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ABSTRACT: Kinetics of the base-catalyzed self-condensation of 4-hydroxymethylphenol (4-HMP) was investigated
for the purpose of clarifying the mechanisms of the phenolic resin curing. In order to determine the order of reaction,
the dependence of the initial rate of reaction on the initial concentration of the reactant was closely investigated under
a wide range of reaction conditions. It was found that the order of reaction was around 1.3. An analysis revealed that
unimolecular- and bimolecular reactions occur simultaneously as the rate-determining steps. This is different from the
case of the self-condensation of 2-hydroxymethylphenol (2-HMP) where the order of reaction was found to be 1.0 that
means only unimolecular reactions take place as the rate-determining step. The rate of reaction due to the unimolecular
process could be explained quantitatively by the rate equation based on a quinone methide intermediate hypothesis. The
rate of reaction due to the bimolecular process could be explained quantitatively by the rate equation that assumed the
following three types of reactions: reactions occurring (1) between two undissociated 4-HMP molecules, (2) between an
undissociated 4-HMP molecule and a dissociated 4-HMP molecule, and (3) between two dissociated 4-HMP molecules.
As to the bimolecular reactions, the authors suggest thatBeype mechanism in which the negatively charged 2- or
4-position of the phenolate ion attacks the methylol carbon of the other molecule is insufficient to explain the kinetics.
KEY WORDS Phenolic Resin / 4-Hydroxymethylphenol / Self-Condensation / Kinetics / Reaction
Mechanisms /

Alkaline phenol-formaldehyde (PF) resin is one tained among the experiments carried out with differ-
of the most important adhesives for manufactur- ent initial concentrations of the react&nDoes the re-
ing wood-based materials. The major part of the action mechanism change with the reaction conditions,
curing (hardening) of the PF resin is ascribed totoo? Incidentally, as any means for direct observation
the condensation reactions of hydroxymethylphenolsof the activated complexes or intermediates have not
(HMPs). Although quite a few papers have been pub-been found yet, kinetics is the last means to investi-
lished on the condensation reactions of model com-gate the reaction mechanism. Here, we notice that al-
pounds (HMP monomers)the reaction mechanisms most all of the previous kinetic studies adopted only
have not been clarified yet. There are many dis-a graphing method that plots a function of the reac-
crepant experimental results and interpretations. Yedtant concentration against the reaction tireg,., log
danapalli proposed aN@-type mechanism in which (a- X) vs. t or x/(a — X) vs. t, wherea and x repre-
the negatively charged 2- or 4-position of a phe- sent the initial reactant concentration and the decrease
nolate ion attacks the methylol carbon of anotherin the reactant concentration in timh@espectively, and
molecule for the reactions of 2-hydroxymethylphenol concluded the reactions to be of the first-order or of the
(2-HMP), 4-hydroxymethylphenol (4-HMP), and 2,4- second-order. This graphing method, however, some-
dihydroxymethylphenol (2,4-DHMP). This mecha- times leads to misunderstanding. It gives correct re-
nism has been cited in many textbodKbimolecular  sults only in the case where reaction products have no
reaction theory). On the other hand, Jones reported thagffect on the reaction. In the base-catalyzed condensa-
the self-condensation of 2,4,6-trihydroxymethylphenol tion of HMPs, reaction products take part in the reac-
(THMP) was first order with respect to the concen- tion with the starting reactant. That is, the rate of reac-
tration of THMP, and proposed a quinone methide in-tion, —dx/dt, cannot be expressed by a simple equation
termediate hypothedigunimolecular reaction theory). composed of only one term of the reactant concentra-
Which is true? Or, does the mechanism change withtion. Therefore, there is a possibility of error being in-
the species of reactant? Moreover, even in the caseluded in the previous findings. Thus, we consider that
of the self-condensation of the same model compoundit needs close reexamination of each of the condensa-
different results on the order of reaction have been ob-+ion reactions of HMPs. We previously have confirmed
iTo whom all correspondence should be addressed. the order of reaction of the self-condensation of 2-HMP
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to be 1.0 from the linear relationship between the initial HPLC Analysis

rate of reaction and the initial concentration of 2-HMP. A SHIMADZU 10AD liquid chromatograph was
This paper deals with the self-condensation of 4-HMP,used. The following conditions were adopted: column:
the other one of the two monohydroxymethylphenols. Intersil ODS-3 (fum, 4.6 x 250 mm) (GL SCIENCE);
The difference between the two HMPs is the location of solvent: water-acetonitrile gradient system (starting
the hydroxymethyl group on the phenolic nucleus. In- with the water/acetonitrile volume ratio of 5/95, 50/50
cidentally, Yeddanapalli and Francis observed the self-at 10 min, 0/100 after 25 min); flow rate: 1.0 mL min
condensations of both the two HMPs to obey the first-column temperature: 2€; detection: UV 280 nm.

