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Kinetics on Cocondensation between Phenol and
Urea through Formaldehyde I.

Pseudo-first-order reaction of monomethylolphenol and urea*'
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The kinetics of the reactions of methylolphenols and urea were investigated using 2- and 4-
hydroxybenzyl alcohols. The high-performance liquid chromatography (HPLC) using a reverse-
phase column gave a clear separation between methylolphenols and hydroxybenzylureas. The molar
ratios of hydroxybenzylureas to the corresponding methylolphenols in reaction mixtures were
obtained from the ratios of peak areas of the chromatograms by using transfer factors corrected by
quantitative '*C-NMR (carbon 13 nuclear magnetic resonance) measurements. The reactions of 2-
and 4-hydroxybenzyl alcohols with excessive amounts of urea were found to follow the pseudo-first-
order reaction. It was found that the pseudo-first-order rate constant for the formation of 4-
hydroxybenzylurea is at least ten times greater than that of 2-hydroxybenzylurea. The reactivities
of the two hydroxybenzyl alcohols also were investigated in terms of pH and kinds of acids used as
catalysts. The pH dependencies of the pseudo-first-order rate constants were represented by linear
equations in terms of hydrogen ion concentrations. It was found that the reactivity of 2-hydroxyben.
zyl alcohol is enhanced considerably by a zinc acetate/sulfuric acid system.
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1. INTRODUCTION

Combining urea into phenol-formaldehyde (PF)
resins as true copolymers would bring together the
durability of PF resin with the low cost of urea-
formaldehyde (UF) resin. Minimum effort has been
directed to developing this type of resin system here-
tofore because of the basic incompatibility of the
curing properties of the two resins. Water-soluble PF
resins are normally cured in the alkaline state, where-
as urea-formaldehyde resins are cured in the acidic
state. In a previous work, bridging between PF and
UF resins by reactions under acidic conditions was
detected by *C-NMR (carbon 13 nuclear magnetic
resonance) spectroscopy.?

Our recent works has resulted in the isolation of the
basic cocondensation products of methylolphenol and
urea.*¥ Several new cocondensed compounds and
cocondensed resins have been identified and verified
for the first time by “C-NMR spectroscopy. These
results will provide a scientific and technological
basis for the development of long-sought cocondensed
phenol-urea-formaldehyde resins. There is every
expectation that these co-condensation products
could lead to many innovative application if the
effects of the reaction coditions on kinetics were
determined.

When these copolymers are synthesized from
polymethylolphenols and urea, o- and p-methylol
groups will react with urea simuitaneously. There-
fore, these cocondensations are considered to inovolve
two different reactions: namely, concurrent or com-
petitive reactions. The chemical structures of the
copolymers were influenced greatly by the differences
of the reactivities between o- and p-methylol
groups.®

This paper discusses the establishment of the ana-
lytical method to determine the chemical kinetics of
cocondensation using two model compounds, 2-
hydroxybenzyl alcohol (o-methylolphenol) and 4-
hydroxybenzyl alcohol (p-methyloiphenol). Further-
more, the effects of acidity (pH) and kinds of acids
used as catalysts on the cocondensations are discus-
sed.

2. EXPERIMENT

2.1 Reaction of wrea with 2- and 4-hydroxybenzyl
alcohols

Industrial grade urea and reagent grades 2- and 4-
hydroxybenzyl alcohols (Aldrich Chemical Company,
Inc.) were used. Several reactions were performed by
changing the reaction conditions. Each hydroxyben-
zyl alcohol (1.0g, 0.0081 mol) and urea (10.0g, 0.17
mol) were dissolved in 200 ml of water. The mixtures
were adjusted to the desired pH levels by using sulfu-
ric acid, hydrochloric acid, nitric acid acetic acid,
oxalic acid, citric acid, and zinc acetate/sulfuric acid.
The molar concentrations of the hydroxybenzyl alco-
hols and urea were maintained the same through all
experiments. The mixtures were put in three-necked
flasks equipped with condensers and stirrers, and
maintained at 80°C. Each pH was adjusted during the
reaction by sodium hydroxide or a corresponding
acid,andasamplewastakeneverymmmandfreeze
dried after neutralizing .
2.2 "C-NMR measurement

