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ABSTRACT: Two phenol–formaldehyde resol resin series with different methylation-
and condensation-stage alkalinities were studied. The first series was impregnation
resins having a methylation alkalinity between 0.5 and 1.5 wt % and a condensation
alkalinity of 1.5 wt %. The second series was adhesive resins with a methylation
alkalinity between 0.5 and 3.5 wt % and a condensation alkalinity of 6.0 wt %. The
chemical structure was analyzed by 13C-NMR spectroscopy, and reactivity, by differ-
ential scanning calorimetry (DSC). The methylation alkalinity was found to affect the
distribution of the structural groups of both phenol–formaldehyde impregnation and
adhesive resins, but not to the same extent as did the total condensation alkalinity.
Also, the results of the DSC analysis illustrate best the reactivity differences due to the
condensation alkalinity. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 258–262, 2001
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INTRODUCTION

Phenolic resol resins are the polycondensation
products of the reaction of phenol with formalde-
hyde in the presence of an alkali catalyst, for
example, NaOH. Alkaline phenol–formaldehyde
resins are used as industrial impregnation resins
and plywood adhesives.1,2 The final structure
and, further, the properties of the phenolic resins
are dependent on the condensation parameters.
One of the most important conditions is the alka-
linity in the synthesis of resols. The mechanism
and kinetics of the alkali-catalyzed reaction of
phenol with formaldehyde, the physical proper-
ties of resins under alkaline conditions, and the
effects of the curing alkalinity on resins have been
widely researched.1–11 In this study, the effects of

the methylation alkalinity (first-stage alkalinity
after an initial addition of a NaOH catalyst) and
the condensation alkalinity (second-stage alkalin-
ity after subsequent addition of a NaOH catalyst)
on the chemical structures and reactivity in two
phenol–formaldehyde resin series were studied
by 13C-NMR spectroscopy and differential scan-
ning calorimetry (DSC).

EXPERIMENTAL

Resin Preparation

Formaldehyde was produced by Dynoresin Oy
from methanol and used as a formalin solution,
which contained 45 % formaldehyde, water, and
some methanol. Another starting material, phe-
nol, was purchased from J.T. Baker (Deventer,
Holland). A series of 10 resins was condensed
with a NaOH catalyst (produced by Merck, Darm-
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stadt, Germany) in two stages. Four of the resins
(numbers 1–4) were impregnation resins having
a methylation alkalinity between 0.5 and 1.5 wt %
and a condensation alkalinity of 1.5 wt %. Six
resins (numbers 5–10) were adhesives with a
methylation alkalinity between 0.5 and 3.5 wt %
and a condensation alkalinity of 6.0 wt %. The
molar ratio of formaldehyde to phenol was 2.2 in
all the resins. The condensation temperature of
all the studied resins was 80°C, and the viscosity,
350 mPa s. The resins were stored frozen at
218°C until analysis.

NMR Experiments

Quantitative 13C-NMR spectra of the studied res-
ins 1–10 were recorded with a Bruker AMX-400
spectrometer, observing 13C at 100.623 MHz and
using an inverse-gated 1H decoupling technique.
All spectra of the resins were run with a 90° pulse
of 11.5 ms in the previously optimized12 NMR
conditions of a 10-s pulse delay, 600 scans, and
with 20 mM of the relaxation reagent, Cr(acac)3
(97%, purchased from Aldrich, Milwaukee, WI.)
DMSO-d6, 99 atom % deuterated dimethyl sulfox-
ide (Riedel-de Haën, Seelze, Germany), was used
as a solvent. The 13C signals of the resins were
referenced to the central resonance line of DMSO
with a d value of 39.5 ppm.

DSC Experiments

DSC measurements were made using a Perkin–
Elmer DSC 7 instrument and a 7 Series Unix
thermal analysis software. The apparatus was
calibrated with indium and zinc samples. Liquid
resin samples of 10 mg were measured in Perkin–
Elmer stainless-steel pressure capsules heated
from 25 to 250°C at a rate of 10°C/min.

RESULTS AND DISCUSSION

Effect of Alkalinity on the Structural Groups of
Resins Analyzed by 13C-NMR Spectroscopy

Four of the resins (numbers 1–4, Table I) were
impregnation resins having a methylation alka-
linity between 0.5 and 1.5 wt % and a condensa-
tion alkalinity of 1.5 wt %. Six resins (numbers
5–10, Table I) were adhesives with a methylation
alkalinity between 0.5 and 3.5 wt % and a con-
densation alkalinity of 6.0 wt %. The quantitative
determination of structural groups of the studied T
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resins (1–10) was done by 13C-NMR spectroscopy,
and the structural data are collected in Table I.

The para position in phenol is known to show,
under alkaline conditions, a slightly higher rela-
tive reactivity toward formaldehyde than the or-
tho position.1,2 Also, in this study, about 10 times
less free para than free ortho aromatic groups
were found to be left, based on the 13C-NMR anal-
ysis of the resins. The addition of methylol groups
to the ortho positions increases the reactivity of
the remaining free ortho and para positions to-
ward further formaldehyde.1,2 According to the
NMR results in Table I, relatively more para than
ortho methylol groups reacted further to methyl-
ene bridges. The most important final reaction in
the prepolymer formation under strong alkaline
conditions was found to be, indeed, the formation
of methylene bridges, while the formation of di-
hydroxydibenzyl ether is very unlikely under high
alkaline conditions.1,2,13

Higher amounts of both free ortho and free
para aromatic groups were present in the impreg-
nation resins (1–4) with a lower condensation
stage alkalinity of 1.5 than in the adhesives (5–
10) with a higher condensation alkalinity of 6.0
(Fig. 1). This is in accordance with the lower pro-
duction of methylol groups for the impregnation
resins (1–4) than that of the adhesive resins (5–
10). However, formalin hemiacetal, oxymethyl-
ene, and phenolic hemiformal groups were
present in the impregnation resins (1–4), while
only trace amounts, if any, of them were found in
the adhesives (5–10) (Table I).

