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Kinetics and Equilibrium Studies of the Formation of a Cobalt(II) Complex
with N-(8-Quinolyl)aminoacetic Acid
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Stopped-flow kinetic and equilibrium studies have been made of the formation of a cobalt(II) complex
with N-(8-quinolyl)aminoacetic acid in 0.10 mol dm~—2 aqueous sodium chloride containing 12 vol% ethanol at
25°C. Octahedral mono- and bis-ligand complexes were formed via the two pathways of the reactions

of deprotonated and monoprotonated ligand species with the aquacobalt(II) ion.

mechanism is discussed.

It is interesting to study spectrochemically the coor-
dination characteristics of aromatic multidentate
ligands to matal ions, which take several kinds of coor-
dination geometry depending on the ligand employed,
because the ligating groups are incorporated into the
rigid frame of the aromatic ligand and because the
electronic absorption spectrum of the ligand reflects its
coordination mode. Furthermore, the nature of the
ligating groups and the steric restriction due to the
planarity of the ligand qualify the coordination behav-
ior and mechanism of the metal ion.
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The present study relates to the formation of a cobalt-
(II) complex with N-(8-quinolyl)aminoacetic acid
(Hgaa).? In order to obtain detailed information on
the coordination reaction characteristics, the coor-
dination state of cobalt(II) and the coordination be-
havior of the ligand were spectrochemically and
kinetically investigated. There has been only one paper
concerning the ligand based on potentiometry.?

Experimental

Reagents. The ligand, QAA,? was synthesized by
the condensation of chloro- or bromoacetic acid with 8-
aminoquinoline in an alkaline medium, with some modi-
fications of the literature procedure.? It was obtained as a
monohydrochloride salt and was purified by repeated crystal-
lizations from an aqueous solution. Calcd for CuHio-
N20:-HCI: C, 55.35; H, 4.64; N, 11.73%. Found: C, 55.63;
H, 4.59; N, 12.02%.

An aqueous cobaly(Il) solution was prepared from
analytical grade chloride salt from the Wako Pure Chemicals
Ind. Co., Ltd., Osaka, and was acidified slightly with HCI to
prevent its hydrolysis. It was then standardized by titration
with EDTA. All the other chemicals were of an analytical or
equivalent grade and were used without further purification.

Measurements. Electronic absorption spectral meas-
urements were made with JASCO spectrophotometers,

1 Present address: Yokkaichi Works, Japan Synthetic
Rubber Co., Ltd., Yokkaichi, Mie 510.

The coordination

models UVIDEC-1 and SS-25, to the latter of which were
attached a stopped-flow apparatus, Model SFC-5; a data
processor, Model DP-500; and a RIKADENKI X-Y recorder,
Model RW-11. The protonation and stability constants were
determined spectrophotometrically at 340 nm in the former
and at 303.5nm in the latter in a 0.10 mol dm~23 aqueous
sodium-chloride solution containing 12 vol% ethanol at
25.0+0.1 °C. Nitrogen gas was passed through the solu-
tion before the absorption spectral measurements to avoid
any possible oxidation of cobalt(II). Kinetic runs were made
at 303.5nm under a pseudo-first-order kinetic condition
with respect to the metal-ion or ligand concentration. The
rate constant, kopsa, was calculated from this relation:

In {Aeq/(Aeq—At)} = kobsa“?,
where 4: and A.q stand for the absorbances at 303.5 nm at
time ¢ and at equilibrium respectively. The hydrogen-ion
concentration was calculated from the measured pH
value, pHmes, with a HORIBA pH meter, Model F7-SS,
with glass and 3.33 mol dm—3 potassium chloride calomel
electrodes, according to this relation:

—log [H*] = pHyeas + log fu+.
The activity coefficient of the hydrogen ion, fu+, was estimat-
ed by defining a 12vol% ethanol aqueous solution con-
taining 0.0100 mol dm~3 HCI and 0.0900 mol dm~—3 NaCl as
—log [H*]=2.00. The fu+ value estimated under these con-
ditions agreed well, within the limits of experimental error,
with the literature data of 0.83.% The hydrogen-ion con-
centration was adjusted mainly with an acetic acid-
sodium acetate buffer solution, whose concentration was
maintained as low as possible (usually less than 0.5X
10-2 mol dm~3) in order to confirm that there was no mean-
ingful influence on the complex formation of cobalt(II)
with QAA under the equilibrium and kinetic conditions
adopted.