Each freeze-dried sample was dissolved in pyridine
-d,, and its quantitaive NMR spectrum was obtained
with an AC-P 300 spectrometer (Bruker) at a fre-
quency of 75.0 MHz and a pulse delay of 4 sec with
inverse decoupling of the proton. Quantitative date
were based on integration values. Chemical shifts
were calculated by defining the center of three signals
of pyridne-d, that appeared in the upper magnetic
field at 123.6 ppm.
2.3 High performance liquid chromatography

Each dried sample was dissolved in a mixture of
water and acetonitrile, and analyzed by a liquid
Chromatograph ALC/GPC with R-401 Differential
Refractometer (Waters Associates). One reverse
phase column, Zorbax CN (Du Pont), was run using
the mixture of water-acetonitrile (8/2v/v for the
reaction of 2-hydroxybenzyl aicohol and 8.5/15 for
that of 4-hydroxybenzyl alcohol). The flow rates
were 0.5ml/min. Quantitative analyses were based
on peak areas.



Vol. 41, No. 6, 1995]

Cocondensation of Methylolphenol with Urea 549

3. RESULTS AND DISCUSSION

3.1 Analysis of reactions of momomethylolphenols
and urea

The reaction of monomethyloiphenol with urea
under acidic conditions involves two kinds of conden-
sations : one is cocondensation, and the other is self-
condehsation of the methylolphenol. If an excessive
amount of urea is employed, the self-condensation of
the methylolphenol will be suppressed, and the con-
densation will dominate the reaction to produce
hydroxybenzylurea derivatives.

In a previous report,? gel-permeation chromatogra-
phy was used to analyze the reactants of ures and 2-
hydroxybenzyl alcohol or 4-hydroxybenzyl alcohol.
However, the separation of chromatograms was too
poor to be applied in the determinations of chemical
kinetics. On the other hand, '*C-NMR spectroscopy
was powerful enough to determining kinetic data.”
However, the quantitative measurements of *C-NMR
require many accumulation times and are not very
available for kinetic works. During the course of
finding other analytical methods, high-performance

liquid chromatography (HPLC) using a reverse-phase
column was found to show a clear separation of the
reaction mixtures.

2-Hydroxybenzylurea

Z-Hydroxybenzyl alcohal

/___

L 1 L1 1 1 1 J

“ ¢
ELUTION VOLUME (mi)
Liquid chromatogram of the reaction mix-

ture of 2-hydroxybenzy! alcohol and an
excessive amount of urea.

Fig. 1.

Fig.2. '*C-NMR spectrum of the reaction mexture of 2-hydroxybenzy! alcohol and an

excessive amount of urea.

Note: The same sample as used in Fig. 1 was measured.
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Fig.3. Liquid chromatogram of the reaction mix-
ture of 4-hydroxybenzyl alcohol and an
excessive amount of urea.

Figure 1 shows the chromatogram of one of the
reaction mixtures of 2-hydroxybenzyl alcohol and an
excessive amount of urea. A good separation of the
cocondensed product, 2-hydroxybenzylurea, from the
starting compound, 2-hydroxybenzyl alcohol, is obser-
ved. In the “C-NMR spectrum of the same sample
(Fig. 2), the formation of 2-hydroxybenzylurea was
identified by the presence of the signal at 40.5 ppm.”
Furthermore, the formation of self-condensation with
methylolphenol was denied by the abeence of a signal
at about 36 and 30 ppm.*”

Figm3drmﬂnchromatognmofﬁtereaction
mixture of 4-hydroxybenzyl alcohol and an excessive
amount of urea. A good separation between the
starting compound and the product is recognized.
The *C-NMR analysis confirmed the formation of 4
-hydroxybenzylurea because a signal due to the
cocondensed methylene carbon was observed at “2
ppm?® It also excluded the occurrence of self-
condensation with the methylolphenol because of the
absence of signals in the magnetic field between 30
and 42 ppm as shown in Fig. 4.4”

3.2 Determination of psendo-first-order rate constant

From the results in the previous. section, it can be

said that the suppression of the self-condensation of
methylolphenols was achieved. Therefore, the cocon-
densations were suggested to follow the peeudo-first-
order partly because the concentration of urea can be
considered to have stayed constant during the reac.
tion by employing an excessive amount of urea.

