A ) ,  copolymer 
polymerized at 80°C for 24 h with V-30 ( B )  , and copoly- 
mer subsequently treated at 120°C for 20 h ( C ) .  

1) Wood Impregnation / V-30 

2) Polymerira%ian 

I WOOD 

C-0 

Copolymer of 

EHMA + Vinyl Azlactone 

Wood-Polymer Composite 

Scheme 2 
azlactone in the presence of V-30. 

Wood impregnation with EHMA and vinyl 

Wood Impregnation with EHMA and Vinyl 
Azlactone 

We next examined the comonomer system contain- 
ing EHMA and vinyl azlactone in the expectation 
of improving, first, incorporation of the monomers 
and copolymers into the cell wall (compared to other 
vinyl monomers) and, second, the physical prop- 
erties of the composite through enhanced interaction 
of the copolymer with the cell wall components and 
the lumen-filling matrix through better polymer- 
polymer interaction and crosslinking. Radical po- 
lymerization and copolymerization of vinyl azlactone 
produces polymers containing pendant azlactone 
groups that can easily react through ring-opening 
by nucleophiles to form derivatives containing amide 
plus ester, thioester, or a second amide linkage (de- 
pending on the nucleophile) . We wished to examine 
the possibility of forming rigid materials by poly- 
merizing vinyl azlactone with EHMA followed by 
thermally induced intermolecular attack of the hy- 
droxyl groups of EHMA to give highly crosslinked 
products. 

Model studies involved 1 : 1 EHMA-vinyl azlac- 
tone copolymerizations (not in wood composites ) 
that resulted in strong, clear, and crosslinked poly- 
mers after complete conversion to copolymer at  
80°C. While ring-opening of azlactones by nucleo- 
philes generally requires the presence of base or acid 
catalyst, we found that during the copolymerization 
of EHMA and vinyl azlactone at  80"C, the ring- 
opening reaction through attack by hydroxyl groups 
occurred spontaneously." As shown in Figure 6, the 
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IR absorption band around 1810 cm-' of the cyclic 
ester group of azlactone almost disappeared after 
heating at  80°C for 24 h. Thermal treatment a t  
120°C for an additional 20 h gave product that did 
not show any residual azlactone groups (Fig. 6 ) ,  in- 
dicating essentially complete reaction. 

This comonomer system was used for wood im- 
pregnation to obtain wood-polymer composites for 
evaluation of dimensional stability, impact strength, 
and compression modulus compared to untreated 
wood (Scheme 2) .  Impregnation with various feed 
ratios of EHMA and vinyl azlactone were carried 
out at 50°C for 2 h in the presence of 1.5-3 mol % 
of V-30 initiator. Polymerization at  80°C for 72 h 
gave wood-polymer composites with high impreg- 

nation yields as measured by % wt gain after final 
cure and drying (Table 111). 

As shown in Table 111, final impregnation yields 
before polymerization were dependent on the 
amount of vinyl azlactone in the monomer mixture. 
The maximum impregnation and weight gain in the 
intermediate and cured composites were obtained 
with an equal weight ratio of vinyl azlactone and 
EHMA. Weight losses of impregnated monomers 
during polymerization were also dependent on the 
amount of EHMA in the monomer solution. Roughly 
comparable values of final weight gain (after cure) 
were observed for azlactone contents of 25% and 
higher. The higher weight loss of impregnated 
monomers obtained for lower vinyl azlactone con- 

Table I11 
Using 1.5 mol 70 of V-30 Initiator 

Typical Southern Pine Impregnation Results with EHMA and Vinyl Azlactone 

% Impregnated 
Sample Azlactones " Dried Woodb Wood" Cured Composited 

40a 

40b 

40c 

40d 

40e 

40f 

4og 

40h 

40i 

40j 

75% 

75 % 

50% 

50% 

25 % 

25% 

10% 

10% 

5% 

5% 

W = 2.07 g 
V = 3.96 cm3 
d = 0.52 
w = 2.01 g 
V = 3.96 cm3 
d = 0.51 
w = 2.00 g 
V = 3.98 cm3 
d = 0.50 
W = 2.04 g 
V = 4.01 cm3 
d = 0.51 
W = 1.98 g 
V = 3.94 cm3 
d = 0.50 
W = 2.07 g 
V = 4.02 cm3 
d = 0.52 
w = 2.12 g 
V = 3.90 cm3 
d = 0.54 

