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ABSTRACT: Determination by thermomechanical analysis (TMA) of the average num-
ber of degrees of freedom of polymer segments between crosslinking nodes of phenol-
formaldehyde (PF) resin-hardened networks indicate that additive-accelerated PF
resin polycondensations and hardening presented several different acceleration mecha-
nisms. Some additives such as sodium carbonate appear to present purely an accelera-
tion effect on the polycondensation reaction. Other additives such as propylene carbon-
ate appear to present an acceleration effect by also inducing an increase in the average
functionality of the system, due to alternate crosslinking reactions to which the acceler-
ator itself does participate, leading to a tighter final network. These alternate crosslink-
ing reactions can be of a different nature. In the propylene carbonate case, the reaction
is related to a Kolbe–Schmitt reaction. In formamide, instead, it is related to its hydro-
lysis to formic acid and ammonia with the subsequent rapid reaction of the latter with
two or more hydroxybenzyl alcohol groups of PF resols. The rapid reaction of the {NH2

group of formamide with two hydroxybenzyl alcohol groups of PF resols, a reaction
which is also characteristic of urea and methylamine, also appears likely to occur. Both
liquid- and solid-phase 13C-NMR supporting evidence of the mechanisms proposed is
also presented. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 255–266, 1997

INTRODUCTION esters,2–5 anhydrides,7 amides,4,8,9 and others.
Some of the mechanisms which have been pro-
posed are based on circumstantial, indirect evi-Alkaline phenol–formaldehyde (PF) resins have
dence rather than on direct evidence, mainly be-been used successfully for many decades as exte-
cause the chemistry of phenolic resins which isrior wood adhesives for bonded wood products.1
characterized by the presence of an almost infiniteWhile the influence of many additives on their
variety of oligomeric positional isomerides pro-hardening has been studied for a long time, the
duced with the progressing of the reaction is par-mechanisms of hardening acceleration induced by
ticularly difficult and tedious to unravel.10 Somethese additives, especially in the presence of the of these mechanisms are not supported by anywood substrate, has only started to be studied in direct evidence5 and are often only assumptions

recent years.2–5 Thus, mechanisms of PF harden- based on unacceptable interpretations of the or-
ing acceleration by catalytic surface activation by ganic chemistry involved.
lignocellulosic materials have been reported,6 as Recently,11–13 a method was presented which
well as a variety of mechanisms based on PF allows one to determine the average number of de-
hardening acceleration induced by carboxylic acid grees of freedom of the polymer segments between

crosslinking nodes both during hardening of and of
hardened polycondensation networks as a func-Correspondence to: A. Pizzi.
tion of the relative deflection of thermomechanicalJournal of Applied Polymer Science, Vol. 66, 255–266 (1997)

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/020255-12 analysis (TMA) measurements in bending. The
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method has proved applicable with good results h at 607C. The liquid sample was analyzed
by 13C-NMR.to melamine–formaldehyde,12 melamine–urea–for-

maldehyde,14 phenol–formaldehyde,12 resorcinol– 3. Fifty grams of the liquid PF resin prepared
above was reacted and gelled with 4.5 gformaldehyde,12 and tannin–formaldehyde12,15 poly-

condensates and also to radical crosslinking poly- formamide at 907C for 15 min. The air-
dried gelled resin was analyzed by solid-mers such as unsaturated polyesters and complex

vinyls.11–13 phase CP-MAS 13C-NMR.
4. Fifty grams of the commercial liquid PRFIn this article, the mechanisms of accelerated

hardening and networking induced by several of resin of pH 8.3 was cured at ambient tem-
perature (i) by addition of 5 g paraformal-these additives such as esters, carboxylic acid an-

hydrides, amides, amines, sodium carbonate, and dehyde (the resin gelled in about 5 h) and
(ii) by addition of 5 g paraformaldehydepropylene carbonate are examined by this tech-

nique on the basis of the type of hardened network followed by 5 g of 30% ammonia solution
(the resin gelled in a few seconds).and its density of crosslinking that they yield as

well as on the basis of 13C-NMR results as sup-
porting evidence. 13C-NMR Spectra

