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Abstract

Applying results from previously published kinetic investigations on the hydrolysis and condensation of methylol melamine compounds in acid
solution a thorough analysis of the reaction mechanism is given. In the literature it has been discussed whether the acid catalysis takes place by
protonation of the triazine ring, if it is a protonation of the methylol side groups or if both types of protonation are active.

In the present paper strong support is given to a kinetic model where the side group activated species are the reactive ones. Ring protonation, on
the other side, leads to deactivation. Included are also computer simulations in Matlab of the decomposition of tri- and hexa-methylol melamine in
dilute solution, assuming the hydrolysis to take place by series first order reactions. The computer simulations allow us to calculate the relative
composition of the reaction mixture as a function of time and to see the effect of changes in the experimental rate constant as the reaction proceeds.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Earlier studies on the kinetics and mechanism of melamine
formaldehyde addition, decomposition and condensation have
revealed important details of these systems.

The basic capacity of the triazine ring of melamine, which
changes with the degree of substitution of the amino nitrogen
atoms, leads to facinating kinetics. In some cases the reaction
rate passes through maximum points as a function of pH, while
in other cases levelling out effects may be seen.

It is the purpose of the present paper to give additional support
to a specific reaction mechanism by fine-tuning kinetic data of
previously published work both from own laboratory and others.
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2. Discussion
2.1. Theory on the decomposition of methylol melamines

The main point in the discussion is the site of attac of acidic
catalysts in the decomposition and condensation of methylol
melamine model substances and how the basic properties of the
triazine ring influences the reaction rate.

As first described by Dixon et al. [1] the basic properties of
melamine may be ascribed to the ability to add a proton to a
N-atom in the triazine ring.
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The acid dissociation constant for a melamine compound
protonated by ring addition is defined as:
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(1) >N-CH,OH + HA —— >NH'CH,OH + A
(2) >NH CH,OH + A° =—— >NH + CH,0 + HA
Scheme 1.

where M is a neutral melamine compound (e.g. methylol
melamine) and RH™ is the corresponding ring protonated
melamine compound. K+ increases with increasing degree of
substitution of the six amino hydrogens on the triazine ring.

We have earlier assumed that the acid catalyzed decompo-
sition of methylol melamines proceed by a mechanism similar
to that given for methylol ureas [2] (Scheme 1).

The decomposition follows general acid catalysis with step
(2) as the rate determining step.

The rate of decomposition of the methylol compound was
defined as:

_ d[Fy]

r=——gq — KFul 2

where [Fy] is the total concentration of methylol groups and k
is the experimental first order rate constant. In a buffer solution
containing the acid HA and its conjugate base A, the
catalytically active species are H*, H,O and HA.

According to the scheme above, the rate of decomposition is
given by:

_d[Fy]
dr

= [>NH " CH,OH] (k3[H,0] + k5 [OH ] + k5'[A7])
(3)

where k), kj and k3’ are the specific catalytic constants in step
(2) for the conjugate bases of H (H,0), H,O (OH ™) and HA
(A7), respectively.

The activation of a methylol melamine compound is
assumed to take place by addition of a proton to a N-atom in
a side group to which the methylol group is attached
(CNH*CH,OH=SH ™). Protonation of a N-atom in the triazine
ring represents a deactivation which will prevent the formation
of SH™ unless at very high acidities. On the above assumptions
we have deduced an expression for the experimental first order
rate constant [2].

Kry+

k - KSH+ (KRH+ + H+)

(K [H 1[H,01 + K5 K, + k5 Kiya [HA])

“)

where Kqy+ is the acid dissociation constant of SH™, K, the
ionization product of water and Ky, is the dissociation
constant of the acid HA.

The deduction of Eq. (4) given earlier by Berge et al. [2]
may have seemed a little simplified as the total concentration of
methylol groups was given as:

[Fy] = [M] + [RH"] + [SH*] Q)

Because [M] and [RH "] in the definition of Kgy+ represent
the concentration of neutral and protonated methylol com-
pounds, respectively, Eq. (5) would only be correct for a

monomethylol compound. We may, therefore, redefine the
expression for [Fy] taking into account the degree of
substitution x.