V = 3.85 cm3 
d = 0.55 
W = 1.96 g 
V = 3.93 cm3 
d = 0.50 
W = 1.99 g 
V = 3.97 cm3 
d = 0.50 

w = 2.11 g 

4.32 g 

4.29 g 

4.50 g 

4.52 g 

4.28 g 

4.39 g 

4.12 g 

4.11 g 

4.00 g 

4.00 g 

4.30 g (AW = 107.7%) 
3.96 cm3 (AV = -2.5%) 
1.09 (Ad = 95.5%) 
4.25 g (AW = 111.4%) 
4.00 cm3 (AV = -2.2%) 
1.06 (Ad = 98.5%) 
4.41 g (AW = 120.5%) 
4.05 cm3 (AV = -1.9%) 
1.09 (Ad = 103.5%) 
4.48 g (AW = 119.6%) 
4.05 cm3 (AV = -2.1%) 
1.11 (Ad = 104.2%) 
4.07 g (AW = 105.6%) 
4.18 cm3 (AV = 1.5%) 
0.97 (Ad = 87.4%) 
4.16 g (AW = 101.0%) 
4.25 cm3 (AV = 2.8%) 
0.98 (Ad = 81.5%) 
3.82 g (AW = 80.2%) 
4.18 cm3 (AV = 4.0%) 
0.91 (Ad = 57.0%) 
3.77 g (AW = 78.7%) 
4.17 cm3 (AV = 2.3%) 
0.90 (Ad = 58.8%) 
3.57 g (AW = 82.1%) 
4.28 cm3 (AV = 3.9%) 
0.83 (Ad = 61.3%) 
3.57 g (AW = 79.4%) 
4.14 cm3 (AV = 0.3%) 
0.86 (Ad = 64.0%) 

a Amount of vinyl azlactone in total comonomer solution by weight. 

' Impregnated at  50°C for 2 h under vacuum (3 mmHg). 
Southern pine (1 X 1 X 0.25", end grain) after drying at  105'C for 12 h. 

Polymerized at  80°C for 72 h, and then a t  115°C for 24 h. 
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Figure 7 Solution I3C NMR spectrum (in CDC13) of 
1 : 1 mixture of EHMA and vinyl azlactone monomers 
( A ) ,  and 13C CP/MAS spectra of 1 : 1 copolymers (B,  
polymerized at 80°C for 24 h; C, thermally treated at 12OOC 
for 20 h ) ,  and wood impregnated with 1 : 1 weight ratio 
of EHMA and vinyl azlactone and heated at 80°C for 72 
h (D) .  

tent (higher EHMA content) may be related to 
transesterification involving ester and hydroxyl 
groups of EHMA with each other and with wood 
components involving loss of ethyl alcohol during 
both impregnation and final cure processes. 

Solution and solid-state 13C NMR spectroscopy 
were used to characterize pure copolymers and 
wood-polymer composites (Fig. 7; see Fig. 1 for the 
spectrum of untreated wood). Disappearance of 
peaks around 123,124,128, and 140 ppm for double 
bond carbons of the monomers provides evidence 
for complete polymerization. Disappearance of peaks 
around 180 ppm for lactone carbons and 158 ppm 
for imino carbons of azlactone show that ring-open- 
ing reaction was essentially completed during po- 
lymerization even without added catalyst. These re- 
sults are similar to those obtained from the neat 
copolymerization of vinyl azlactone and EHMA. 13C 
CP/MAS NMR spectra of wood-polymer compos- 
ites contained characteristic carbon peaks for ring- 
opened vinyl azlactone groups (24 ppm for CH3), 
EHMA ester moieties (14.3 ppm for CH3 and 174 
ppm for ester carbons) , and wood (56, 72, and 105 
ppm for cellulose carbons). 

Interestingly, DSC thermograms of wood-poly- 
mer composites polymerized at 80°C for 72 h all 
showed small exotherms at  around 155OC (see Fig. 
8). However, these transitions essentially disap- 
peared for all the composites after subsequent ther- 
mal treatment a t  115°C for 24 h. The 13C CP/MAS 
spectra of these thermally treated samples showed 
a decrease in the peak intensity around 14 ppm 

, ~- 
50 150 250 350 450 

l‘einpcrature (“C) 

50 150 250 350 450 

Temperature (“C) 

Figure 8 DSC thermograms of wood samples impregnated with EHMA and increasing 
amounts of vinyl azlactone: A, 5%; B, 10%; C, 25%; D, 50%; E, 75% (subscript 1 denotes 
wood samples polymerized at 80°C for 72 h, and subscript 2 denotes samples subsequently 
heated at 115OC for 20 h ) .  
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Figure 9 TGA thermograms of A untreated wood; B: 
wood impregnated with 1 : 1 weight ratio of EHMA and 
vinyl azlactone (120% polymer uptake); and C: copolymer 
of 1 : 1 wt/wt EHMA and vinyl azlactone. 