Liquid 13C-NMR spectra were obtained on a
Brüker MSL 300 FT-NMR spectrometer. Chemi-EXPERIMENTAL cal shifts were calculated relative to (CH3)3Si-
(CH2)3SO3Na dissolved in D2O for NMR shifts’

Phenol–Formaldehyde (PF) Resin Preparation control.16 The spectra were done at 62.90 MHz for
a number of transients of approximately 1000. AllNinety-four parts by mass of phenol were mixed
spectra were run with a relaxation delay of 5 swith 40 parts (20/80) of a methanol/water solu-
and chemical shifts were accurate to 1 ppm.tion and 55 parts by mass of a 96% paraformalde-

Solid-state CP-MAS (cross-polarization magichyde powder. After stirring for 30 min at 407C,
angle spinning) 13C-NMR spectra of each samplethe temperature was increased over a period of
were obtained on a Brüker MSL300 FT-NMR spec-30 min to reflux (947C). A total of 20 parts by
trometer at a frequency of 75.47 MHz. Chemicalmass of a 33% sodium hydroxide solution was
shifts were calculated relative to TMS for NMR con-added in four equal parts at 15 min intervals over
trol. Acquisition time was 0.026 s with the numberthe previous total of 60 min. The mixture was
of transients about 1200. All spectra were run withkept at reflux for 30 min and was then cooled.
a relaxation delay of 5 s and were accurate to 1 ppmThe resin solids content was 58%; viscosity, 300
with a CP time of 1 ms and spectral width of 20,000centipoises at 257C; and final pH, 10.8. In the case
Hz. Spinning rates were 3.5 kHz.of the variation which to the above resin for-

mamide, 60 g, was added, the reaction was contin-
ued at reflux for 15 min after addition of the for- Thermomechanical Analysis (TMA) Determination
mamide, while the rest of the procedure was left of Average Number of Degrees Freedom of
the same. Accelerated PF Resin-cured Networks

Recently work on the formation of polymer net-
works by photopolymerizable and polyester sur-Reactions of Different Phenols and of Phenolic
face finishes on wood and of polycondensation res-Resins with Propylene Carbonate and Formamide
ins used as wood adhesives has yielded a mathe-in Absence or Presence of Formaldehyde
matical relationship11–13 among the energy of
interaction (E ) at the synthetic polymer/wood in-1. Four grams resorcinol in 4 g water at pH

12 was reacted with 3.7 g propylene car- terface calculated by molecular mechanics (work
of adhesion), the number of degrees of freedombonate for 2 h at 607C. After separation

by centrifugation of the sodium hydrogen (m ) of the segment of the synthetic polymer be-
tween two crosslinking nodes, the coefficient ofcarbonate solids formed, the liquid sample

was analyzed by 13C-NMR. branching a, hence, the functionality of the start-
ing monomer, and the relative deflection ( f ) ob-2. Four grams resorcinol in 6 g water at pH

12 was reacted with 1.7 g formamide for 2 tained by thermomechanical analysis (TMA) of
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Table I Thermomechanical Analysis (TMA) Results for the Determination of the Density of
Crosslinking of Different PF Resin / Accelerator-Hardened Networks

Deflection tgel tvitrif.

