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ABSTRACT 

The number average structure and the molecular weight 
distribution of phenol-formaldehyde prepolymers for use in 
fynthesis f tannin-based adhesive resins were determined with 
H- and '%-NMR spectroscopy and gel permeation chromatography 
of acetylated resins. These methods were used to determine 
differences in phenol-formaldehyde prepolymerlsj prepared under 
different reaction conditions. Quantitative C-NMR techniques 
provided a detailed analysis of the structure of a phenol-formal- 
dehyde prepolymer. 

a ---Currently on study leave from the Forestry and Forest 
Products Research Institute, Tsukuba Norin Kenkyu, Danchi-Nai. 
Ibaraki, Japan. 
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INTRODUCTION 

MC GRAW ET A L .  

Cold-setting phenolic resins used in the manufacture of 
laminated wood timbers are usually synthesized by the reaction of 
phenol-formaldehyde prepolymers with resorcinol. More recently, 
condensed tannin derivatives from wattle or conifer tree bark 
extracts have been combined with phenol-resorcinol-formaldehyde 
resins for cold-setting adhesives of use in both face-lamination 
or end- jointing. 1-7 Phenol-resorcinol-formaldehyde adhesives 
have a long history of successful use in the wood industry and 
resins made with wattle tannins as substitutes for resorcinol are 
now widely used for end-jointing and timber lamination in South 
Afri~a.~ Kreibich and Hemingway 4-6 have described several 
cold-setting adhesive formulations containing 50% of condensed 
tannins from southern pine bark. Further development of 
tannin-based adhesives could result from additional understanding 
of the structure of phenol-formaldehyde prepolymers, their 
reactions with condensed tannins, and the subsequent curing 
properties of these resins after addition of aldehydes. This 
paper, one in a series of studies addressing these objec- 
tives ,’” concerns the synthesis and definition of the structure 
of phenol-formaldehyde prepolymers. 

Application of NMR techniques to the elucidation of 

structures of phenol-formaldehyde resins has grown slowly but 
10 steadily since the early ‘H-NMR studies of Woodbrey et al. 

Analyses for the relative proportions of ortho- and para-methylols 
and ortho-ortho, ortho-para, and para-para methylene bridges have 
been vastly improved by l3C-NMR, Studies of solvent 
effects on 13C-Nm chemical shifts permitted more direct appli- 
cation of NMR to industrial quality control. l2 Quantitative 
13C-NMR methods were developed for the characterization of 

14.15 phenol-formaldehyde and resorcinol- formaldehyde polymers. 
Most recently, solid-state 13C-NMR has been used in the eluci- 

16-17 dation of structure of cured phenol-formaldehyde resols. 
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PHENOL-FORMALDEHYDE PREPOLYMERS 203 

While the above studies established assignments for most of the 
signals in these spectra, there have been comparatively few recent 
works that address the chemistry of phenolic resin polymerization 
or demonstrated the use of NMR techniques to evaluate changes in 
resin structure associated with different synthesis conditions. 
Some recent work such as that by Gollub et a1.18 demonstrates 
continued industrial interest in the chemistry of phenol-formal- 
dehyde polymers. However, Megson's classic book, Phenolic Resin 
Chemistry,19 still provides much of our current knowledge of the 
chemistry of these polymers. Therefore. a series of experiments 
was made in an attempt to more fully define the influence of 
reaction conditions on the structures of phenol-formaldehyde resin 
polymers prepared under different conditions. A further object of 
this work w a s  to make comparisons of estimates of molecular 
structure as determined by 'H-NMR, quantitative 13C-NMR, and 
gel permeation chromatography (GPC). 

RESULTS AND DISCl,lSSION 

A. Analyses of some phenol-formaldehyde prepolymers by 'H-NMR 
and GPC of acetylated resins. 

Phenol formaldehyde prepolymers were prepared under a wide 
variety of synthesis conditions (Table 1) to obtain further 
information about the importance of reaction pH. temperature, and 
aldehyde ratio on number average structure as determined by 
'H-NMR. In addition, the number average molecular weight 
estimates obtained by NMR were compared with those obtained by GPC 
of the acetylated resins. 