order rate equation, though they considered the reac-

tions to be of pseudo first-ordeémplying no difference  LC/MSAnalysis

in the mechanism of the formation of activated complex A HITACHI M-1200 AP/ES Mass spectrometer was

in the rate determining step. used. The following conditions were used: column,
solvents, gradient ratios, column temperature, flow
EXPERIMENTAL rate, and detection in the LC part: the same as those
in the HPLC analysis; ionization: APCI (negative);
Materials neubulizer temperature: 30D; desolvator tempera-

4-HMP (99%) was purchased from Aldrich Chemi- ture: 400C; drift: 60 V.

cal Company Inc.
NMR Analysis

Analysis of the Self-Condensation Reaction of 4-HMP A JEOL JNM-AL 400 FT NMR Spectrometer was

4-HMP was dissolved in an aqueous sodium hydrox-used. *H- and 3C-NMR spectra were obtained with
ide (NaOH) solution at room temperature, and thenthe use of deuterated dimethyl sulfoxide (DM$§)-as
1mL portions of the solution were sealed in glass a solvent and tetramethylsilane as the internal standard.
ampules. Each ampule was immersed in a constant-
temperature bath for its allotted time to make the re- RESULTS AND DISCUSSION
action progress. Then the ampule was cooled in an
ice-containing bath and thereafter it was diluted with
acetonitrile-water solution containing acetic acid of a Reaction Productsin the Early Siage of Reaction
required amount for neutralizing the reaction system. Figure 1 shows a HPLC chromatogram of the re-
After being made a known volume with the use of a vol- action system in an intermediate stage of reaction.
umetric flask, the reaction system was subjected to higHEleven absorption peaks exist in this chromatogram.
performance liquid chromatography (HPLC) and liquid LC/MS and**C NMR analyses gave the assignment
chromatography-mass spectrometry (LC/MS) analyses.

The self-condensation reactions were carried out with 2 1: 2,4-DHMP

various initial concentrations of 4-HMP and NaOH/4- 2 4-HMP

HMP_ molar ratios. A carponate-free agueous NaOH i 2:;:13‘3%‘?;: 260)
solution and degassed deionized-water were used. For 5: 5-hydroxymethyl-2,4'-

the identification of reaction products, fractions col- dihydroxydiphenylmethane

lected by a preparative HPLC system were subjected 6: dimer (MW = 230)

to nuclear magnetic resonance (NMR) analyses. The ;‘ ;";‘f‘:;fhﬂ‘:w =§'_3613 et
changes in the concentration of 4-HMP during the re- 0 oot idencifiod enylmethane
action were calculated from the corresponding peak_ar- 10: trimer (MW = 306)

eas of the HPLC chromatograms. The rate of reaction 11: tetramer (MW = 412)

at an arbitrary time was determined as ([4-HMP]

[4-HMP]:2)/(to — t1), and it was plotted against time,

(t> — t1)/2, and the value at time zero obtained by ex- .
trapolation was taken as the initial rate of reactiBy),(

where [4-HMP]; and [4-HMP), denote the concentra- __L
tions of 4-HMP at timql _qndtz, respectiyely. The de- 5 o % % 70 50 i)
pendence oR, on the initial concentration of 4-HMP

([4-HMPJ;) was investigated with fixed NaOH/4-HMP Figure 1. HPLC chromatogram of a reaction system. Reaction
molar ratios conditions: [4-HMP]: 0.1 mol L%; NaOH/4-HMP molar ratio, 0.5;

temperature, 10@; time, 120 min.
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Figure 2. A time-course of the formation of reaction products. Figure 3.