[Fy] = x([RH] 4+ [M] + [SH ) =x([RH'] + [M]),  (6)

since [SH™] is very small.

Assuming that the chance of getting a proton added to a side
group of a methylol melamine compound is proportional to the
number of methylol groups of that compound, we may now
define:

x[M][H"]
Ksie = 1o )
Combining Egs. (1), (6) and (7) we then get:
+
[SH'] = [Fyy] — o JKRn- ®)

Kgy+ ([H+] + KRH*)

The expression for [SH™ ] is similar to that given in earlier
papers, whereas Kqy+ has been redefined according to Eq. (7).
As will be discussed, the value of Kgy+ may be different with
primary and secondary methylol groups.

Applying Eq. (4) in a case where the buffer acid HA is the
dominating catalytic species the equation for the experimental
rate constant reduces to:

_ KYKya[HAKgy+
o Kgye ((H'] + Kgpr+)

ke €))

Fig. 1 shows the decomposition of tri-methylol melamine,
TMM, in acetate buffer at pH 4.6, and in phosphate buffer at pH
6.5 where the buffer acids are the dominating catalytic species.
A first order plot is made where 7 is the degree of conversion of
methylol groups. Theoretically, we may consider two cases,
assuming that either RH™ or SH™ is the reacting species. Then
the rate of decomposition may be given as:

r=x[RH"1Y K[A7] orr=[SH']) K[A7] (10)

where x as before is the degree of methylol substitution.
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Fig. 1. The decomposition of TMM in buffer solutions. (O) phosphate buffer,
[HPO; 1= 0.08 and [H,PO,]= 0.10 mol/l. ([]) acetate buffer, [AcO™]=0.1
and [AcOH]=0.1 mol 1~". Temperature. 25 °C [Reprinted with permission
from Ref. [2] copyright Elsevier].
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Also in the case of ring protonation the decomposition is
assumed to take place by a mechanism similar to Scheme 1.

Above we have derived an expression for [SHY] and the
corresponding expression for keyp,.

Applying Egs. (1) and (6) we may also calculate an
expression for [RH™]:

[Fu] [H']
RHT] =
[ | x  ([H*]+ Kgg+)

giving :
' (11)
_ kyKya[HA]
kep = T e Y
([H*] + Kgy+)

Here, k' is the specific catalytic constant of the conjugate
base of the acid HA.

During decomposition of the methylol compound the value
of Kry+ will decrease as the amino side groups on the triazine
ring become less substituted. Assume an example where Kpy+
has changed from 10™*° to 10~*® mol 1~ during decompo-
sition of the methylol compound.

Then, in acetate buffer at pH 4.6 with SH™ as the reactive
species, the experimental rate constant k., will according to
Eq. (9) change from:

m Kua[HA]

Kya[HA]
kexp = 0.8K5 poHAL e

= keyp = 0.5

(12)
KSH+ SH*

At the same conditions, assuming RH™ to be the active
species, the change in k., according to Eq. (11) will be:

kexp = 0.8 X 10*kY Ko [HA]— .
kexp = 2 X 10%ky Kyya[HA]

The experimental results shown in Fig. 1 are in accordance
with a mechanism where SH™ is the reactive species. The
experimental rate constant will decrease with conversion as
predicted by Eq. (12). If RH™ had been the reactive species one
would, according to Eq. (13), expect the experimental rate
constant to increase with conversion.

Qualitatively, it is easy to understand that the relative
amount of ring protonated compound becomes larger when the
basicity of the melamine compound increases, i.e. Kry+
decreases.