For the first series of resins, phenol and formaldehyde were 
combined at a mole ratio of 1 to 2 using either 0.13, 0.27, or  
0.80 moles of NaOH per mole of phenol as a catalyst and heated at 
90 OC. Samples of the reaction products were withdrawn after 
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2 04 MC GRAW ET AL. 

TABLE 1 

Phenol-formaldehyde prepolymer synthesis conditions 

Resin Phenol Formalin NaOH Temperature Time pH Viscosity 
86%+ 37.8% 50% of cook at temp final final 

(mL) (mL) (mL) ( O C )  (min.) Gardner( ) 
cPs- 

1 

2 

3 
4 

5 

6 

7 

8 

9 
10 

11 

12 

104.4 

208.8 

208.8 

208.8 

208.8 

208.8 

208.8 

104.4 

104.4 

104.4 

104.4 

104.4 

158.7 

317.4 

317.4 

317.4 

317 - 4 
317 -4 

317.4 

126.9 

126.9 

126.9 

126.9 

158.7 

64 

21 

43 

36 

32 

64 

96 

16 

32 

48 

64 

50 

90 

90 

90 

35 

60 

60 

60 

90 

90 

90 

90 

85 

120 

105 

120 

840 

1440 

1260 

1440 

150 

150 

150 

150 

180 

--- --- 
10.5 340 

11.7 410 

11.1 ( A )  

11.1 (A )  

12.2 ( A )  

12.6 ( A )  

10.3 (M) 

10.8 (J) 

11.6 (H) 

12.6 (E) 

11.3 310-(5) 
~ ~ ~~ 

*-- as determined by bromination and titration. 

15, 60, and either 105 or 120 minutes at temperature and 
freeze-dried. 'H-NMR spectra of the phenolic forms of these 
products were recorded in dimethylsulfoxide-d6. Samples were 
acetylated with acetic anhydride-pyridine (1:l. v/v) overnight at 
ambient temperature and the acetylated products were examined by 
'H-NMR and GPC. (0.80 
moles of NaOH) show good correspondence in estimates of functional 
groups from analyses of the acetylated and the phenolic resins. 

Results of 'H-NMR analysis of Resin 1 
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PHENOL-FORMALDEHYDE PREPOLYMERS 205 

TABLE 2 

Functional Group and Molecular Weight Analyses 
of Resin 1 

Reaction Time (minutes) at 90 "C. 

Functional Group 15 30 60 90 120 

Number of Groups per Aromatic Ring 
Acetates 

As-0-H (Assumed) 
Ar-H 
Ar-CH2-0-H 
Ar-CH2-Ar 

Phenols 

Ortho-Ar-CH2-OH 
Para-Ar-CH -OH 
Total Ar-Cif2-OH 
Ar-CH2-Ar 

Molecular Weight 

P 

Mn (GPC) 
Mn (GPC) 
Drspersivi ty 

M" ('H-NMR) 

1 
2.6 
1.8 
0.28 

1.3 
0.41 

0.23 
1.7 

1.39 
360 
320 
440 
1.38 

1 
2.7 
1.5 
0.40 

1.4 
0.39 
1.8 
0.32 

1.67 
400 
380 
550 
1.45 

1 1 1 
2.6 2.5 2.5 
1.5 1.4 1.3 
0.51 0.63 0.70 

1.4 1.5 
0.19 0.00 
1.6 1.5 
0.55 0.73 

2.04 2.70 3.33 
500 640 830 
440 650 720 
700 1190 1570 
1.59 1.83 2.18 

Estimations of the number average molecular weight projected from 
'H-NMR and gel permeation chromatography on microstyragel columns 
were also quite consistent (Table 2) .  Analyses of the Resins 2 and 
3 (0.13 and 0.27 moles of NaOH) by H-NMR and GPC of acetylated 
resins also provided consistent estimates of the number average 
molecular weights of these polymers (Table 3). 

1 

It is known that the methylolation of phenol occurs far more 
rapidly than condensation to dinuclear and higher molecular weight 

19 compounds when formaldehyde is added to phenol at alkaline pH. 
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2 06 MC GRAW ET AL. 