(methyl carbon of the ester group), probably due to 
transesterification with partial loss of the ester 
groups. The region between 275-330°C in the DSC 
thermograms corresponds to depolymerization and 
decomposition as shown by rapid weight loss in the 
TGA plots (Fig. 9 )  for both wood and the compos- 
ites. 

The water soaking test used earlier to determine 
the WRE of wood-poly (EHMA) system was also 
applied to the wood samples impregnated with 
EHMA and vinyl azlactone. Most samples showed 
excellent improvement in water repellency based on 
either water uptake or dimensional change. The data 
in Table IV and Figure 10 indicates that vinyl azlac- 
tone may play an important role in improving water 
repellency. Increasing amounts (up to 75 wt % )  of 
vinyl azlactone in the monomer mixture led to in- 
creases in the WRE value up to 98%. 

. . . .. .. .. .. . .. ... .. . ... ... . .. . . . .. . . . . . . ... .. . .. .. .. . ... . . . . . . . . . 

0 24 48 72 96 120 144 168 
Water Soaking Time (h) 

Figure 10 Swelling of wood-polymer composites mea- 
sured with the water soaking test; A untreated wood oven 
dried at 105°C for 12 h; and wood impregnated with 
EHMA and various amounts of vinyl azlactone: B, 10 wt  
%; C, 25 wt %; D, 50 wt %; E, 75 wt % vinyl azlactone. 

In contrast to water repellency (which is a mea- 
sure of rapid moisture uptake), dimensional stability 
measures the equilibrium swelling with water. As 
shown in Table V, the ASE values for wood-polymer 
composites impregnated with EHMA and various 
ratios of vinyl azlactone varied randomly with the 
amount of vinyl azlactone. 

Most samples showed significant gain in antiswell 
efficiency, indicating improved resistance to swelling 
on long-term exposure to water. Strangely, the wood 
sample impregnated with 25 : 75 EHMA-vinyl 
azlactone had a negative ASE value (-4.19). The 
reason for this decreased performance may be that 
some reaction took place of absorbed water with un- 
opened azlactone rings in the impregnated copoly- 
mers. Such a reaction would generate pendent car- 
boxylic acid groups that enhance further water up- 
take. 

The impact strengths of impregnated wood sam- 
ples were compared with that of untreated wood. As 

Table IV 
of Vinyl Azlactone in the Presence of 3 mol 76 V-30 

Water-Repellent Effectiveness of Wood Samples Impregnated with EHMA and Various Ratios 

WRE 

Sample By Water Uptake By Volume Change 

Wood + 90 : 10 EHMA-vinyl azlactone 95.2% wt polymer gain 

Wood + 50 : 50 EHMA-vinyl azlactone 106.2% wt polymer gain 

86.93 
88.98 
93.02 
97.95 

Wood + 75 : 25 EHMA-vinyl azlactone 103.3% wt polymer gain 

Wood + 25 : 75 EHMA-vinyl azlactone 99.8% wt polymer gain 

85.54 
90.63 
93.95 
94.99 

1 h immersion in water at 25°C 
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Table V 
and Vinyl Azlactone after 7 d Immersion 
in Water at 25°C 

ASE of Wood Impregnated with EHMA 

Samples' 

Swelling 
Coefficient 

(S) ASE 

Untreated woodb 14.3 - 

Wood + 90 : 10 EHMA-vinyl 

Wood + 75 : 25 EHMA-vinyl 

Wood + 50 : 50 EHMA-vinyl 

Wood + 25 : 75 EHMA-vinyl 

azlactone 8.5 40.9 

azlactone 11.1 22.6 

azlactone 9.4 34.4 

azlactone 14.9 -4.2 

a Same samples as indicated in Table IV 
Oven-dried at  105°C for 24 h. 

shown in Table VI, the impact strength of all sam- 
ples were improved compared to wood with a max- 
imum (54% ) seen for the 75 : 25 mixture of EHMA 
and vinyl azlactone. However, the amount of vinyl 
azlactone did not much affect the amount of im- 
provement, and variations between compositions are 

well within the standard deviations measured. The 
coefficient of variation (COV, equal to standard de- 
viation divided by the average value) is less than 
25.2% for the 6 samples measured for each compo- 
sition. This is similar to experimental data reported 
with 50 samples of untreated wood (25% COV) .ll 