(mm) a m (7C) (7C) a m

PF alone 16.1 0.5 6.8 142 158 0.5 6.8
/5% Na2CO3 14.2 0.5 5.9 132 154 — —
/4.8% propylene

carbonate 9.9 0.5 4.0 143 161 0.33 2.4
/7.1% glycerol

triacetate 12.4 0.5 5.1 138 160 0.33 3.2
/5% acetic

anhydride 11.4 0.5 4.7 140 169 — —
/2.2% formamide 11.0 0.5 4.5 136 157 0.33 2.8
/1.5% methylamine 11.5 0.5 4.7 133 153 0.5 4.7

The amounts of accelerators added are expressed in percentages by weight on PF resin to achieve equal molar percentages of
active component.

wood specimens coated or bonded with the adhe- two finishes through the relationship E1 /E2

Å D f2 /D f1 . The values of m , E , and a for thesive through the expression f Å km /aE , where k
is a constant.11–13 Regression equations12 correlat- resins presented in Table I were then calculated

according to already reported methods accordinging directly m with E and m with f have been
derived for hardened phenol–formaldehyde (PF), to the phenomenological equation f Å km /aE and

connected regression equations which have al-resorcinol–formaldehyde (RF), melamine–form-
aldehyde (MF), and tannin–formaldehyde (TF) ready been reported.11–13 In Table I are reported

the values of m obtained from this analysis forresins. These relationships will then be used to
correlate the number-average degree of polymer- systems in which further reactions on the pheno-

lic ring other than the formaldehyde and methylolization (DPn ) and pgel with m for the same PF
resin hardened alone and in the presence of the group attack have been demonstrated, or are sus-

pected. They present a value of Flory’s a both ofdifferent hardening accelerators used.
To this purpose, the PF resin above was tested 0.5 (phenol trifunctional) and of 0.33 (phenol nu-

clei tetrafunctional) , while systems, such the con-dynamically by thermomechanical analysis (TMA)
on a Mettler apparatus. Samples of beechwood trol PF resin alone, for which further attack on

the ring does not appear to occur, are reported foralone and of two beechwood plies bonded with
each system of liquid polycondensate resins / ac- only values of a Å 0.5.
celerator (comparable molar amount as indicated
in Table I) in a layer of 350 mm, for a total sample
dimensions of 21 1 6 1 1.1 mm, were tested in a DISCUSSION
nonisothermal mode between 40 and 2207C at a
heating rate of 107C/min with a Mettler 40 TMA The results in Table I indicate that equimolar

amounts of different additives added to the sameapparatus in three-point bending on a span of 18
mm, exercizing a force cycle of 0.1/0.5N on the phenolic resin give a different average number of

degrees of freedom m of the hardened network ofspecimens with each force cycle of 12 s (6 s/6
s). The classical mechanics relation between force the PF resin. This means that the average densi-

ties of crosslinking of the final networks producedand deflection E Å [L3 / (4bh3)][DF / (D fwood

0D fadhesive ) ] allows the calculation of the Young’s are different for different accelerating additives,
indicating that different mechanisms of harden-modulus E for each of the cases tested. As the

deflections D f obtained were proven to be con- ing acceleration of the PF resin appear to be at
work. The first important difference is the differ-stant and reproducible12,13 and as they are propor-

tional to the flexibility of the assembly, the rela- ence between the value of m of the PF resin to
which additives have not been added in relationtive flexibility as expressed by the Young’s modu-

lus of the two primers can be calculated for the to the values of m of all the additive added resins.
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ator-added curve shifted to lower temperatures—
hence, earlier reaction times and a lower gel time
temperature. Thus, sodium carbonate behaves as
a true accelerator of PF hardening.

The trend in the propylene carbonate elastic
modulus curve obtained by thermomechanical
analysis (TMA) instead shows (i) at first a faster
increase followed by a slower increase than that
the sodium carbonate case (Fig. 1), while still pre-
senting a value of the gel temperature more simi-
lar to that of the PF resin alone than what was
obtained with sodium carbonate, a gel point which
might then be obtained in a different manner. (ii )
Second, after the initial part of the curve, a second
stage of the modulus increase curve appears to
lead to a much tighter crosslinked network than
in the case of sodium carbonate. This indicates
that some important difference between the type
of action of the two accelerators exists: Sodium
carbonate, in the main, does not appear to in-
crease the crosslinking of the resin but just accel-
erates it, while propylene carbonate might well
present both a similar accelerating mechanism,
although clearly to a different extent, as well as