TABLE 3 

F'unctional Group and Molecular Weight Analyses of Resins 2 and 3 

Resin 2 Resin 3 
~~ 

Reaction Time (minutes) a t  90 OC 

Functional Group 15 60 105 15 60 120 

Number of Functional Groups per  Aromatic Ring 
Acetates 

Ar-OH (Assumed) 1 1 1 1 1 1 
Ar-H 2.94 2.63 2.63 2.94 2.64 2.48 
Total  Ar-CH2-OR 1.82 1.49 1.21 1.84 1.51 1.29 

Ortho- 1.32 1.17 1.09 1.44 1.30 1.29 
Para- 0.50 0.32 0.12 0.45 0.21 0.00 

Ar-CH2-Ar 0.14 0.50 0.62 0.17 0.45 0.68 

Molecular Weight 

P 1.16 2.00 2.63 1.20 1.82 3.13 

M" (GPC) 321 474 748 322 437 730 $ (GPC) 448 724 1482 455 709 1571 
Dispersivity 1.40 1.53 1.98 1.38 1.62 2.15 
Viscosity (cps) 340 410 

M" ('H-NMR) 313 485 606 355 455 742 

Final  pH 10.7 11.7 

It has a l s o  been establ ished t h a t  t he  para pos i t i on  is  more 

react ive toward formaldehyde and the r e s u l t i n g  para-methylols are 
more react ive than ortho-methylols i n  condensation react ions.  This 

higher r e a c t i v i t y  is o f t en  des i r ab le  i n  polymethylolphenol prepoly- 

mers. It might be possible  t o  make a r e s o l  with a large amount of 

para-methylol by react ing formaldehyde and phenol a t  a low mole 

r a t i o ,  cooling the react ion t o  about 30 C and adding more form- 

aldehyde. To test t h i s  approach, Resin 4 was prepared by r eac t ing  

phenol and formaldehyde a t  a mole r a t i o  of 1 t o  2 with 0.23 moles 
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TABLE 4 

207 

Functional Group Analyses of Resin 4 

Reaction Time (Hours.) at 35 " C 

Functional Group 1 6 14 

Ar-OH 
Ar-H 
Total Ar-CH20H 
Ar-CH2-Ar 

1 1 1 
3.20 3.12 2.85 
1.89 1.94 1.94 
0.0 0.0 0.02 

of NaOH at 35 OC. 'H-NMR showed that the methylolation of the 
phenol was nearly complete after only 1 hour and that there was 
little condensation of methylolphenols after 14 hours of reaction 
(Table 4). Because Freeman and Lewis'' carefully described the 
kinetics of very similar methylolation reactions previously, the 
structure of these products was not explored further. It does seem 
possible that useful phenol-formaldehyde prepolymers with appro- 
priate methylol functionality could be made in this way. 

The strong influence of reaction temperature on the rate of 
condensation of methylolphenols was examined further by reacting 
phenol and formaldehyde at a mole ratio of 1 to 2 with 0.2, 0.4, or 
0.6 moles of sodium hydroxide (Resins 5, 6 and 7) at 60 C 
(Table 5). 
achieve a degree of condensation equivalent to that obtained after 
1 hour at 90 OC (compare Tables 2 and 5).  A strong systematic 
relationship between the rate of condensation and sodium hydroxide 
content was not evident in the results of analysis of the series of 
Resins 1 to 3 or 5 to 7. To further explore the influence of 
sodium hydroxide content on the condensation rate, B series of 

0 

Nearly 24 hours of reaction at 60 OC were required to 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



208 MC GRAW ET A t .  

Table 5 

Functional Group Analyses of Resins 5, 6, and 7 

Reaction Time (Hours) at 60 OC 
2 6-7 21-24 

Resin pJ Functional Group 
Groups per Aromatic Ring 

5 11.1 Ar-OH 1 1 1 
Ar-H 2.93 2.65 2.72 
Ar-CH2-OH 1.96 1.83 1.32 
Ar-CH2-Ar 0.06 0.25 0.48 