._' 5-HM-2,4-DPM, O, 4,4-DPM, V, trimer (MW = 306), A, centrations of 4-HMP. Reaction temperature: XDONaOH/4-
trimer (MW = 336), ¢, tetramer (MW= 412), x , 2,4-DHMP. HMP molar ratiosO, 0.25:01, 0.5; A, 0.75:<, 1.0.
Reaction conditions: [4-HMR]0.1 mol L™; NaOH/4-HMP molar

ratio, 0.5; temperature, 100. -1.5 S A A A B B AL O et e

Initial rates of reaction plotted against the initial con-

of each peak as shown in the figure. In the early

stage of reaction two dimmers, 5-hydroxymethyl-2, )
4’-dihydroxydiphenylmethane (5-HM-2DPM), and

4,4 -dihydroxydiphenylmethane (4;4DPM) appeared

as the reaction products, and then emerged two trimers gz~ 25
with the molecular weight of 306 and 336 followed by & ’
a tetramer with the molecular weight of 412 and 2,4- —
dihydroxymethylphenol (2,4-DHMP). Figure 2 shows

a time-course for the formation of reaction products. -3
In this figure, the amounts of reaction products are

shown in terms of relative peak areas in the HPLC chro-
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matograms on the basis of the peak area for 4-HMP at R S
reaction time of zero. It can be seen that the forma- -1.2 -1 -08-06-04-02 0 0.2
tion of two trimers, a tetramer and 2,4-DHMP (reaction log [4—HMP]i

product of 4-HMP with formaldehyde) starts in a fairly _ o
early stage of reaction and becomes significant as th&'94r® 4 LogR vs. log [4-HMP] plot. Reaction conditions:
. . the same as those in Figure 3.
reaction progresses. This indicates that the rate of de-
crease in the concentration of 4-HMRI[4-HMP)/ct,  HMP];) was investigated. Figure 3 shows tRevs. [4-
cannot be expressed by a simple equation composeb'MP]i plots for the reactions carried out with various
of only one term of [4-HMP]. That is, the previously NaOH/4-HMP molar ratios. As this figure shows,is
mentioned graphing method based on the integral fornf10t proportional to [4-HMR] That is, the reaction is
of the first-order or the second-order rate equation isnot of first-order. Figure 4 shows the logarithmsRpf
not suitable for the analysis. Figure 2 also shows thatPlotted against the logarithms of [4-HMPNearly lin-

the two dimmers (5-HM-24-DPM, and 4,4DPM) are  €ar relationships were obtained. From the slopes of the
formed nearly in the same rate in agreement with thelines it was found that the order of reaction was around

statement by Grenier-Loustalot and Oth%rsl 1.3 in the region of NaOH/4-HMP molar ratio of 0.3—
1.0 and of the 4-HMP concentrations below 1.0 mol
Order of Reaction L~1. Incidentally, the order of reaction at NaOH/4-

To determine the order of reaction strictly, the de- HMP molar ratios lower than 0.3 could not be deter-

pendence of the rate of reaction in the very early stagenined because of the low solubility of 4-HMP.
(Ri, (-d[4-HMP]/dt);) on the initial concentration ([4-
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Figure 5. R/[4-HMP]; vs. [4-HMP]; plot. Reaction conditions: CH,OH KJ\CHZOH
the same as those in Figure 3. OH o‘ . +
+ + H0 H,0

HCHO  HCHO
Dependence of R; on the NaOH/4-HMP Molar Ratio

The value ofR; increased with an increase in the
NaOH/4-HMP molar ratio until it reaches the maxi-
mum at around the NaOH/4-HMP molar ratio of 0.3: late both the rates of reactions by the unimolecular pro-
thereafter it decreased as the molar ratio increased (recess and by the bimolecular process separately at fixed

Figure 6. Quinone methide intermediate hypothesis applied to
the self-condensation of 4-HMP.

fer to Figure 10). NaOH/4-HMP molar ratios of 0.25, 0.5, 0.75, and 1.0.
It must be noted that eq 1 does not hold in the region
Energy of Activation of 4-HMP concentrations above 0.5motL There

The energy of activation was found to be 28kJ  May be some change in the state of molecular associ-
mol-1 from the initial rates of reactions carried out at ation as the reactant concentration increases. However,

80, 90, and 100 with [4-HMP]; of 0.1mol L' and ~ We have not obtained a reasonable explanation based

NaOH/4-HMP molar ratio of 0.5. This value is 25kJ On experimental data.

mol~! smaller than that in the case of 2-HNIP.
Rate of Reaction by the Unimolecular Process