Figure 1 Comparative increase of relative moduli as being an active part of the process of crosslinking.a function of temperature of TMA joints bonded with
If this was really due only to the accelerating in-the same PF resin alone and accelerated with equiva-
fluence of the HCO0

3 ion as has been advocated4,5
lent molar percentages of sodium carbonate and propyl-

(a mechanism for which no evidence has been pre-ene carbonate.
sented), then the curves of the two materials
would be coincident, and they are not. In this re-
gard, it is interesting to note that even when itIt is not the advancement of the resin or the rate

of its curing in nonisothermal experiments which was tried to demonstrate that exclusively HCO0
3

induced acceleration exists, it was found other-determines its density of crosslinking: Whatever
variation of the pH was introduced in the control wise, and as a consequence,5 the experimental

data had to be overcorrected based on unrealisticresin, better crosslinking and a lower variation of
m than what is presented in Table I could not be pH effects (see Fig. 2). What was observed for the

modulus curves is confirmed by macroscopic gelachieved; the value presented in Table I is the
lowest achieved. This is an indication that most time tests at 1007C shown in Table II, from which

it is clear that sodium carbonate is a better accel-of the additives do not just accelerate the harden-
ing of the resin but participate in some way in the erator at lower proportions of addition, but that

at a higher proportion of additions where a struc-crosslinking of it.
The second difference of interest is that sodium tural rather than a catalysis effect is likely to be

predominant, propylene carbonate becomes by farcarbonate and propylene carbonate present a very
different behavior. While sodium carbonate be- the better accelerator.

Further proof of complex reactions betweenhaves mostly as a pure accelerator, this is not the
case for propylene carbonate. Thus, in Figure 1, propylene carbonate and phenolic nuclei leading

to compounds in which the carbonic acid has at-the trend in the elastic modulus curves of the PF
resin alone and of the PF resin added of equiva- tacked the phenolic is shown in Figure 3(a) and

(b). In Figure 3(a) is shown the 13C-NMR spec-lent carbonic acid amounts by the addition of so-
dium and propylene carbonate is shown. Sodium trum of the product of the reaction of resorcinol (a

stronger nucleophile than phenol for which suchcarbonate imparts to the PF elastic modulus curve
exactly the same trend as does the PF control case a reaction would be more easily observed) with

propylene carbonate, in the absence of formalde-(the two curves are parallel) but with the acceler-

8EAA 4501/ 8eaa$$4501 08-05-97 17:17:14 polaas W: Poly Applied



PHENOL–FORMALDEHYDE POLYCONDENSATES 259

Figure 2 Variation of pH as a function of time at 507C of a PF resin to which were
added different percentages of sodium carbonate.

hyde. The NMR spectrum of resorcinol alone be-
fore the reaction is shown in Figure 3(b). In Fig-
ure 3(a), the major peaks of the pattern shown
are those of resorcinol unreacted, namely, its C1
and C3 at 160.70 ppm, C5 at 133 ppm, C4 and C6
at 109.91 ppm, and C2 at 106 ppm and of the
propylene glycol, namely, {CH2{OH at 70.54

More interesting still is that while CO|

3 might
ppm, of of

u
CH{OH

U
at 69.22 ppm, and of {CH3 exist superimposed on the 169.54 ppm peak of the

{COOH, although the relative intensities of theat 20.60 ppm. On this major, expected pattern, the
signals at 169.54 ppm and at 178.61 ppmvery clear second pattern of peaks of the reaction
({COO0 ) in relation to the two signals at 110.36product is clearly visible: Hence, peaks at 178.61,
and 112.48 ppm indicate that even CO|

3 might169.54, 164.55, 134.49, 112.40, and 110.36 ppm.
be completely absent, there is no trace of eitherIn Table III are given the assignments expected
HCO0