Results and Discussion

Electronic Absorption Spectra. Figures 1 and 2
show the electronic absorption spectra of QAA and its
cobalt(II) complexes respectively. The qaa~ species
gives two distinct absorption maxima, at 29.20X10% and
39.40X10% cm™!, due to the w—* transitions, which
shift bathochromically on protonation at the hetero-
cyclic nitrogen atom (Fig. 1). The coordination of
the terdentate ligand qaa~ to cobalt(II) brings about
remarkable spectral features; several absorption
maxima in the (31.70—33.70)X10% cm™! region and
a maximum at 43.20X103cm™! are characteristic of
the mono-QAA complex, and there are in addition
a maximum at 39.53X102 cm~! and a shoulder around
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Fig. 1. Absorption spectra of QAA. 1: pH 9.70

(qaa~); 2: pH 4.50; 3: pH 2.86; and 4: pH 0.38
(H; qaa?t).

Al/nm
500 400 300 250

log €

20 24 28 32 36 40 44
o 110%cm™
Fig. 2. Absorption spectra of the QAA complex.
1: [Co(qaa),]; 2: [Co(qaa)(H,0);]*; and 3: qaa-.

29.07X103cm™! of the bis-QAA complex. This
shows that the transitions of m electrons related to
the coordinated ligand are influenced by the numbers
and arrangement of its chromophores.

The electronic absorption spectra in the d-d transi-
tion region of the bis-QAA complex and a typical co-
balt(II) complex with octahedral coordination are
given in Fig. 3. The absorption spectrum of the
bis-QAA complex can be well correlated to that of a
Schiff-base complex of the [Co(N)4O)z] type,?
and the absorption maximaat 10.20X103and 21.19X103
cm™! of the bis-QAA complex can be assigned to the
4T 14(F)-4T2(F)(On) and 4T14(F)-4T14(P)(Os) transiuions
respectively.

Hence, it can be concluded that the QAA complex
has an octahedral coordination and that the mono-
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Fig. 3. Absorption spectra in the d-d transition region
of [Co(qaa),] and a Schiff base complex, [Co(L),-
(py)2]t, with octahedral coordination.¥ 1: [Co-
(qaa),] and 2: [Co(L),(py).]*, L: ortho-OC;H,CHN-
(CH,),CH,.
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Fig. 4. Relation between A4; and —log[H+] for QAA.
Concentration of QAA, 1.41x10-* moldm-3, Bald

line is a theoretical curve drawn by using K, of 10¢-04
and K,, of 102-%,

and bis-QAA complexes can be expressed as [Co(qaa)-
(H20)3]* and [Co(qgaa)z] respectively.

Stability. The protonation constants of QAA
were determined by the use of the following relation
(cf. Appendix I):

(Ao“Az) + (AI_A2)K1H[H+] (l)
1+ Koy [HY] + Koy Kop[HT?
Here, Ka (=[Hqaa]/{H*][qaa~]) and K.z (=[Hzqaa*]/
[H*][Hgaa)) are the protonation constants related to
the heterocyclic nitrogen base and the carboxylate
group;® Ao and A2 are absorbances corresponding to
the qaa~ and Hz qaa™* species; 41 is an intrinsic absorb-
ance of the Hqgaa species, and A, is an absorbance when
these ligand species coexist. Equation (1) was solved
by the curve-fitting method® with a normalized curve
of:

Y = {(dg—Ay) +bt}/(1+at-+12) and X = log, 2)

with log KuK.=2(X—log[H*]), log K./Ke=2loga,

A, =4, +
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TaBLE 1. PROTONATION CONSTANTS OF QAA
log (K,;/mol-! dm?) log (Kjz/mol-! dm3) Condition Reference
4.26 2.98 0.1 mol dm~2 aqueous sodium 2
perchlorate, 25 °C
potentiometry?®)
4.04+0.05 2.9940.05 0.10 mol dm—3 aqueous sodium chloride Present work

containing 12 vol%, ethanol, 25 °C
spectrophotometry

a) The log K,, value related to protonation at the imino-nitrogen atom has been estimated to be 1.9.2

TABLE 2. STABILITY CONSTANTS AND RELATED DATA

log (B;;/mol-1dm3) log (f;5/mol-2dm¢) —AGH/k] mol-1® — AGy,/k] mol-12) Condition Reference
3.7 7.5 — — 0.1 mol dm—3 aqueous 2
sodium perchlorate,25 °C
potentiometry
4.82+0.05 9.514+0.10 27.5+0.3 54.3+0.6 0.10 mol dm—3 aqueous Present
sodium chloride contain-  work

ing 12 vol%, ethanol,
25 °C spectrophotometry

a) Calculated by this relation: —AG¢;=RT In f;; without the extrapolation of §,; to the zero ionic strength (j=1

and 2).