The equation of integral form for the peeudo-first-
order reaction can be written as:

—kt=In ((MP]/[MP,),

where [MP), is the initial molar concentration of
methylolphenol, [MP), is the molar concentration of
methylolphenol at the reaction time of t, and k
(min-!) is the peeudo-first-order rate constant.
Therefore, if the reaction follows the peeudo-first-
order, the plot of In (IMP),/[MP],) against reaction
time will give a straight line, and the slope will indi-
cate the rate constant.

Thedaureqdredfortbekinaicswmobtﬁmdby
theHPLCanalysesofthereacuminthemof :
reaction. However, the peak intensities of HPLC
generally are dependent on the sensitivities of the
compounds to be analyzed. On the other hand, it is
accepted that the relative ratios of signal intensities
in quantitative *C-NMR spectra represent the molar
ratio, and the quantitative erTors are considered to be
within 59 because measurements are performed with
mowhofapdoedehytimofuecwithmeinm
decoupling of the proton. For example, a methylene
carbon of 4-hydroxybenzy! alcohol gave a signal at
64.7 ppm, and a methylene carbon of 4-hydroxyben-
zylurea gave one at 44.2ppm as shown in Fig. 4.
Therefore, the ratio of intensities of these two signals
indicates that the molar ratio of the two compounds
is within a 5% error. The quantitative data between
the HPLC and the NMR analyses, which were aver-
moffwmmmredinTablel.
The ratio of l—hydroxybmzylwu/bhydroxybmzﬁ
alcohol was 0.96 in the NMR analysis, and 1.27 in the
HPLC analysis for the same sample. Therefore, the
transfer factor to obtain the molar ratio from HPLC
data was determined to be 0.76 (0.96/1.27). Thus, the
molar ratio can be obtained by multiplying the HPLC
ratio by the transfer factor. For the ratio of 2-
hydroxybmzylum/khydmxybenzyl alcohol, it also
was determined to be 0.72 as shown in Table 1. Itis
noted that these transfer factors always include quan-
titative errors within 5%, and that they are applicable
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BC-NMR spectrum of the reaction mixture of 4-hydroxybenzyl ‘alcohol and an

excessive amount of urea.

The same sample as used in Fig. 3 was measured.

Table Comparison of quantitative measurements of reaction mixtures of hydroxybenzyl alcohols with urea
between HPLC and *C-NMR spectroscopy.
Ratios of hydroxybenzylurea
Kinds of reactions to hydroxybenzyl alcohol Transfer® factors
3C-NMR HPLC
2-Hydroxybenzyl alcohol 0.78 1.8 . 0.72 i
4-Hydroxybenzyl alcohol 0.96 1.27 . 8.78

Transfer factors are the ratios of HPLC data to NMR data.

only to the solvent systems used in this experiment.
Other solvent systems will cause changes of the fac-
tors because of the differences of sensitivities.

Thus, the values of [MP),/[MP], required for
kinetic calculations could be obtained by assuming
that the sum of the concentrations of hydroxybenzyl
alcoho] and corresponding hydroxybenzylurea has not
changed during the reaction.

Figure 5 shows the result of kinetic plots for the
reaction of an excessive amount of urea with 2-
hydroxybenzyl alcohol as well as that with 4-hydrox-
ybenzyl alcohol. Both reactions were performed
under the same conditions of pH 2.5 catalyzed by
oxalic acid. As these plots of In ({MP],/[MP],)

against reaction time gave straight lines, it was con-
cluded that the co-condensations between the meth-
ylolphenols and urea well-follow the pseudo-first-
order reaction. It also was concluded that the rate
constant for the formation of 4-hydroxybenzylurea is
at Jeast ten times larger than that for the formation of
2-hydroxybenzylurea.
3.3 Effects of pH on the rate constant of cocondensa-
tion

The reaction of 4-hydroxybenzyl alcohol with an
excessive amount of urea was performed at various
levels of pH at 80°C. Original kinetic plots on the
reaction catalyzed with oxalic acid are shown for
various levels of pH in Fig.6. The pseudo-first-order
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Fig.5. Kinetic plots for the reactions of methylol-

phenols. with excessive amounts of urea
under pH 2.5 catalyzed by oxalic acid.