- 6 12.2 Ar-OH 
Ar-H 
Ar-CH2-OH 
Ar-CH2-Ar 

1 12.6 Ar-OH 
Ar-H 
Ar-CH2-OH 
Ar-CH2-Ar 

1 1 1 
2.77 2.70 2.35 
1 *97 1.85 1.41 
0.14 0.22 0.62 

1 1 1 
2.83 2.66 2.16 
1.92 1.85 1.68 
0.13 0.24 0.40 

resins was made by reacting phenol with formaldehyde at a mole 
ratio of 1 to 1.6 with either 0.2. 0.4, 0.6, or 0.8 moles of sodium 
hydroxide at 90 OC (Resins 8, 9 ,  10, and 11). Analysis of these 
resins (Table 6) also suggests that the amount of sodium hydroxide 
used in these reactions has little influence on the rate of 
condensation although reactions at pH 10.8 consistently gave the 
highest degree of condensation. However, the viscosity of the 
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Table 6 

Effect of Sodium Hydroxide Concentration on Structure and 
Molecular Weight Distribution of Phenol-Formaldehyde 

Resins 8 through 11 

Reaction Time (Hours.) at 90 "C 

Resin pH Functional Group 0.5 1.0 2.5 

1 
2.87 
1.25 
0.44 

1 
2.93 
1.09 
0.59 

- 8 10.3 Ar-OH 
Ar-H 
Ar-CH2-OH 
AR-CH2-Ar 

M (lH-NMR) 
Mn (GPC) 
M: (GPC) 

9 10.8 Ar-OH 
AR-H 
AR-CH2-OH 
AR-CH2-Ar 

M" (GPC) 
M (~H-NMR) 

M: ( GPC 

1 
3.06 
1.39 
0.28 

329 
246 
436 

409 
436 
633 

564 
564 
1703 

1 

1.40 
0.34 

2.92 
1 
2.95 
1.14 
0.45 

1 
2.64 
0.93 
0.71 

363 
280 
473 

401 
355 
686 

712 
560 
1170 

- 10 11.6 Ar-OH 
AR-H 

1 

1.40 
0.30 

3.00 
1 
2.96 
1.28 
0.38 

1 
2.74 
1.06 
0.59 

AR-CH2-OH 
AR- CH2 - Ar 
M ('H-NMR) 
Mn (GPC) 
M: ( GPC 

- 11 12.6 Ar-OH 
AR-H 
AR-CH2-OH 
AR-CH2-Ar 

340 
260 
413 

525 
491 
1064 

1 
3.04 
1.57 
0.20 

1 
3.04 
1.30 
0.33 

1 

1.12 
0.48 

2.92 

344 
292 
595 

420 
369 
786 

M ('H-NMR) 
Mn (GPC) 
M p C )  461 
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210 MC GRAW ET A L .  

r e s ins  decreased from a Gardner M a t  a f i n a l  r e s i n  pH of 10.3 f o r  

Resin 8 t o  a Gardner E a t  a f i n a l  r e s in  pH of 12.6 f o r  Resin 11. 

B. Quanti ta t ive I3C-NMR of phenol-formaldehdye prepolymers . 

Analysis of phenol-formaldehyde r e s ins  by 13C-NMR provides 

much more de t a i l ed  information than is obtained from 'H-NMR, 

pa r t i cu la r ly  with regard t o  the r a t i o  of or tho and para methylols 

a s  w e l l  a s  the r a t i o  of ortho-ortho, ortho-para and para-para 

methylenes. Results obtained from analyses of Resin 12 a re  i l l u s -  

t r a t i v e  of the wealth of information t h a t  can be obtained and some 

of the problems t h a t  a r e  encountered i n  using I3C-NMR t o  char- 

ac t e r i ze  these resins .  Resin 12 was made by react ing phenol and 

formaldehyde a t  a mole r a t i o  of 1 t o  2 at  pH 11.0 f o r  3 hours a t  85 
C. The f i n a l  r e s i n  was a t  pH 11.3 and, a t  ambient temperature, 

the viscosi ty  was 310 cps as measured with a Brookfield viscometer 

o r  a Gardner J. Spectra were obtained f o r  the sodium s a l t  i n  

methanol-d4 and f o r  acetylated r e s ins  i n  chloroform-d. When 

analyzed as the sodium s a l t ,  the  methylols appear as a complex 

series of s igna l s  t h a t  a r e  not readi ly  in t e rp re t ab le  i n  terms of 
the proportion of ortho and para methylols (Figure 1) .  A similar 

problem is encountered i n  the in t e rp re t a t ion  of t he  methylenes. 