From Fig. 1, we can also see that in phosphate buffer at pH
6.5 the experimental rate constant, taken as the slope of the rate
curve, remains constant up to high conversion. This is to be
expected according to Eq. (9) when SH™ is the reactive species
and Kgyy+ >> [H']. Assuming RH™ to be the reactive species,
kexp should acording to Eq. (11) increase with conversion due
to a decrease in the value of Kgy+ (the overlap from start of the
two decomposition curves in Fig. 1 is a coincidence).

The decomposition of HMM in moderate and strong acid
solution is interesting for several reasons. The lack of hydrogen
atoms at the nitrogen atoms in the side chains makes this
substance considerably less basic than methylol compounds
with lower degree of substitution.

Thus, HMM has been estimated to have a value of Kyy+
about 10~ " mol 1~!, which may even be higher [2]. In the case
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Fig. 2. The decomposition of HMM in moderate acid solutions. (V)=10"2,
(0)=5%10">and (O)=10">mol 1~ HNO; (pH values: 3.1, 2.4 and 2.1,
respectively). Ionic strength 0.2 mol 1™, Temperature. 25 °C [Reprinted with
permission from Ref. [2], Copyright Elsevier].

of HMM with all the amino hydrogens substituted a ring
protonation will not be in conjugation with a proton in a side
group, and it is also for this reason more likely that the
activation takes place by addition of a proton directly to a side
group on a neutral methylol compound.

The decomposition of HMM in acid solutions is shown in
Figs. 2 and 3. It is seen that the initial decomposition rate, until
one methylol group has been set free, i.e. n=1/6 or
—In(1—7)=0.18, is very much faster than the following
decomposition. This is most likely due to the high value of
Kgy+ for HMM, leading to a low degree of deactivation by ring
protonation.

When one methylol group is removed a considerable
decrease in the value of Kyry+ takes place. The kinetic result
is in accordance with the assumption that SH™ is the reactive
species. If RH™ had been the reactive species an opposite
effect would have been expected, that is the lowest rate for the
least basic methylol compound. For the sake of order it may be
added that in very strong acid solution addition of a proton to
the side group of an already ring protonated substance is also a
possibility. A more detailed discussion is given by Berge et al.

[2].
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Fig. 3. The initial decomposition of HMM in strong acid solutions. (A)=0.1,
(0)=0.25,(v)=0.5 and ((J)=1.0 mol 1~ " HNOj. Tonic strength 2.0 mol 1",
Temperature. 25 °C [Reprinted with permission from Ref. [2], copyright Elsevier].
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Looking at Eq. (9) for the experimental rate constant in a
buffer system one should be aware of the fact that the conjugate
acid of the methylol melamine compound (RH ") may act as a
general acid catalyst in the decomposition reaction. This has
been shown by Sato and Maruyama [3] who studied the
hydrolysis of di-methylol melamine (DMM) in acid solutions
of DMSO/water at 30 °C without added buffers. Catalysis by
the conjugate acid of DMM led to a rate profile showing a
maximum at a pH value ~pKgry+. In this case when [HA]=
[RH"] and Ky, = Kgpyy+, we may introduce [RH™] from Eq.
(11) into Eq. (9) getting:

r Bl K (Keyy)’(H']
X Key (HY] + K )’

(14)

Here the first order rate constant per definition will be
dependent upon the concentration of the methylol compound.
Eq. (14) shows the following:

_ [Fyul K'HT]

when [H+] < KRH+, kexp - (15)
X KSH+

kexp increases linearly with H1]
Ful K (K, 2

when [H'1>> Ky, ey = (Ful &' (Kur:)~ (16)

X KSH+ [H+]

kexp decreases linearly with H1]

By derivation of Eq. (14) with respect to [H" ] we find that
kexp have a maximum value when [H']= Kpy+-

Our theoretical treatment is in accordance with the
experimental results of Sato and Maruyama [3] who give a
far more complicated theoretical discussion.

At sufficiently high acidities, pH 1-2, it is observed [2,3] that
the experimental rate constant again starts to increase approxi-
mately proportionally to [H™]. This increase may be explained
assuming that under these conditions even the RH* compound
could be activated by proton addition to a methylol side group.