Legend: (MP], is the initial concentration of meth-
yloiphenol. {MP], is the concentration of
methylolphenol at the reaction time of t.
OMP is o-methylolphenol, and PMP is p-
methylolphenol. k is the pseudo-first-order
rate constant.

n ([MP]./[MP].)

pH 2.5

1 ] A

240 300

0 60 120 180
TIME (min

rate constants at respective pH levels were deter-
mined by the least-square method using data from
several reaction times. As the reactivity of 2-hydrox-.
ybenzyl alcohol was quite small, which had been
suggested in the preceding reports,™ it required a
longer reaction time to obtain kinetic date under
weakly acidic condition above pH 3.5. Therefore, the
reactions were performed only at 2.5 and 3.0, and the
kinetic plots for pH 2.5 and 3.0 are shown in Fig.7.
Both reactions also well-followed straight lines. The
peeudo-first-rate constants also were determined by
theluu-nquaremethodusimdanfrommenlrea.
tion times.

Table 2 summarizes the peeudo-first-order rate
constants determined for the formations of 2- and 4-
hydroxybenzylureas at various pH levels catalyzed
with oxalic acid and sulfuric acid. In the case of the
reactions catalyzed with oxalic acid, the following
two equations could be derived between the pseudo-
first-order rate constants (k, and k,, respectively)

1n ([MP],/[MP}.)

0 60 120 180 240 300
TIME (min)

Kinetic plots for the reactions of o-methylol-

phenol with an excessive amount of urea

under the pHs of 25 and 3.0 catalyzed by
oxalic acid.

e

Fig.7.

Fig.6. Kinetic plots for the reactions of p-methylol-

phenol with an excessive amount of urea
under various pHs catalyzed by oxalic acid.
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Table 2. The pseudo-first-order rate constants (k) for the reaction of hydroxybenzyl alcohol and an excessive
amount of urea at various pH levels catalyzed with oxalic acid and sulfuric acid.

Kinds of hydroxybenzyl alcohol Kinds of catalysts pHs Rate constant k, min!
4-Hydroxybenzyl alcohol Oxalic acid 2.5 9.2x10-?
B 3.0 3.3x10"?
Sulfuric acid 2.5 9.0x10°*
3.0 3,0x107?
2-Hydroxybenzy! alcohol Oxalic acid 4.6x10"*
1.9%10~*
Sulfuric acid 2.5 1.2x10°°
3.0 5.2x10~*

Table 3. Reactivity ratios (ko/k,)* of 2- and 4-hydroxybenzyl alcohols in the cocondensation with urea at pH

2.5 and 3.0 catalyzed by various acids.

Kinds of acids pHs ke, min~! k,, min™* ko/k,
Sulfuric acid 2.5 1.2x10-* 9.0x10"* 0.13
Oxalic acid 2.5 4.6x10" 9.2x10"* 0.05
Hydrochloric acid 2.5 1.3x10* 9.3x10°? 0.14
Nitric acid 2.5 1.4x10* 9.5x%10"* 0.15
Zinc acetate/sulfuric acid 2.5 2.1x10"? 9.6x10-* 0.22
Sulfuric acid 3.0 5.2x10°¢ 3.0x10°? 0.17
Oxalic acid 3.0 1.9%10™ 3.3x10°* 0.06
Acetic acid 3.0 9.9x10°* 3.3x107 0.03
Citric acid 3. 6.6%10~ 3.4x10~ 0.20

* k, is the pseudo-first-order rate constant for 2-hydroxybenzy! alcohol (¢o-methylolphenol), and k, is that for

4-hydroxybenzyl alcohol (p-methylolphenol).

and the hydrogen jon concentration [H*].
For the formation of 2-hydroxybenzylurea :
ko=0.12x% [H*]+6.6x10-*,
For the formation of 4-hydroxybenzylurea :
ky=10x[H*]+4.7x10".
The second terms of the equations represent the rate
constants when the reactions are employed under the
neutral condition of pH 7.0. Because pH is defined as
the logarithm of a reciprocal of hydrogen ion concen-
tration, both equations mean that the rate constants
increase by almost one order of magnitude with
decreases of the pH by one, that is, increases of [H*]
by one order. It is easily realized from values of
coefficients of the first terms of these two equations
that the reactivity of 4-hydroxybenzy! alcohol is ten
times more than that of 2-hydroxybenzyl alcohol at
every pH level. It is noted that the absolute values of
these rate constants will be changed by other reaction
conditions including molar concentration, molar
ratio, and temperature. -
3.4 Effects of kinds of acids on reactivity of methylol-
phenols
The effects of types of acids on the reactivities of