Although the para-para methylene is  nicely resolved. the ortho-para 

and ortho-ortho methylenes appear together as a c l u s t e r  of s igna l s  

due t o  a strong down-field s h i f t  of the ortho-ortho methylenes. It  

is  possible t o  estimate the t o t a l  methylol and t o t a l  methylene 

carbons per phenolic r ing  but fu r the r  d e t a i l  is  d i f f i c u l t  t o  

e x t r a c t  from these spectra.  

0 

12 

13C-NMR spectra  of the acetates  were much more r ead i ly  

interpreted than those of the f r e e  phenols. The spec t r a  (e .g . ,  

Figure 1) were normalized by s e t t i n g  the  t o t a l  i n t e g r a l  f o r  t he  

aromatic carbons (120-155 ppm) equal t o  s i x  carbons. The subst i -  

t u t ion  of the r i n g  can then be accounted f o r  a s  summarized i n  Table 

7, The number of phenolic OH groups can be measured from the  
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L v 

100 

/ 
J 

L, ,L 

Figure 1. NMR Spectra o Phenol-Formaldehyde Prepolymers; A)  
Quantitative f3C;NMR spectrum of resin 12 as the 
sodium salt, B) H-NMR spefijrum of the acetylated 
resin 12, C) Quantitative C-NMR spectrum of the 
acetylated resin 12. 

resonance of the phenolic acetyl C=O at 169 to 170 which integrates 
as 1.00 carbon per ring. The C-3 and C-5 (assumed to be unsub- 
stituted as equal to two carbons/ring) and the substituted C-2, C-4 
and c-6 carbons appear as a complex group of resonances between 128 
and 139 ppm. The latter substituted carbons can then be calculated 
from the integral of this region and in the Resin 12 amount to 2.63 
carbons per ring. Integration of the signals at 121.1 and 122.3 
due to the unsubstituted carbons ortho or para to C-1 respectively 
gave an estimate of a total of 0.37 unsubstituted C-2 + C-6 and C-4 
carbons for  this resin. 
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2 12 MC GRAW ET AL. 

The C-1 carbon appears as a series of four major groups of 

s igna l s  from about 145 t o  151 ppm due t o  subs t i t u t ion  or tho and 

para t o  t h i s  carbon, Comparisons of the C-1 chemical s h i f t s  of 

phenyl acetate with ace t a t e  der ivat ives  of ortho- and para- 

hydroxybenzyl alcohols and 2.2- or  4.4-di (hydroxyphenyl ) methanes 

indicate  t h a t  there  a re  only small differences i n  the subs t i t u t ion  

e f f e c t s  (-1.0 t o  -1.3 ppm) of methylol o r  benzyl functions and t h a t  

t h e i r  location ( ie.  ortho o r  para t o  C-1) a l so  has l i t t l e  e f f e c t  

(+O. 2 ppm f o r  para-para i n  comparison to the ortho-ortho isomers) 

on the chemical s h i f t .  The upfield s h i f t s  are due t o  subs t i t u t ion  

of the r ing,  and integrat ion of these s igna l s  permits assignment of 

the proportions of unsubsti tuted (150.2 ppm, 3%).  mono-substituted 

(148.5-148.8 ppm. 10%). disubst i tuted (147.2 ppm. 18%), and t r isub-  

s t i t u t e d  (145.8 ppm, 55%) phenol i n  the reaction product (Table 

7). Therefore, we accounted f o r  2.11 moles of formaldehide 

[0.10+2(0.18)+3(0.55)=2.11] using t h i s  procedure t o  estimate the 

degree of subst i tut ion.  It is  possible  t o  account f o r  a l l  t he  

remaining aromatic carbons through in t e rp re t a t ion  of the s igna l s  
i n  the 121-139 ppm region. The s ignals  a t  121.1 and 122.3 ppm, due 

t o  the  unsubsti tuted C-2 + c-6 and C-4 carbons respect ively in t e -  

g r a t e  t o  0.15 and 0.22 carbons per r ing.  The s igna l s  from 128-139 

ppm, due t o  C-3 and C-5 together with the  subs t i t u t ed  C-2, C-4 and 

c-6 carbons in t eg ra t e  t o  4.63 carbons per  r ing  f o r  a t o t a l  of 5.00. 