Mechanisms of Reaction To look closely into the unimolecular process, we as-
The fractional number for the order of reaction, 1.3, sumed the formation of a quinone methide intermedi-
indicates that two or more reactions of different mech-ate. The reactions involved can be illustrated as shown
anisms occur simultaneously as the rate-determiningn Figure 6. And the following rate equation can be
step. When the values & divided by [4-HMP] were  obtained (refer to Appendix 1):
lotted against [4-HMR]linear relationships were ob- _ _
fained in?he reg[ion of [l-HMF,’]aeIow 0.5 r~:nol - as Ri-1= (_d[4-HI\2/IP]/dt)'
shown in Figure 5. Thus the following empirical for- = [4-HMP]{(ks + ks)/(1+ A)
mula holds: +(ks + ke )A/(1 + A)Hke /(1 + A)

R = R-1+ Rz = K)[4-HMPJ; + k)[4-HMPJ? (1) +koA/ (1 + A)}/{ks[H20] + ke[OH™]

+[4-HMPJi[(ks + ks )/ (1 + A)
whereR,_1 andR_» represent the initial rates of reac-
tions by the unimolecular process and by the bimolec- ke + ke )A/(1+ Al (2)
ular process, respectivellg:) andkp) denote the ap- whereA is K[OH™]/Ky, Ka, andK,, are the dissocia-
parent rate constants for the unimolecular reaction andion constant of 4-HMP and the ion product of water,
the bimolecular reaction, respectively. The values ofrespectively.
k) andk) obtained from the intercepts on the verti-  To determine the rate constants of eq 2, we made nu-
cal axis and slopes of the lines in Figure 5, respectively,merical calculations to find out a set of rate constant
are listed in Table I. Using these values we can calcu-values that fit the experimental data. That is, we put a
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Table I. Values of the apparent rate constants for the unimolecular and bimolecular reactions

NaOH/4-HMP molar ratio 0.25 0.50 0.75 1.0

Kay (min™1) 0.0083 0.0071 0.0058 0.0041

Kg) (L mol™t min~?) 0.0155 0.0168 0.0122 0.0090

aTemperature: 10, [4-HMP]: below 0.5 mol 1.

Table Il. Values of the rate constants for the unimolecular précess

ke® ko” ks® ks® (ks + ks')* (ks + ke )°
4-HMP  10x102 46x10° 25x10° 20x10° 50x1C° 40x 107
2-HMP  68x10° 15x10°% 25x10° 20x1C 25x 10 2.0x 10

aTemperature: 10@. °Pmin~t. L mol=t min~t. s only in the case of 2-HMP (L mot min™2). ks only in
the case of 2-HMP (L motmin™1).
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Figure 7. Comparison of the values &_; calculated by eq 2 ‘@‘O_
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HMP];: @: 0.1;H: 0.25;A: 0.5(mol L'Y). @, W, A: calculated
byeql. —, ---.--: calculated by eq 2.

CH,OH CH20H
set of values on the rate constants in eq 2 and calcu- 4pvp
lated the values dR_; at various NaOH/4-HMP molar
ratios, and then compared them with those calculated Figure 8. Presumable bimolecular reactions.
by eq 1 with the use of the values k) listed in Ta-
ble I. Modification of the values of the rate constants of

+ Hzo CH,OH

. . Table 111. Values of the rate constants of the bimolecular
eq 2 was continued until the calculated valuefof reactiond
agreed with those calculated by eq 1. It was assumed kos * ko) (Koo + Koz (koo * Koa)
that the temperature dependencekg(5.37 x 107° at 10x 102 50x102 7.0 1073 (L molX min3)
25°C°% was the same as thatlf,. Values 1084x1071° aTemperature: 10, [4-HMP}: below 0.5 mol 2.
and 582 x 10-1* were adopted al§, andK,, at 100C,
respectively, and [OH was calculated numerically by
the method described in our previous paPérefer to R_2 = (Ka-1) + k(2—1’))[4'HMPH]i2 + (Kz-2)
Appendix 2). Figure 7 shows the result. The values of +K2-2)[4-HMPHJ[4-HMP ], + (kz_s)

rate constants obtained are listed in Table II. >
Rate of Reaction by the Bimolecular Process. As to k- 3’))[4 -HMP];
the bimolecular reactions, three combinations of reac- = [4-HMPJ{(K-1) + K2-1)) + (K-2)
tants are possible. Figure 8 shows the presumable re- +k(2_2,))A+ (K-3) + Ka-3))A%}/(1 + A (3)
o s e it ot o e appESIance o pereais 01
' We made numerical calculations putting a set of val-
ues on the rate constants in eq 3 and compared the
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0.005 —— : - 2 and 3 with the use of the values of rate constants
i ] listed in Tables Il and lll. Figure 10 shows the com-
i e, 1 parison of the dependence of the calcula®an the
—~ 0.004 N y R n NaOH/4-HMP molar ratio with that of the observed
R L 1 It can be said that the calculated valuesRpfare in
ME 0.003 , A good agreement with the observed ones. This verifies
2 B o] the theory we have assumed. The results on the kinet-
° - A ics obtained can explain the difference in the reactivity
§, 0.002 |- i between 2-HMP and 4-HMP. It is known that the rate
a B ] of self-condensation of 4-HMP is greater than that of
< 0.001 |- - N 2-HMP. This can be attributed to the simultaneous oc-
L - -~ I currence of the unimolecular and bimolecular reactions
0 - o 3 and to the larger values &f andk; (rate constants for