The specific catalytic constant for RH™ in the hydrolysis
of DMM at 30 °C in DMSO/water is reported to be 1.2X
107" 1mol " 'min~! [3]. This value is in reasonable
accordance with the catalytic constant for acetic acid,
being 1.1X10"?1mol ™ 'min~"', in the decomposition of
TMM at 25 °C in water [2], RH™ being a stronger acid than
acetic acid.

2.2. Computer simulation of the decomposition of
methylol melamines

The acid hydrolysis of the methylol melamines in dilute
solution is assumed to take place by series first-order
irreversible reactions, which in the case of TMM may be
sketched as (Scheme 2).

Ay —B5 A+F
Ay Ly A+F

A Py Ag+F

Scheme 2.

d[F
v L K[Fsu] = k:3[As] = ks[As] giving ks =3k

dt

d[F]

DMM: T = k[FZM] =k2 [Az] = kz[Az] glvmg kz =2k
t

d|F
MMM: % = k[Flm] = k[A]] = k][Al] giving k1 = k

Scheme 3.

Where As, Ay, A; and Ag are tri-methylol (TMM), di-
methylol (DMM), mono-methylol (MMM) and unsubstituted
melamine, respectively, and F is free formaldehyde.

Since, TMM mainly contains primary methylol groups, it is
assumed that the degree of substitution does not affect the value
of either Kgy+ or the rate constant for the decomposition of the
activated species.

We may introduce the experimental rate constant k in the
various steps: (Scheme 3).

Where [F,\] is the total concentration of methylol groups.

Assuming SH™ to be the active species in the acid catalyzed
decomposition of methylol melamines we may, according to
Egs. (9), when [H"] << K+ expect that the experimental rate
constant k remains constant to high conversion.

In a concrete case we may apply the experimental rate
constant for TMM in phosphate buffer which taken from Fig. 1,
is k=6X10"%*h~". The values of ks, ko and k; were then
calculated and applied in a Matlab computer simulation
modelling of Scheme 2. Fig. 4 shows the relative composition
of the reaction mixture as a function of time starting with a
normalized concentration of TMM=1. Fig. 5 shows a first
order plot giving the experimental rate constant k as the slope
of the curve. The rate constant remains constant to high
conversion in accordance with the experimental results.

We do not have experimental results with HMM in
phosphate buffer at conditions where [H"] << Kgy+, but we
can see from Fig. 6 in acetate buffer that HMM from start
decomposes a little slower than TMM.

3 T T T T T T T

25} 1
F
—A3
al -————p2
..... - Al
15+ F 1

1
51” A ]
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Fig. 4. Matlab simulation of the decomposition of TMM showing the relative
composition of the reaction mixture as a function of time (case taken from
phosphate buffer run in Fig. 1. where [HT] << Kgyy+).
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Fig. 5. Matlab simulation of the decomposition of TMM showing a first order
plot where 7 is the degree of conversion of methylol groups (case taken from
phosphate buffer run in Fig. 1 where [H] < Kgpy+).

Comparing initial decomposition rates in acetate buffer, we
find experimental rate constants of 6X 10~ > and 4X 10~ *h ™"
for, respectively, TMM and HMM. The difference in initial
decomposition rate, indicating the difference in reactivity
between primary and secondary methylol groups, may even be
a little higher as TMM is somewhat deactivated by ring
protonation already from start, while initially, this is not the
case for HMM. From Eq. (9) we may calculate that with TMM
the deactivation at start reduces k with a factor of 0.8.
Correcting for this, the decomposition rate of primary methylol
groups is likely to be approximately twice as high as that
of secondary groups, and we stipulate the initial rate
constant for decomposition of HMM in phosphate buffer to
be 3X 10~ 2 h™". The reason for the difference between TMM
and HMM may be due to internal hydrogen bonding between a
protonated methylol group and a neighbouring secondary
methylol group. It is not unlikely that both Kgjy as well as the
rate constant for decomposition of the activated species have

2.0 g
‘ /
g .