-1 0 1 2
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Fig. 5. Relation between f,(4’) and g, ([H*]). fi(4)=
log {(4'—Aug)/(Am.c—4")}, & ([H*])=—log {[H*]-
(Kuo[H+] 4+ 1+ 1/K,; [H*])}. Cy, 1.60x 102 mol dm~2
and Cy, 1.60x 104 mol dm—3.

and log (41—Az)=log b+(1/2)(log K.2/Ka1). Figure 4
shows the results, from which the K. and Kae
values were calculated; they are summarized in Table
1, together with those in the literature.?
The stability constants were determined by means
of this relation:
log {(4'— Auig) [(Am..—A')} = log B1,Cxn/ Ky
— log {[H*](Kao[H*]+ 14 1/Kyy [H*]) }, (3)
for the mono-QAA complex (B11) under the condition
of Cu>Cy, and by this relation:

log {(A/_Alig)/(Ab.c_Alig)}
-3 log{(Ab.c'_A/)/(Ab.c—Alig)}
= log 4,,Cu?/Ky,?

— 2log {[H*](Kao[H*]+ 1+ 1/Kyy [H*])}, (4)

12(‘:)

5 6 7 8
g, (H)

Fig. 6. Relation between f,(4’) and g,([H*]). f,(4)=
log {(A'— Auig)/(Ap.c—Auig) } — 3 log {(Ap.c—4") /(b
—diig)}, 8a(H'])=—2log{[H*](Ky[H"]+ 1+ |/Kqy-
[Ht])}. Cy, 8.02x10-*moldm=3 and Cy, 1.60X

10~ mol dm-3.

for the bis-QAA complex (B12) under the condition of
2Cw=CL (cf. Appendix II). Here, Cm and Cy. are the
total concentrations of cobalt(II) and QAA respectively;
Ajigy Am.c, and Av.c denote absorbances corresponding to
the ligand, the mono-QAA complex, and the bis-QAA
complex respectively, and 4’ is the absorbance when the
ligand and the complex coexist. Figures 5 and 6 show
the findings on the relation between the absorbance
term and the hydrogen-ion-concentration term in Eqs.
(3) and (4), from which Bi1 and B12 were determined;
they were summarized in Table 2, together with those in
the literature.?

It is noteworthy that the stability constant of the
mono-QAA complex is very close to the second step-
by-step stability constant (B812/B11), as given in Table
2; this differs from general tendency for the step-by-
step stability constants to decrease with increased
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numbers of the coordinated ligands.” The molec-
ular model reveals that there are no steric factors in
QAA to bring about this particular aspect and that
there are more possible geometrical isomers for the
bis than for the mono-QAA complex, i.e., six for the
former and two for the latter. The relatively large
values of the second step-by-step stability constant
as compared with the first one may reflect either the
bis-QAA complex being in equilibrium for some of
its geometrical isomers or the mutual stabilizing in-
teractions between the coordinated ligands in the
bis-QAA complex.

Kinetics. By taking into consideration the pro-
tonation constants of QAA, the hydrolysis constant of
cobalt(II) (log Kon==-9.85 (0 mol dm3, 25 °C) or —9.82
(1.0 mol dm=3(NaClOy), 25 °C), Kon=[[Co(OH)(H20)s}*]-
[H*])/[[Co(H20)e])2+]),® the stability constants of the
mono- and bis-QAA complexes, and the rapid attain-
ment of equilibria for the protolytic processes? as
compared with the complex formation processes, which
proceed at pH 2—b5, the reaction pathways of the
QAA complex can be given as follows (=0—2);