the formation of the quinone methide intermediate) in
02 04 06 08 1 the case of 4-HMP. The smaller valueskafandk,in
NaOH/4-HMP molar ratio the case of 2-HMP is considered to be due to the occur-
Figure 9. Comparison of the values &_, calculated by eq 3 rence of intra-molecular hydrogen bonding that is con-
with those calculated by eq 1. Reaction conditions: the same assidered to make the formation of the quinone methide

O

those in Figure 7.@, B, A: calculated by eq 1. — -----  intermediate slower increasing the electron density on
calculated by eq 3. the hydroxymethyl carbon. Incidentally, the energy
of activation obtained for the self-condensation of 2-

0.01 T T T T T HMP, 103 kJ mot! 8 is about 25 kJ molt greater than

that, 78 kJ mol!, obtained for the self-condensation
of 4-HMP at [4-HMP] of 0.1 mol L. Although bi-
molecular reactions take place in the case of 4-HMP,
.. the greater part o at [4-HMP} of 0.1 mol ™! is as-
0.006 B At cribed to the unimolecular reaction, the value of 78 kJ
- T mol~! is close to the energy of activation for the for-
0.004 | y mation of the quinone methide intermediate. The dif-
- ] ference in the energy of activation between 2-HMP and

0.008 |- ..ak=---.

- le o . .
Pl .-.__ ] 4-HMP supports the above idea that the intra-molecular

4
0.002 [~ L <3 hydrogen bonding of 2-HMP has an inhibitory effect on
-/‘___g_._\'\I the formation of the quinone methide intermediate.
ol 1 0 As to the mechanisms for the bimolecular reac-
0 02 04 06 038 1 tions, the {§2-type mechanism in which the negatively
NaOH/4-HMP molar ratio chargedortho (C2) (orpara (C4)) position of the phe-
Figure 10. Comparison of the values d® calculated with nolate ion attacks the hydro>_(ymethyl carbon of the
those obser.ved. Reaction conditions: the same as those in Figure é).ther molecule has been Cljted N many tetiOOkS' HOV\.I-
® W, A: observed. —, - - calculated. ever, there are some questions. Why does it not work in
the case of 2-HMP? Is it because the electron densities
values ofR,_, obtained with those calculated by eq 1 on C2 and C4 are not high enough and that on the hy-
with the use of the values d{,) listed in Table I. Fig-  droxymethyl carbon is not low enough due to the intra-
ure 9 shows the result. The values of the rate con-molecular hydrogen bonding? It may be possible that
stants obtained are listed in Table Ill. It is difficult to the S2 mechanism works in the reaction between dis-
distinguish the two dimmers formed by the bimolecu- sociated 4-HMP and undissociated 4-HMP. However,
lar process from those formed by the unimolecular pro-the dependence & _, on the NaOH/4-HMP molar ra-
cess because, due to the low solubility of 4-HMP, we tio (Figure 9) cannot be explained if we take only the
cannot conduct reactions at high 4-HMP concentrationgeaction between dissociated 4-HMP and undissociated
where the bimolecular process predominates. Thus, w&-HMP into consideration. We have to take the re-
could obtain only the sums of the pairs of rate constantsactions between two undissociated 4-HMP molecules
Ke-1) + Ki-1), K-2) + K22y andKi_3) + Ko-3). and between two dissociated 4-HMP molecules into ac-
Now we can calculate the values & at any count to describe the kinetics. In these two types of
NaOH/4-HMP molar ratio by the combination of eqs reactions, it is problematical that thg & mechanism

R. (mol L' min™)

804 Polym. J., Vol. 33, No. 10, 2001
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works. Therefore, we consider that there is a possibil-Thus, the concentration of the quinone methide inter-
ity of some unknown mechanisms working. mediate is expressed by the following equation:

[Q] = (ka[4-HMPH] + kz[4-HMP™]) / (ks[H 0]
+ka[OH] + (ks + ks )[4-HMPH]

It has been shown that there are differences in reac- +(ks + ke')[4-HMP7]) (7
tion mechanisms between 2-HMP and 4-HMP. In the 5,4 the rate of the decrease in the concentration of 4-
c_ase of 4_-HMP, blmolecu_lar reactions occur in a_dFjl- HMP is expressed as follows:
tion to unimolecular reactions as the rate-determining
step. The rate constants obtained for the unimolecu- —d[4-HMP]/dt = {(ks + ks )[4-HMPH]
lar process occurring in the case of 4-HMP are consid- +(ks + ks )[4-HMP1}[Q] = {(ks + ks )[4-HMPH]
ered to be reasonable in comparison with those in the +(ks + kg )[4-HMP ]} (ke [4-HMPH]
case of 2-HMP. The greater values laf and ko, the _ _

g lafand k; +ko[4-HMP™) /{(ke[H20] + ka[OH]

rate constants for the formation of quinone methide, in

addition to the occurrence of the bimolecular reactions +(ks + ks )[4-HMPH] + (ks + ke')[4-HMP™]) (8)
explain the well-known fact that the self-condensation Here, the following relationships hold:

of 4-HMP is faster than that of 2-HMP. As to the bi-

CONCLUSION

molecular reactions, thex@ mechanism in which the [4-HMPH] + [4-HMP"] = [4-HMP] (©)
negatively chargedrtho (or para) position of pheno- [4-HMPH] = [4-HMP]/(1 + Ka[OH™]/Kw) (10)
late ion attacks the hydroxymethyl carbon of the other [4-HMP™] = [4-HMP](K4J[OH™]/Kw)/

molecule seems to be inadequate: it is problematical (1 + KJ[OH]/Kw) (11)

that the {2 mechanism works in the reactions between _ o

two undissociated 4-HMP molecules and between twowhereKa andKV\{ represent the dissociation c_onstant of
dissociated 4-HMP molecules. However, the kinetics4-HMP and the ion product of water, respectively. Thus
indicates that the reactions between two undissociate@d 8 can be converted into eq 2.

4-HMP molecules and between two dissociated 4-HMP R, — (_d[4-HMP]/dt); = [4-HMP]?{(ks + k')

molecules do occur. Therefore, there is a possibility of J(L+ A) + (s + Ke )A/(L+ A)ke /(L + A)

some unknown mechanisms working.
+koA/(1 + A)}/{ks[H20] + ka[OH™]
APPENDIX +[4-HMP]i[(ks + ks')/(1 + A)
+(ks + ke )A/(1 + A} 2)

1. Derivation of eq 2 . _
According to the reaction scheme in Figure 6, the rateWhereA IS Ko[OH™]/Ku.
of the formation of the quinone methide intermediate is

. o 2. Calculation of the Concentration of Hydroxide lon
expressed by the following equation:

In the aqueous 4-HMP-NaOH system the following
+d[Q]/dt = ky[4-HMPH] + kz[4-HMP™]  (4) equation holds:

where [Q], [4-HMPH], and [4-HMP] denote the con- [Na'] + [H'] = [4-HMPT] +[OH]  (12)
centrations of quinone methide, undissociated 4-HMPpg [H*] and [4-HMP"] can be expressed by the follow-
and dissociated 4-HMP, respectively. ing equations:
And the rate of the disappearance of the quinone me-
thide intermediate is expressed as follows: [H'] = Kw/[OH"] (13)
[4-HMP™] = [4-HMP](K5[OH™]/Kw)

—d[Q]/dt = [Q]{ks[H20] + ka[OH"] _ /(1 + Ko[OH1/Ky) (1)
+(ks + ks )[4-HMPH] + (ks + ke )[4-HMP]} (5)

_ the following equation holds:
where [HO] and [OH ] represent the concentrations of

water and hydroxide ion, respectively. [Na'] = [OH] + [4-HMP](K4[OH]/Ku)
As it is assumed that the formation of the quinone /(1 + Kg[OH™]/Kyw) — Kw/[OH™] (14)
methide intermediate is the rate-determining step, thE{Nhere the values of [Nd, [4-HMP], Ko, andK,, are
. . ) 1 ’ ar W
following stationary state holds: known. This equation cannot be solved arithmetically,

+d[Q]/dt = —d[Q]/dlt (6) but it can be solved easily by a trial-and-error method
using a computer.
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