~in(l~g)

10 /1}/

05 9 v

/

10 20 30 40 50

Fig. 6. The decomposition of TMM and HMM in acetic acid/acetate buffer with
AcO~ =AcOH=0.1 mol 1™, (O) HMM and (V) TMM with 10% DMSO.
(O) TMM without addition of DMSO. Temperature. 25 °C [Reprinted with
permission from Ref. [2], Copyright Elsevier].

changed by going from primary to secondary methylol groups.
Possibly, the formation of SH* species may be somewhat
more favourable in the case of secondary methylol groups
while their reactivity become a little decreased.

In order to make a model simulation of HMM in a similar
way as that given for TMM, we have to take into consideration
that primary methylol groups decompose twice as fast as
secondary methylol groups. The various steps included are
shown in Scheme 4 below.

In the scheme A, symbolize the type of melamine
compound, where s is the number of secondary methylol
groups and p is the number of primary methylol groups. Thus,
Ago means HMM, A,; means MMM, A;, means unsub-
stituted melamine and so on.

The experimental rate constants for the decomposition of
primary and secondary methylol groups are, respectively, k'
and k”. Referring to a concrete case in phosphate buffer at pH
6.5 the rate constants as estimated above are K’ =6X10">h~!
and k"=3X10">h"" (Scheme 4).

Aeo —6 3 Auy + F %: 6k [Asol
Ay i—> Ay + F % = 4K [A4)]
As k—'> Ay + F ¥: K [As]
Ao L Aoz + F %: 2K [Ass]
Ays k_2> Ay + F %: 2K [Ag2]
Agp L Ay + F %; 4K [Aq 0]
Aoy b A+ $= 3K [Ags]
Ay k—1> Ao + F %: K [Asi]
Asy L Ay + F %: 2K [Agi]
Agp k—2> Aoy + F %: 2K [Ag,]
Aoo L) Aot + F %: 2k [Ag]
Ao L Ago + F ¥: K [Ao]

Scheme 4.
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The results of the Matlab computer simulations of the
decomposition of HMM, applying Scheme 4, are shown in
Figs. 7(a) and (b) and 8.

Fig. 7(a) and (b), shows the relative composition of the
reaction mixture as a function of time starting with a
normalized concentration of HMM = 1. The computed curves
are presented in two separate figures (a) and (b) in order to
make it easier to read.

Fig. 8 shows a first order plot giving the experimental rate
constant k as the slope to the curve. The rate constant steadily
increases with time and approaches the value for the
decomposition of primary methylol groups at high conversion.

Looking at the results with HMM in acetate buffer, shown in
Fig. 6, we can see that a plot of —In(1 —n) gives a straight line
up to high conversion. Here two counteracting effects are
operating which may outweigh each other. The decreasing
value of Kry+ during decomposition is expected to give a
decrease in the experimental rate constant k, but this may be
compensated by an increase in k due to a change from
secondary to primary methylol groups.

(@ 1
0.9

0.8

0.7
0.6
0.5
0.4
0.3

Normalized Concentration

0.2

0.1 ' ‘
sl ‘ : St~ : : -
o L= f ; T ; —_— ‘
25 30 35 40 45 50
Hours

Ci
c

Normalized Concentration

Fig. 7. (a) and (b) Matlab simulation of the decomposition of HMM showing
the relative composition of the reaction mixture as a function of time
(conditions adjusted to the case with TMM in phosphate buffer, Figs. 4 and 5).

2.5 e

In(1—n)

s s s SOt S s St S

0 5 10 15 20 25 30 35 40 45 50
Hours

Fig. 8. Matlab simulation of the decomposition of HMM showing a first order
plot where 7 is the degree of conversion of methylol groups (conditions
adjusted to the case with phosphate buffer applied in Figs. 4 and 5).