methylolphenols in the cocondensation with urea
were investigated at the two pH levels of 2.5 and 3.0
using seven kinds of catalysts. The molar concentra-
tions of methylolphenols and urea were kept constant
to exclude the effects of concentrations on kinetics.
Each reaction well-followed the pseudo-first order
within a small error. The average pseudo-first-order
rate constants are summarized for seven catalysts at
pH 2.5 and 3.0 in Table 3, where k, is the rate constant
for o-methylolphenol and k, is for p-methylolphenol.
There are not great differences in the reactivity ratio
of ko./k, among the four catalysts ; namely, sulfuric
acid, hydrochloric acid, nitric acid, and oxalic acid.
However, considerable enhancement of the reactivity
of o-methylolphenol could be recognized when the
mixture of zinc acetate/sulfuric acid was employed as
the catalyst. Citric acid enhanced it slightly, and, on
the other hand, acetic acid reduced it remarkably.

It is very interesting that the reactivity of o-meth-
ylolphenol was enhanced by the catalyst system of the
zinc acetate/sulfuric mixture, whereas that of p-
methylolphenol was maintained as almost the same
level of other catalysts. The interpretation of the
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enhancement depending upon the type of catalyst
must be done with care. The formation of the
chelates as transient compounds can be considered as
occurring between zinc ion and ¢-methylolphenol.® If
this transient complex enhances the strength of the
benzylic cation, the reactivity of o-methylol group
will be increased in the reaction with urea. In the
present experiments, the chemical equivalent of zinc
acetate employed was a half of methylolphenols. If
the amount of zinc acetate is varied, more enhance-
ment of the reactivity of the o-methylol group may be
expected. Furthermore, the investigation of other
compounds, including bi-valent metal, will be encour-
aged.

4. CONCLUSION

The cocondensations of 2- and 4-hydroxybenzy!
alcohols with excessive amounts of urea under vari-
ous acidic conditions were found to follow the pseudo-
first-order reaction, and the reactivity of 4-hydrox-
ybenzyl alcohol was approximately ten times greater
than that of 2-hydroxybenzyl alcobol. Although
great differences in the reactivity of 2-hydroxybenzyl
alcohol could not be recognized among most of acid
catalysts used in the present experiment, it was en-
hanced considerably by the catalyst system of the zinc
acetate/sulfuric acid mixture. If the reactivity of the
o-methylol group is so little, many unreacted meth-
ylol groups remain in the cocondensed resin, and the
cocondensation is terminated at small molecular-
weights when the resins are prepared from polymeth-

ylolphenols and urea. Therefore, an investigation on
the kinetics of other catalysts, including bi-valent
metal, is expected as well as is the synthesis of cocon-
densed resins using these types of catalysts.

Acknowledgements A part of this work was
performed under Research Agreement No. 19-91-020
between the University of Tokyo and the USDA
Forest Service, Southern Forest Experiment Station,
as well as a Grant-in-Aid for Scientific Research (No.
01560176) from the Ministry of Education, Japan.

REFERENCES

1) Tomita, B.; Matsuzaki, T.: ACS Polym. prepr.,
24(2), 165-168 (1983).

2) Tomita, B.; Matsuzaki, T.: Ind Eng. Chem.
Proc. Res. Dev., 24, 1-5 (1985).

3) Tomita, B.; Hee,C. Y.: /. Polym. Sci.: Part A:
FPolym. Chem., 30, 1,615-1,624 (1992).

4) Tomira, B.; Hee, C.Y.: Mokuzai Gakkaishi, 39
(11), 1,276-1,284 (1993).

5) Tomita, B.; Ohyama, M.; Ito, A.; Doi, K.;
Hse, C. Y.: ibid., 48(2), 170-175 (1994).

6) de Breet, A.].J.; Dankelman, W.; Huysmans,
W.G.B.; de Wit, J.: Angew. Mokromol. Chem.,
62, 7-31 (1977).

7) Pasch, H.; Goetzky, P.; Grundemann, E.;
Raubach, H.: Acta Polymerica, 82, 14-18 (1981).

8) Knop, A.; Pilato, L.A.: “Phenolic Reains”,
Springer-Verlarg, 1983.