3 (which has obviously precipitated out ofand found for the two best-fitting and, hence, most
solution as NaHCO3 [Ref. 5]) or of any other car-probable compounds formed and represented by
bonic acid and carbon dioxide (which should ap-this pattern of peaks. From Table III, it is clear
pear at {128 ppm [Ref. 17]) species. The possibil-that the reaction products are the following:
ity of the product peaks’ pattern belonging to a
dicarboxylic acid species, thus a resorcinol nuclei

Table II Gel Times in Minutes of PF Resin carrying two vicinal carboxilic acid groups,Alone and Accelerated by Na2CO3 and by
namely, on C5 and C6, was also considered. How-Propylene Carbonate
ever, only two of the six expected shifts of the
six carbon atoms of the resorcinol ring match theAdditive on PF Resin Solids
shifts which could be expected with this species,

0% 5% 10% 20% and, thus, this species is clearly not present. The
idea that a dicarboxylic species might be present

PF alone 40.33 — — — was derived by the fact that the carboxyl carbons
PF / Na2CO3 40.33 13.55 12.35 12.63 of an aromatic anhydride would give a signal be-
PF / propylene tween 163 and 165 ppm (Ref. 17) (i.e., phthalic

carbonate 40.33 24.22 22.70 6.63 anhydride carboxyls appear at 163.1 ppm) and
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Figure 3 Liquid-phase 13C-NMR of (a) the reaction mix of resorcinol and propylene
carbonate in the absence of formaldehyde and (b) of resorcinol alone.
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Table III Expected and Experimentally Found Deviations Deviations from Resorcinol Carbon Shifts
in ppm for the Compound Obtained by Reaction of Resorcinol with Propylene Carbonate [Fig. 3(a)]

Compound I Compound II Anhydride

Expected Found Expected Found Expected Found
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

C1 00.3 0.0 /1.6 /4.6 00.3 0.0
C2 /5.2 /4.9 0.0 0.0 /5.2 /4.9
C3 00.3 0.0 /5.2 /4.9 00.3 0.0
C4 /1.6 /2.5 0.0 0.0 /1.6 /2.5
C5 /2.1 /1.9 /1.6 /1.7 /2.1 /1.9
C6 /1.6 /2.5 /2.1 /2.2 /1.6 /2.5

C|O ({COOH) 172.6 169.5 172.6 169.5 — —
C|O ({COO0) 177.6 178.6 177.6 178.6 — —
C|O (anhydride) — — — — 163–165 164.6

that a clear signal at 164.55 ppm exists, this sig- tional crosslinks in a polymeric resin, even for a
nal having been interpreted above as the only short, transient period of time if they are unsta-
clear nonmixed peak indicating the existence of ble, and even in lower proportion than for resor-
compound II. An aromatic anhydride, however, cinol (as is likely to be the case for phenol which is
does not need to be a cyclic anhydride. A perfect less reactive), are enough to increase the average
match of the shifts reported is attained for a com- functionality18,19 of a polymeric PF resin system.
pound of the type Formaldehyde should not be in such an excess, so

that a considerable amount of ortho and para sites
is still available (for steric reasons, the more
crowded a resin is on these sites, the more hin-
drance would exist to limit reaction on a meta site,
too). The characteristic and very unusual aspect
of an attack on the meta site has been remarked
on and reported before.2 It is also clear that if the
anhydride exists it might decompose at a higher
temperature curing, with what type of further re-thus, an aromatic noncyclic anhydride. Hence,
actions it is not possible to say with the data avail-what appears to be present in the supernatant
able.solution, and not in the mostly sodium hydrogen

The same accelerating mechanism based on thecarbonate precipitate,5 is a mixture of compounds
hydrogen-bonding-based intermediate activatedI and II as already indicated above or a mixture
complexes ascribed to hydrogen carbonate ionsof compound I of its carboxylate ion and of the
was also ascribed to formamide.4 Weaker acid car-above anhydride. The second possibility appears
boxylic amides do not show any accelerating ef-to be the most likely due to the better fit between
fect.4 However, at least one amide which does notexpected and found peak shifts and patterns as
really present the structure advocated for theshown in Table III. This also means that a link
same intermediate to be formed, namely, urea,between phenolic nuclei, other than a methylene

bridge, can be formed. Just a few of these addi- the diamide of carbonic acid, is well known to ac-