2.3. Theory on the condensation of methylol melamines

The condensation of methylol melamines in acid solution
with the formation of methylene bonds has been a subject of
great interest and many investigations have been presented in
the literature [4—8]. Related studies include the application of
melamine compounds as crosslinkers in the curing of coating
compositions [9,10].

It is generally accepted that the methylene bond formation
implies specific acid catalysis although it has been claimed that
the bimolecular condensation and also the curing of functional
alkydes with melamine-formaldehyde compounds takes place
by a conventional SN2 mechanism [11]. This suggestion, which
may be a question of semantics, seems rather unlikely and is
contradicted by the general and fundamental knowledge on the
subject acid-base catalysis described in the literature [12—14].
In catalysis by bases, however, there may often be an
ambiguity between general base catalysis and nucleophilic
catalysis [14]. Beyond question the self condensation of
melamine formaldehyde compounds and also their curing
with alkydes take place by a bimolecular reaction in the rate
determining step, while the hydrolysis of methylol- and
methoxymetyl melamines in dilute solution show first order
kinetics.

We have clearly shown that the reaction between TMM and
excess melamine leading to methylene bond formation takes
place by a specific acid catalyzed bimolecular reaction [15].
The initial second order rate constant passes through a
maximum as a function of [H™]. The position of the maximum
may be calculated from our model assuming that the activation
starts with proton addition to methylol group on neutral
melamine rings. It is, therefore, surprising to see that our
previous presentations have been erroneously interpreted in the
way that we should have given a Syl mechanism for the
condensation of methylol melamines [11,16].

The most comprehensive investigations on the acid
catalyzed condensation of methylol melamine compounds
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10

kX 10°(1/mol min)

Fig. 9. Observed curve (k vs. pH) at 35 °C: (—), inflection points; (@), for
M1.97Fo; for M2.95F [Reprinted with permission from Ref. [7], copyright
Japan Chemical Society].

have been done by Sato and co-workers [5-7]. Studying the
self condensation of trimethylol melamine (M2.95F) and
dimethylol melamine (1.95F) they obtained the profiles
shown in Fig. 9 of the initial overall rate constant k& vs pH,
defined by R0=k[MnF]2, where R, is the initial rate of
formation of methylene linkages, and [M,F] is the concen-
tration of the methylol compound. Assuming several different
theoretical possibilities for the condensation reaction it was
concluded that in the pH range 2-7 the experimental results
were best fitted to a rate expression based on:

Ry = k,[MCH,OH][HM " CH,OH]
+ k3[MCH,OH] [MCH;']
= kj[MCH,OH][HM *CH,OH] (17)

where k) =k, + k;(K,/K,), K; and K, being equilibrium
constants defined by: Scheme 5, i.e. the methylol melamine
molecule MCH,OH is in equilibrium with the conjugate acid
HM * CH,OH (ring protonation) and the carbonium ion MCH}
(side group activation). Note the direction of the equilibrium
constants K; and K.

By a mass balance and application of the equilibrium
constants K; and K, the second order experimental rate

constant would become:
K K [HT
__ kKl +] ; (18)
(I +K[H]

K

MCH0H + H* =~ HM'CH,0H
MCH,0H + H* =%£> MCH," + H,0

Scheme 5.

Eq. (18) has a maximum value when [Ht]= Kl_l. If we assume
the value of k} to be the same for (M1.95F) and (M2.95F) ky,ax
would be (1/4)k} in any case.

Experimentally, it was found that the rate constant & for the
self condensation of TMM is about three times higher than that
of DMM at their respective maximum points as shown in
Fig. 9. This might be explained by a difference in the value of
k5, but this is rather unlikely.