Figure 1 illustrates the increasing amounts of
ortho methylol groups and slightly decreasing
amounts of para methylol groups as a function of
the methylation alkalinity. Figure 1 indicates
also that the amount of free ortho aromatic
groups of all the resins (1–10) decreased as a
function of increasing methylation alkalinity, as
well as did slightly that of the free para aromatic
groups of the impregnation resins (1–4). Only
traces of free para aromatic groups were present
in resins of higher condensation alkalinity (5–10).
The sum of ortho–para and para–para bridges
had reached the quite stable level and no signifi-
cant trends as a function of the alkalinity values
were found in this study. Phenolic hemiformals of
resins 1–4 decreased as expected according to
increasing methylation alkalinities much more
clearly than did the other formalin-based groups
(formalin hemiacetals and oxymethylenes; Fig. 2).

DSC Results

The characteristic temperature range and the
heat of reaction of the DSC curves give informa-
tion on the reactivity. The enthalpy values of the
adhesives (5–10) are slightly higher than are
those of the impregnation resins (1–4; Table II).
The differences in the enthalpy values due to
variation in the methylation alkalinity within the
two resin series are not as clearly interpreted as
they are between these two series, particularly
when repeatability of the method is considered to
be 5 %.14

Figure 1 (■) Free ortho aromatic groups, (h) free para aromatic groups, (Œ) ortho
methylol groups, (‚) para methylol groups, and (l) the sum of p–p9 and o–p9 methylene
bridges of resins 1–4 and of resins 5–10 as a function of methylation alkalinity.
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The DSC curves for phenol–formaldehyde res-
ins (1–4) with a low condensation alkalinity of 1.5
wt % contain two well-separated exotherms (Fig.
3). The first signal of the DSC curves having the
maximum at the temperature between 146 and
149°C is caused by the condensation of methylol
groups with phenolic units to form methylene
bridges and by the condensation of two methylol
groups to form dibenzyl ether bridges.15–18 The
second signal of the thermograms (the maximum
between 184 and 194°C) of resins 1–4 represents
further reactions of the resin—for example, the
condensation of the dibenzyl ether bridges to
methylene bridges with the elimination of form-
aldehyde.15–18

In the DSC graphs of the resins (5–10) with a
high condensation alkalinity of 6.0 wt %, the

signal having the peak temperature between
146 and 149°C represents the formation of
methylene groups in the condensation of meth-
ylol groups with phenolic units (Fig. 3). The
formation of dihydroxydibenzyl ether is very
unlikely under high alkaline conditions, and
the signal due to condensation of ether bridges
above 184°C is not found in the DSC thermo-
gram. Instead, a narrow exotherm having the
peak temperature between 133 and 136°C over-
laps the subsequent signal of the formation of
methylene groups. This exotherm is considered
to be due to the fast addition reaction of free
formaldehyde with free phenol to give methyl-
olphenols, and it is usually overlapped with the
signal of methylene group formation.3

Figure 2 (■) Phenolic hemiformal, (Œ) formalin
hemiacetal, and (l) formalin oxymethylene groups of
resins 1–4 as a function of methylation alkalinity.

Table II DSC Analysis of Resins with Different Alkalinities

No.
Resin

Methylation
Alkalinity (wt %)

Condensation
Alkalinity (wt %) DH (J/g) T1 (°C) T2 (°C) D(T1 2 T2) (°C)

1 0.5 1.5 2162.1 146.9 184.7 37.8
2 0.8 1.5 2170.0 149.5 194.0 44.5
3 1.2 1.5 2169.3 147.4 192.8 45.4
4 1.5 1.5 2161.0 146.6 188.3 41.7
5 0.5 6.0 2201.4 134.7 145.9 11.2
6 0.8 6.0 2183.5 136.5 146.2 9.7
7 1.5 6.0 2172.2 133.7 145.9 12.2
8 2.0 6.0 2182.3 135.4 147.0 11.6
9 2.5 6.0 2173.8 135.6 147.8 12.2

10 3.5 6.0 2180.2 134.8 148.7 13.9

DSC signals at T1 and T2 are separate for resins 1–4 and overlapped for resins 5–10.

Figure 3 DSC curves of phenol–formaldehyde (a) im-
pregnation resin and (b) adhesive resin.
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CONCLUSIONS

This study indicated that alkalinity control is im-
portant in resin production. The progress of resin
synthesis was found to be dependent mainly on
the total condensation alkalinity, but also on the
methylation-stage alkalinity. The amount of free
ortho aromatic groups decreased and also free
para groups slightly as a function of increasing
methylation alkalinity. The highest amount of
ortho methylol groups were found for the resins
with the highest methylation alkalinity. The
higher condensation-stage alkalinity favored the
production of ortho methylol groups, when the
proportions of free aromatic groups and formalin-
based structures were reduced. The results of the
DSC analysis illustrate best the reactivity differ-
ences due to the condensation alkalinity.
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