[Co(H,0)]2+ + Hjqaat-h+

L, [Co(qaa) (H,0)5]* + jH, m
[Co(qaa) (H,0);]* + H,qaati-H+

I
— [Co(qaa),] + jH*. (m
In case the rate-determining step is in Stage I, Eqgs.
6 and 7 can be deduced under the pseudo-first-
order kinetic conditions with respect to the cobalt-
(II) and QAA concentrations (cf. Appendix III);
d[[Co(qaa) (H,0),]*]/d¢
= k¥ea([[Co(qaa) (H,0);]*]eq — [Co(qaa) (H,0),]*])
= (koa[Haqaa*]+ kp [Hqaa] + keo[qaa=]) [[Co(H,0)e]**]
— (k—g2[H*]2 +k—1 [H*] + ko) [Co(qaa) (H,O),]*],
®)
k¥osa = '{C'x/(KuKaz[Hﬂ"*'Ku[Hﬂ+ D+ l/ﬂu}
X (koeKay Kaa[H*]2 + koy Koy [H*] + koo), (6)
d[[Co(qaa),]]/d¢
= kbysa([[Co(qaa),]]eq — [[Co(qaa),]]),
{C/(KarKao[H]*+ Koy [HY] +1)}2+ 1/,
1/ (KarKao[H P+ Koy [H*] + 1)
X (kopKarKaa[H* 12+ koy Koy [HY] + kqp), (7)
where kM, and kL, are the observed rate constants
under the condition of Cu’>CL’ and CL’>Cw’; kg is the
forward rate constant for the pathway of [Co(H20)e]**
and H; gaa~V*; k- is the backward rate constant for
the same pathway; Cm” and Cy’ are the total concentra-
tions of cobalt IT and QAA, and the suffix “eq” denotes
the equilibrium state. Under the pseudo-first-order
kinetic condition with respect to the ligand, Stage
II may possibly be the rate-determining step and Eq.
8 can be deduced analogously:
kfpsa = {C',,/(KMKW[H*]2+K,1[H+] +1) + Bu/Pr2}
X (kyaKor Kag[H*1? + hyy Kar [H*] + kyo) (8)
where ki, is the forward rate constant for the pathway of

kSpsa =
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[Co(qaa)(H20)3]* and H, qaa—"*. Hence, the reaction
pathways can be deduced by plotting the [H*] depend-
ence of kM. and kL., which are defined as follows;

k¥sd = k¥hsa/{Cu/(KarKao[H* 2+ Koy [HY] +1) + 184},
(6)
kYpss = kbosa{CL/(KayKao[H]* + Koy [H*] + 1)}/
[{CL/(KarKao[HT*+ Ky [H*] + 1)}2+ 1/81,],  (7')
or:

Rlpsa = kbosa/{CL/ (KarKao[H 2 + Koy [H*] + 1) + Bu1/ Bra} -

(8)
Figures 7 and 8 depict the [H*] dependences of k™,
and k%L, respectively, as defined by Eq. 7. No mean-
ingful result was obtained when kL,;; was defined by
means of Eq. 8. It can be concluded that the rate-
determining step for both the mono- and bis-QAA
complexes are in Stage I and that the reaction path-
ways of [Co(H20)s]2t* with Hqaa and with qaa~
really hold true. The rate constants and related data
are summarized in Table 3.

The rate constants for the octahedral cobalt(1I) com-
plexes abstracted in Table 4 have been reported. All
these ligands form cobalt(II) complexes by means of the
preliminary formation of an outer-sphere complex, fol-
lowed by transformation to the inner-sphere complex;
then the chelate complexes are formed with a liberation
of the coordinated water from the outer-sphere complex
as the mechanistic rate-determining step.19-1? The two
exceptions are B-alaninate and 3-aminobutyrate, which
show the chelate-ring closure as the rate-determining
step.16.17 In this reaction mechanism, the formation
rate constant (k¢) can be equated with a product of the

:m
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Fig. 7. Relation between k¥.: and [Ht]. Cy, (2.01—

7.99) X 10~ mol dm—3 and C/, 8.02x 10-® mol dm=2.
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Fig. 8. Relation between k4, and [H+]. Cy, 8.02x
10-¢ mol dm—? and C/, (2.01—4.02) x 104 mol dm~3.
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TABLE 3. RATE CONSTANTS AND RELATED DATA
Pathway® koj/mol-1 dm? s—1 k_oj/mol=7 dm3/ s—1 ) AGS;/k] mol-1 © AG?;/k] mol—1 Condition®

Co?*++ Hqaa (1.08+0.13) x 10 —_ — e Cu'>Cy
(j=1) (0.85+0.08) x 105 — — — CL>»Cy
(1.0+0.1) x 10° (1.7+0.6) x 10* 44.4+0.2 48.8+1.0 Average

Co?++qaa- (1.5040.23) x 10¢ — — — Cy'>C
(j=0) (1.4740.10) x 108 — — — CL>Cy
(1.5+0.2) x 108 (2.3+0.6) x 10 37.7+0.3 65.2+0.7 Average

a) Abbreviation: Co?*, [Co(H,0)¢]**. b) k_o; was calculated by means of this relation: k_q;=ky;Ka;//B1;. €)
AGg(or —0jy Was calculated by means of this relation: AGS,or —05y = —RT (Inkyj(or o5y —In kT/h), where R, T, k,
and & have the usual meanings. d) 0.10 mol dm—3 aqueous sodium chloride containing 12 vol9, ethanol, 25 °C.