It seems more probable that one by introduction of k} has
lost some important details of the condensation reaction. If it is
assumed that the ring protonation leads to unreactive species
while side group protonation gives the reactive species, the rate
in the pH range 2—7 would be given by:

Ry = k[MnF]2 = ks [MCHZOH][MCH;] (19)
Here, the initial concentrations are:

[Mn F] 0 [Mn F]o

MR, O = e K HF] 1+ K, 0] (20)
(K> K3)

+ +
[MCHZ] M FIpKHT] M, FloKy[H™] 21

14K, FK)HT] 14K [HT]

Insertion of Egs. (20) and (21) in the rate expression (19)
gives:

ksK,[H']

T (KT =

Applying Eq. (22) we may now calculate the rate constant k
at the maximum points for DMM and TMM. K, values may be
taken from the position of the maximum points on the pH scale
where as said [H']=K;!, giving K;rmmy=10"" and
Ko = 10",

These values are in good agreement with literature values
determined by other methods [1].

With DMM having a max point at pH 4.5 we get:
10_4'5 _ k3K2

(1+1073 X 107572~ 4

k = kK, X 107+ (23)

With TMM having a maximum point at pH 4.0 we get:

10740 _ kK,
(1 + 10740 % 10—4.0)2 4

From Egs. (23) and (24) we finally get:

k = kK, X 1070 (24)

kTMM _ 10—40

=32

kDMM

104.5

The theoretical treatment is in accordance with the
experimental result.

3. Conclusion

Experimental results given in the literature on the hydrolysis
of methylol melamines as well as condensation of methylol
melamines in acid solution may be explained by a model
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assuming that side group activated species are the reactive
ones. Ring protonation on the other hand leads to deactivation.

Acknowledgements

Permissions from Elsevier to reproduce Figs. 1-3 and 6, and
from Japan Chemical Society to apply Fig. 9 are highly
appreciated.

References

[1] DixonJK, Woodberry NT, Costa GW.J Am Chem Soc 1947;69:599-603.

[2] Berge A, Kvaven B, Ugelstad J. Eur Polym J 1970;6:981-1003.

[3] Sato K, Maruyama K. Makromol Chem, Macromol Chem Phys 1981;182:
2233-43.

[4] Okano O, Ogata Y. J Am Chem Soc 1952;74:5728-31.

[5] Sato S. Bull Chem Soc Jpn 1967;40:2963—4.

[6] Sato S. Bull Chem Soc Jpn 1968;41:7-17.

[7] Sato K, Naito T. Polym J Jpn 1973;5:144-57.

[8] Tashiro T. Makromol Chem, Macromol Chem Phys 1973;167:
249-59.
[9] Blank WI. J Coat Technol 1979;51:61-70.

[10] Bauer DR, Budde GF. J Appl Polym Sci 1983;28:253-66.

[11] Holmberg K. Studies on the mechanism of the acid catalysed curing of
alkyd-melamine resin systems. In: Parfit GD, Patsis AV, editors.
Proceedings of the fourth international conference in organic coatings
science and technology, vol. 2. Westport, USA: Technomic Publishing
Co., Inc.; 1980. p. 76-82.

[12] Jencks WP. Catalysis in chemistry and biochemistry. New York:
McGraw-Hill; 1969.

[13] Bender ML. Mechanism of homogeneous catalysis from protons to
proteins. New York: Wiley-Interscience; 1971.

[14] Bell RP. The proton in chemistry. 2nd ed. London: Chapman and Hall;
1973.

[15] Berge A. Studies on melamine resins. In: Parfit GD, Patsis AV, editors.
Proceedings of the third international conference in organic coatings
science and technology, vol. 1. Westport, USA: Technomic Publishing
Co., Inc; 1979. p. 23-34.

[16] Paul S. Industrial resins. In: Paul S, editor. Surface coatings science and
technology. 2nd ed. Chichester: Wiley; 1996 [chapter 2].



	Melamine formaldehyde compounds. The active species in acid catalyzed reactions
	Introduction
	Discussion
	Theory on the decomposition of methylol melamines
	Computer simulation of the decomposition of methylol melamines
	Theory on the condensation of methylol melamines

	Conclusion
	Acknowledgements
	References