Longitudinal toughness from the buckled plate 
test in Table VII for wood-polymer composites 
showed the strong reinforcing effect of the EHMA- 
vinyl azlactone copolymers. Increasing vinyl azlac- 
tone content led to increasing longitudinal com- 
pression modulus up to 24 GPa (45% improvement) 
compared to untreated wood. COVs of these mea- 
surement with 7 samples were comparable to those 
of experimental data for a different but related mea- 
surement obtained with 50 samples (28% COV) . l l  

SEM microphotographs of these wood-polymer 
composites showed very high, uniform filling by the 
EHMA-vinyl azlactone copolymers of the lumen of 
wood. The surface of most composite samples (Fig. 
11A) appeared continuous and the interior (Fig. 
11B) of the samples showed almost no void space. 
In a few samples, however; volume shrinkage on po- 
lymerization and loss of monomer or ethanol during 
cure led to hollow cylinders partially filling the lu- 
men (Fig. 11C). We believe these results indicate 

Table VI 
with EHMA and Vinyl Azlactone 

Comparison of Relative Impact Strengths of Wood Samples Impregnated 

Wood Samples Relative Impact Strength" cov (%) 

Untreated woodb 0.45 k 0.08 
Wood + 75 : 25 EHMA-vinyl azlactone 65.7% wt polymer gain 
Wood + 50 : 50 EHMA-vinyl azlactone 70.1% wt polymer gain 
Wood + 25 : 75 EHMA-vinyl azlactone 75.7% wt polymer gain 

0.69 -+ 0.07 (+54%) 
0.62 f 0.12 (+38%) 
0.64 k 0.16 (+43%) 

17 
10 
19 
25 

a Average data from six samples. 
Oven-dried at  105°C for 12 h. 

Table VII 
with EHMA and Vinyl Azlactone 

Comparison of Longitudinal Toughness of Wood Samples Impregnated 

Longitudinal Toughness" 

Wood Sample 
(EHMA : Vinyl Azlactone) 

cov Eb 
Force (N) (%) Force/s.g. (GPa) AE 

21 1990 f 350 16.4 - Untreated wood' 1060 k 230 
75 : 25 EHMA-vinyl azlactone 58.6% wt polymer gain 1350 -t 360 27 1400 f 310 20.9 27% 
50 : 50 EHMA-vinyl azlactone 65.4% wt polymer gain 1370 f 410 30 1550 k 520 21.2 29% 
25 : 75 EHMA-vinyl azlactone 64.2% wt polymer gain 1530 f 480 31 1640 k 520 23.7 45 % 

a 3 mol % V-30 initiator, cured at  80°C for 72 h. Average data from seven samples; s.g. is specific gravity in column 3. 

' Nondried wood sample. 
Average compression modulus calculated from eq. (4). 
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Figure 11 SEM photomicrographs of wood impregnated with 1 : 1 weight ratio of EHMA 
and vinyl azlactone; upper left picture, surface at 75X; upper right, interior at 136X; and 
lower, region with partially filled lumen at 700X. 

that uniform lumen filling is readily attainable and 
good interaction of the lumen component with the 
cell wall material has been achieved with these sys- 
tems. 

CONCLUSIONS 

Vacuum impregnation of Southern pine samples of 
various dimensions and bulk densities was carried 
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out using a multifunctional monomer EHMA and 
several coreactants. With 5 mol % of a fluorinated 
or nonfluorinated diacrylate crosslinking agent and 
V-30 initiator, thermally cured composites showed 
water repellency improvements up to 89% at 105% 
impregnation by weight. 

Greater interaction of polymer and wood was ob- 
tained by impregnation with EHMA and another 
multifunctional monomer, vinyl azlactone. Com- 
posite formation using various ratios of vinyl azlac- 
tone to EHMA was carried out under similar con- 
ditions to that of EHMA. Water-repellency values 
of the wood-polymer composites were greatly im- 
proved with values ranging from 85-98%. Maximum 
antiswell efficiency ( 41 % ASE ) was obtained on im- 
pregnation with 9 : 1 w/w EHMA and vinyl azlac- 
tone, while other compositions gave ASE values 
from -4.19-34%. Improvements of 38-54% in im- 
pact strength and 27-44% in compression modulus 
were also achieved. SEM photomicrographs con- 
firmed excellent impregnation with uniform lumen 
filling and good cell wall adhesion. 
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