8EAA 4501/ 8eaa$$4501 08-05-97 17:17:14 polaas W: Poly Applied



262 PIZZI, GARCIA, AND WANG

celerate PF hardening under an alkaline environ- m for formamide should be, at most, identical to
that of the PF resin alone and not in anywayment8,9 and well known to accelerate it by a com-

pletely different mechanism8,9 than the one pro- lower. If the mechanism by {NH2 group reaction
with the PF resin hydroxybenzyl alcohol groupsposed.4 The amidic groups of urea react readily

under an alkaline environment with two and is instead valid,8,9 then formamide should give a
much lower value of m—hence, a much tighterthree methylol groups of PF resins8,9 to form urea-

to-phenol methylene bridges. In Table I are then hardened network than that of the phenolic resin
alone, and methylamine which can only presentpresented the values of m for a formamide-accel-

erated PF resin and for a PF resin to which this latter mechanism should give a result of m
comparable to that obtained with formamide. Themethylamine has been added. Methylamine has

a completely different structure than that of for- results in Table I for the PF resin alone, for-
mamide, and methyl urea show clearly that it ismamide and cannot form the intermediate acti-

vated complexes advocated for the proposed accel- the latter mechanism which causes the hardening
acceleration. Confirmation of the difference in theeration mechanism by formamide. It has, how-

ever, a reactive {NH2 group which could mechanism can be gathered by the liquid 13C-
NMR of the reaction of a solution of resorcinolaccelerate the hardening of a PF resin by simulta-

neously reacting with two methylol groups of the with formamide at 607C for 2 h (Fig. 4) and the
solid-phase CP-MAS 13C-NMR of the reactionPF resin, a mechanism similar to that of urea. It

was chosen instead of urea to avoid any contro- product of a PF resol with formamide (Fig. 5).
In the first one, superimposed on the formamideversy which could arise in the case of the latter

due to the presence of two reactive amidic groups. (169.44 ppm) and resorcinol (164.22, 164.16,
133.23, 133.12, 109.89, and 108.20 ppm) patternsIf the hydrogen-bond-induced intermediate acti-

vated complex mechanism4 is valid, the value of is also a peak at 173.95 ppm that appears to repre-

Figure 4 Liquid-phase 13C-NMR of the reaction mix of resorcinol and formamide in
the absence of formaldehyde.
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Figure 5 Solid-state CP-MAS 13C-NMR of the hardened PF resin accelerated with
formamide (* Å spinning side bands).

sent the carboxylate ion of formic acid HCOO0 , This mechanism indicates that the slightly
tighter hardened PF network obtained with for-the latter being approximately three times the
mamide in relation to what was obtained withsize of the C|O peak of undissociated formamide
methylamine is possibly only due to the presenceand indicating that formamide undergoes consid-
of some tribenzylamine bridges of which methyl-erable dissociation into formic acid and ammonia
amine is not capable. The rapid reaction of theunder the conditions characteristic of a wood ad-
{NH2 of formamide with methylol groups beforehesive. The hydrolysis of amides in both acid and
its partial hydrolysis cannot, however, be ex-alkaline environments is a well-known reaction
cluded and is also quite likely.and it is more marked the greater is the acidity of