TaBLE 4. FORMATION-RATE CONSTANTS OF COBALT(II) COMPLEXES CONCERNED

Ligand® k¢/mol-1 dm3 s~1 ®) Remarks® Reference
Ammonia 9.5x104 0.1 moldm=* (NH,NO,), 20 °C, k~H:0=8 x 105 571 10
Imidazole 1.3x10° 0.15 mol dm=3 (KNO,), 25°C, k~¥:0=4.4x10°s1 11
phen 3.2x 108 No specification, 25 °C 12
5-NO,-phen 1.6x10° No specification, 25 °C 12
bpy 6.3x10* No specification, 25 °C 12
tpy 2.5x10* No specification, 25 °C 13
Glycinate 1.5x 108 0.10 mol dm—? (—), 25°C 14
Glycinate 4.6x108 0.15 moldm—2 (KNOy), 25 °C, k~H:0=2.6 x 10° s~! 11
Diglycinate 2.0x 108 0.10 mol dm=—3 (—), 25°C 14
Diglycinate 4.6x10° 0.15 mol dm=2 (KNO,), 25 °C, k~H:0=2.6 x 105 571 11
Triglycinate 3.1x10° 0.10 moldm-2 (—), 25°C 14
Tetraglycinate 2.6x10° 0.10 moldm—3 (—), 25°C 14
pYyc I x107 0.10 moldm—3 (—), 20 °C 15
a-Alaninate 6.0x108 0.10 mol dm~—2 (KNO,), 20 °C, k~H:0=3x 105 s~ 16
p-Alaninate 7.5%x10* 0.10 mol dm—3 (KNO,), 20 °C 16
2-Aminobutyrate 2.5x 108 0.1 moldm—2 (KNO;), 20 °C 17
3-Aminobutyrate 2.0x10* 0.1 moldm—3 (KNO,), 20 °C 17
pda 4.0x 104 0.1 moldm—* (KNQO,), 15°C 18
sal 1.3x10° 0.10 moldm~3 (KNO,), 20 °C 19
5-ssal 2.7x10° 0.10 moldm—2 (KNO,), 20 °C 19
qaa~ 1.5x10¢ 0.10 mol dm=3 (NaCl), 25°C Present work

a) Abbreviations: phen, 1,10-phenanthroline; 5-NO,-phen, 5-nitro-1,10-phenanthroline; bpy, 2,2'-bipyridine; tpy,
2,2’ : 6,2"-terpyridine; pyc, 2-pyridinecarboxylate; pda, 4-(2-pyridylazo)-N,N-dimethylaniline; sal, salicylate; and
5-ssal, 5-sulfosalicylate. b) k, is the rate constant for the formation of the mono-ligand cobalt(II) complex. c)
The value of k~Hi® has been reported, for example, to be 1.35x10%s~? (0.1 moldm—3 (HCIO,), 25 °C)2® and
(2.15—2.35) x 108 s~1  (0.2—0.35 moldm—2 (HCIO,) and 2moldm-3 (NH,NO,),2V 25°C) by ?O-NMR line-
broadening measurements related to coordinated water, 2x 10%s-1 (20 °C)? by ultrasonic absorption measurement
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and (3.18+0.17) x 108 s=1 (25 °C)2» by 170O-NMR relaxation time and line-broadening measurements.

formation constant of the outer-sphere complex (Kos)
and the rate constant for the liberation of the coordi-
nated water from the cobalt(II) ion (k~%%°), which then
should be independent of the entering ligands. Table
4 reveals that the formation-rate constant for the com-
plex with gaa~ is in line with those for the complexes
with glycinate, a-alaninate, etc., even with no calcula-
tion of k™M from the estimated Ko and k¢ values.
Hence, it can be concluded that QAA forms a cobaly(II)
complex in a ““‘normal substitution’ modeé:1” through
the preliminary formation of the outer-sphere complex,
followed by the substitution of the coordinated water,
with its liberation as the ultimate rate-determining
step.