The C-4 carbons subst i tuted with a benzyl group a re  s h i f t e d  

down f i e l d  t o  about 137.3-138.2 ppm [e.g.. C-4 carbon i n  the 

ace t a t e  of 4 ,b-bis (hydroxypheny1)methane occurs a t  138.1 ppm] while 

those carrying a methylol function would be expected t o  occur at 

about 133 ppm (e.g.. C-4 i n  the ace t a t e  of p-hydroxybenzyl alcohol 

occurs a t  133.7 ppm). Therefore, i t  is possible  t o  measure the 

number of C-4 carbons subst i tuted with a methylene bridge by in t e -  

grat ion of the s igna l  a t  137.3-138.2 ppm which, i n  t h i s  r e s in ,  

amounts t o  0.80 carbons per ring. Integrat ion of the methylene 
s igna l  at 40.0 ppm gave 0.27 para-para methylenes. The ortho-para 

methylene resonance a t  35.3 integrates  as 0.23 methylenes. Inte-  
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TABLE 7 

Analysis of Resin 12 by Quantitative 13C-NMR 
of the Acetylated Resin 

Carbon atoms 
Functional Group Chemical Shift (ppm) per ring 

Acetyl Methyls 20-22 2.30 

0.0 biphenyl methylenes 30-32 
- 0.p biphenyl methylenes 36-37 
p,p biphenyl methylenes 40-41 
Total Methylene I3C NMR 
Total Methylene ‘H NMR 

- o-methylol methylenes 
p-methylol methylenes 
Total Methylol 13C NMR 
Total Methylol H NMR 1 

Unsubs. C-2, and C-6 
Unsubs. C-4 

Substituted C-2, C-4, & C-6 
and unsubs. C-3 & C-5 

C-4 -benz yl 

c-1 

Phenolic acetyl carbonyls 

o-methylol acetyl carbonyls 
p-methylol acetyl carbonyls 

61-63 
65-66 

121.1 
122.3 

128- 139 

137-139 

145-151 

169-170 

170-171 
174.4 

0.15 
0.23 
0.27 
0.65 
0.70 

0.98 
0.12 
1.10 
1.22 

0.15 
0.22 

Total 4.63 
Unsubs.(-)- 

Subs. 2.63 

0.80 

0.92 

1 .oo 

1.15 
0.14 
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grat ion of t he  para methylol s igna l  a t  e i t h e r  65-66 o r  t he  a c e t y l  
C=O a t  174.4 accounted for  0.12-0.14 C-4 posi t ions.  

While not pe r f ec t ,  these measurements provide a wealth of 

information about the number average s t r u c t u r e  of t h i s  polymer. 

The example shown here does not contain any benzyl e t h e r  l inkages 
but  these too could be measured as t h e i r  chemical s h i f t s  are w e l l  
resolved from o the r  s ignals .  Comparison of r e s u l t s  obtained from 

'H-NMR spectra  of r e s i n  12 with the conclusions reached from 

these analyses of the carbon spectrum show t h a t  t he  conclusions 

reached on the t o t a l  methylol and methylene func t iona l i t y  are very 
similar, giving P,=3.33 with Mn=776 and Pn=2.86 and Mn=640, 

respectively.  Amos" suggests t h a t  13C-NMR spec t r a  o f t en  

p ro jec t  lower proportions of methylenes even when comparatively 
long pulse delays are used because of r e s t r i c t e d  ro t a t ion .  H e  

recommends determining the t o t a l  methylene/aromatic r i n g  by sub- 

t r ac t ion  of the number of methylols from the t o t a l  of subs t i t u t ed  
aromatic carbons o r  2.63 - 1.10 = 1.53/2 = 0.765 as compared wi th -  
0.70 methylenes/ring as measured by 'H-NMR (Table 7). Overall ,  

the  r e s u l t s  h igh l igh t  the large amount of addi t ional  information 

t h a t  can be derived from a quan t i t a t ive  13C-NMR spectrum. 