The solid-phase CP-MAS 13C-NMR spectrumthe carboxylic acid constituting the amide.20 The
in Figure 5 appears to confirm the above. In thismechanism of acceleration suggested by for-
are clearly visible the small peaks pertaining tomamide hydrolysis is then that of a rapid hydroly-
the carbonyl group of undissociated formamidesis of the amide to formic acid and ammonia fol-
(167 ppm)17 and of the carboxylic group of undis-lowed by the rapid and simultaneous reaction of
sociated formic acid (166 ppm)17 as well as thetwo or even three phenolic methylol groups with
clear peaks at 63 and 71 ppm (these last twothe ammonia itself—hence:
belonging one to o,o- and p,p -methylenes and
one to {CH2{NH{CH2{) and at 117.5 ppm
(ArC{CH2{NH{) on top of the normal pattern
of a hardened resorcinol formaldehyde resin,
namely, peaks at 154 ppm (ArC{OH), at 131
ppm (ArC{H and ArC{CH2{) , and 36 ppm
({CH2{) bands. Solid-phase CP-MAS 13C-NMR
spectra of a phenol–resorcinol–formaldehyde
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Figure 6 Solid-state CP-MAS 13C-NMR of a PRF resin hardened at ambient tempera-
ture by addition of 10% paraformaldehyde and accelerated by addition of 10% by weight
30% ammonia solution in water (* Å spinning side bands).

(PRF) resin hardened by addition of formalde- of the 71 ppm band ({CH2{NH{CH2{)
which does not appear in the resin hardened with-hyde only and by addition of formaldehyde / a

high amount of ammonia (Figs. 6 and 7) show out ammonia, confirming the above mechanism of
acceleration pertaining to formamide. Gel timesthe appearance in Figure 6 of the strong band

at 105 ppm (characteristic of aromatic carbons of PF and RF resins accelerated with formamide
and with ammonia also show that ammonia giveslinked to benzylamine bridges, but in Figure 5

obscured by a spinning side band due to the small faster gel times but of the same order of magni-
tude as formamide.21amount of formamide used) and also the presence

Figure 7 Solid-state CP-MAS 13C-NMR of a PRF resin hardened at ambient tempera-
ture by addition of 10% paraformaldehyde (* Å spinning side bands).

8EAA 4501/ 8eaa$$4501 08-05-97 17:17:14 polaas W: Poly Applied



PHENOL–FORMALDEHYDE POLYCONDENSATES 265

Compounds based on a reasonably strong car- one which is valid or even if other mechanisms
could be possible.boxylic acid like formic acid, such as methyl for-

mate and formamide, are very likely to give this In conclusion, additive accelerated PF resin
polycondensations appear to present several dif-type of reaction and additional crosslinking, too.

Methyl formate is known to be the faster accelera- ferent acceleration mechanisms. Some additives
such as sodium carbonate appear to presenttor after propylene carbonate,2,3,22 while the re-

sults for formamide in Table I clearly indicate that purely an accelerating effect on the polycondensa-
tion reaction. Other additives such as propylenefor formamide additional crosslinking is present.

Thus, formamide participates in the reaction by carbonate present both an acceleration effect as
well as inducing an increase in the average func-both crosslinking with the methylol groups of the

PF resin through its {NH2 groups. All the above tionality of the system, due to alternate crosslink-
ing reactions to which the accelerator itself doesis nothing that could not have been foreseen by

classical organic chemistry knowledge: Nucleo- participate, leading to a tighter final network.
These alternate crosslinking reactions can be of aphilic acyl substitution reactions of carboxylic

acid esters, amides, anhydrides, and chlorides are different nature, such as in the propylene carbon-
ate case, in which the reaction is related to aone of the most fundamental and well-known re-

actions of these compounds.23,24 Kolbe–Schmitt reaction, and the rapid reaction of
{NH2 groups of formamide and of the ammoniaOnce the nature of the accelerating mechanism

induced by increased crosslinking and its exis- obtained by its alkaline hydrolysis with two, or
more (for ammonia) hydroxybenzyl alcoholtence through the determination of the number of

degrees of freedom m of the PF networks formed groups of PF resols, which is also characteristic
of urea and methylamine.is defined, it would be necessary to address the

nature of the first accelerating mechanism which
appears to be common to both sodium carbonate
and propylene carbonate. Only speculation is pos- REFERENCES
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