A comparison of ko1 and koo in Table 3 reveals that,

as in the case of glycinate,1? the carboxylato group
of QAA coordinates more feasibly than does the hetero-
cyclic nitrogen atom. The molecular model shows that
the imino nitrogen atom may be less easily coordinat-
ed because its accessibility toward the metal atom is
less than that of any other donor atoms in the ligand.
Therefore, it can be stated that the carboxylato group of
QAA coordinates first to the aquacobalt(II) ion as a
unidentate ligand, followed by the donations of imino
and heterocyclic nitrogen atoms to complete two five-
membered chelate rings; this is followed by the coordi-
nation of the second QAA in a more rapid manner
because of the labilization of the remaining coordinated
water,1? thus completing the bis-QAA complex.
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Appendix

In this section, M, ML, ML, L, HL, and H:L are used as
simplified expressions of [Co(Hz20)e]?*, [Co(qgaa)(H20)s]*,
[Co(qaa)z], gqaa—, Hqaa, and Hzqaa*; the molar absorption
coefficients of the last five of those are en, &2, €o, €1, and &2
respectively.

I. The following relations are given based on definitions
in the text and the materials balance:

A, = g[L] + &[HL] + &[H,L], (A-1)

4y = &[Lln = &Cig, (A-2)
4; = [HL]n = .G, (A-3)
Ay = &y[HoL]m = £,Cijg, (A-4)
Cig = [L] + [HL] + [H,L]

= [L]n = [HL]p = [H;L]n, (A-5)

where Cy, is the total concentration of QAA. The.suffix m
specifies the portion of the concentration, in which only the
unique ligand species is present. By taking Ka and Kaz into
consideration and by inserting Eqgs. A-2—A-5 into Eq.
A-1 with suitable rearrangements, Eq. 1 can be derived.

II. In an acidic solution of pH 2—5, where the complex
formation proceeds, the following relations hold for the
equilibrium:

Cy = [M] + [ML] + [ML,], (A-6)
Cy = [L] + [HL] + [H,L] + [ML] + 2[ML,]
= [L]: + [HL]; + [H.L]; (A-7)

A = g[L] + &[HL] + &[H,L] + &;[ML] + &,[ML,],

(A-8)
Ap.c = €Cu;, (A-9)
Aj5g = &[L]; + &[HL]; + e[H,L];. (A-10)

Here, the suffix i specifies the initial concentration of the
ligand. Under the condition of 2CuM=Cy, the bis-QAA com-
plex is assumed to be dominant over the mono-QAA complex.
Hence, the following relations are derived from Eqgs. A-6—
A-10 by taking K. and K.z into consideration:

[L] = (CL—2[ML,])/(1+ Kay[H*]+ Ko 1 Koo [H']?), (A-11)

M] = {(4p.c—4")/(4p.c— Auig) }Cs (A-12)
[ML,] = {(4"— A1) /(Ap.c— A11g) }Cnis (A-13)

The application of Egs. A-11—A-13 into Eq. A-14:
B = [ML,]/[M][L]?, (A-14)

and suitable rearrangements give us Eq. 4.

III. When Stage I is the rate-determining step, the
following relations can be given under the condition of
Cu'>CL":

Cy' = [M] + [ML] = [M] = [M]eq, (A-15)
Cu = [L] + [HL] + [H,L] + [ML]
= [L]eq + [HL]eq + [HyL]eq + [ML]eq- (A-16)
By using Egs. A-15 and A-16 together with Eq. A-17:
B = [ML]eq/[M]eq[L]eq- (A-17)

Equation 5 can be transformed into Eq. A-18:
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d[ML]/dt = (hkepKay Kao[H* ]+ ko1 Kay [H*] + koo)
x ([M][L]—[ML]/B)
= (koaKar Kas[H ]2+ ko Koy [H*] + koo)
X {Cy’| (KurKao[H 2+ Koy [H 1+ 1) + 1/B1,}
X ([ML]eq— [ML]). (A-18)

A comparison of Eq. A-18 with Eq. 5 gives Eq. 6, which
can be rewritten as:

kozK:uKM[H+]2 + ko Koy [H*] + koo = k¥sds (A-19)
by using the definition given in Eq. 6’. It was used for the
data analysis.

Equations 7 and 8 can be derived from Eq. 5 in an
analogous way.
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