EXPERIMENTAL SECTION 

A.  Analyses of some phenol-formaldehyde prepolymers by 'H-NMR 

and GPC of acetylated der ivat ives .  

Reaction conditions used i n  the  synthesis  of the  Resins 1 

through 12 are summarized i n  Table 1. The phenol content of t he  

''90%" solut ion was determined by bromination and t i t r a t i o n .  
Analytical  37.8% formalin so lu t ions  were used i n  a l l  the r e s i n s  

described here. The r e s i n s  were prepared i n  a glass r eac t ion  

k e t t l e  heated with a steam c o i l  and cooled with a cold-water c o i l ,  
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both of which were f i t t e d  t o  temperature controlled valves. The 

react ion k e t t l e  w a s  f i t t e d  with a condenser, a stirrer, and a tube 

to permit sampling of the product a f t e r  d i f f e r e n t  react ion times. 

Resin samples were freeze-dried and acetylated as described 

previously' with the exception t h a t  t he  dichloromethane-soluble 

mater ia l  was washed several  times with d i l u t e  a c e t i c  acid r a t h e r  

than using repeated evaporation of toluene t o  remove pyridine.  

Proton spectra  of the phenolic samples were recorded i n  

dimethylsulfoxide-d6 and spectra of the acetylated r e s ins  were 
b recorded i n  chloroform-d a t  60 MHz using a Perkin Elmer-Hitachi- 

spectrometer. GPC of acetylated r e s ins  was done using a Waters 
Associates instrument f i t t e d  with a series of Microstyragel columns 

( I O ~ A O  1 ' ;  103A0 x 1'. 500A0 x 2 ' .  and 100Ao x 2 ' )  

and eluted with chloroform. Standard polystryrene and polypropy- 

lenes  were used f o r  ca l ib ra t ion .  

The degree of polymerization (P,) was determined by Pn = 

l/(l-Mb), where Mb is the number of methylene bridge u n i t s  per  r i n g  

a s  determind by 'H NMR. The number average molecular weight 

(M,) w a s  calculated by multiplying the Pn times the mass of t he  

functional group times the number of groups per r i n g  and then 

combining the values f o r  each group. For example, number average 

molecular weight f o r  Resin 2 (Table 3) a f t e r  heat ing f o r  105 

minutes would be Mn = A r O A c  (2.63 x 131 x 1) + Arg(2.63 x 1 x 
2.62) + ArCH20Ac(2.63 x 73 x 1.21) + ArCJ2Ar(2.63 x 14 x 0.62) 

= 606. 

B. Quan t i t a t ive  13C-NMR of phenol-formaldehyde prepolymers. 

A phenol formaldehyde prepolymer (Resin 12) was made as shown 

A portion w a s  dissolved i n  Table 1. The sample was freeze-dried. 

b--Use of t rade names does not cons t i t u t e  endorsement by the  

United S ta t e s  Department of Agriculture. 
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i n  methanol-d4 and the 'H- and 13C-NMR spectra  were recorded 

a t  250 MHz f o r  protons and 62.9 MHz f o r  carbons on a Brucker WM-250 

spectrometer controlled by an Aspect 2000A minicomputer. Another 

portion was acetylated using excess pyridine-acetic anhydride a t  

ambient temperature f o r  48 hours. The sample was worked up by 

extract ion i n t o  dichloromethene from water followed by repeated 

(4-5 times) evaporation of toluene t o  remove residual  acetic acid 

and pyridine. When the odor of pyridine was no longer detectable ,  

the sample was placed under high vacuum f o r  1 hour a t  ambient 

temperature and dissolved i n  chloroform-d (500 mg i n  2.0 mL) f o r  

NMR analysis.  The quant i ta t ive 13C-NMR spectra were acquired with 

a Bruker WM-250 spectrometer as previously described2' with the  

exception t h a t  the relaxat ion delay was lengthed t o  14 seconds 

(45' t i p  angle).  
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