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The complexation of boric acid with chromotropic acid in aqueous solution was examined thoroughly by 11B
NMR measurements. Two peaks with chemical shift values of δ �17.7 and �18.0 were observed besides the free
boric acid/borate peak and ascribed to the 1 :1 and the 1 :2 complexes, respectively. The 1 :2 complex is formed
in acidic solution, while the 1 :1 complex prevails in a higher pH range. The formation constants for these
complexes were evaluated based on the signal intensities of 11B NMR spectra to be log β1 = �1.57 and log β2 = 2.35,
which are well consistent with those reported previously as well as that (β2) obtained kinetically in this work. The
chromatographic separation of the 1 :2 complex from the other species enabled a kinetic study of the reaction which
revealed that the reaction for 1 :1 complex formation takes place much faster than that for 1 :2 complex formation.
The pH dependences of the rate constants of the forward and backward reactions of the 1 :2 complexation could
be interpreted by the catalytic role of hydrogen ions in the reactions. Plausible mechanisms for both the reactions of
1 :2 complex formation and decomposition were proposed. On the basis of the equilibrium and kinetic information
on the complexation, the optimum conditions for practical applications of the ligand so far reported could be
well understood.

Introduction
It has been confirmed by NMR spectroscopy that boric acid/
borate combines with polyhydroxyl compounds to form
complexes with 1 :1 and 1 :2 stoichiometries.1–9 Acidic chelate
ligands can react directly with trigonal boric acid, whereas for
the non-acidic polyols or saccharides the predominant reaction
is with tetrahedral borate. Both of the reactions produce tetra-
hedral anionic complexes.

The equilibrium and kinetics for 1 :1 complex formation
between trigonal boric acid or substituted boronic acid with
acidic polyhydroxyl compounds have been studied exten-
sively.10–14 The reaction pathways, including both an addition
reaction and a substitution reaction in which proton transfer
is significant for a change in the structure on boron, have
generally been accepted, although there are differences in the
rate-determining steps and the transition states. For the reac-
tion of tetrahedral borate anion or an analogous 1 :1 complex
which does not involve change in the co-ordination number on
boron, however, it is unclear yet whether proton transfer also
plays an important role in the mechanism since it has not been
studied in detail kinetically.

The formation constants of the complexes increase with
increasing acidity of the chelate ligands and reagents having
two vicinal phenolic hydroxyl groups are usually thought to
form much more stable borate complexes than those of alco-
hols.1,15,16 A large number of studies have been carried out on
the reaction of boric acid with 4,5-dihydroxy-2,7-naphthalene-
disulfonic acid (chromotropic acid), in which the two peri-
hydroxyl groups determine the complex-forming properties.
Bartusek and Havelkova 17 showed that boric acid reacts with
chromotropic acid to form a 1 :1 complex in extremely dilute
solution but a 1 :2 complex under reagent excess conditions in

the pH range 3–6, and determined the formation constants of
the complexes by potentiometric titration. On the basis of the
boron complex-forming ability in acidic aqueous solutions,
many useful methods for determining trace amounts of boron
using chromotropic acid were developed by means of solvent
extraction, high-performance liquid chromatography (HPLC),
flow injection analysis (FIA) and so on.18–24 It was proposed
only later that the maximum sensitivity for boron measurement
was obtained at a pH equal to or higher than 7.25 Among most
of the reports, the mechanism of the complexation has rarely
been mentioned.

We are interested in boron-selective adsorbents for the
concentration and recovery of boron, purification of materials
from boron, and isotope separation.26–29 Recently, an anion
exchanger containing chromotropic acid has been developed
for removing trace boron from highly purified water for semi-
conductor manufacture.30 The adsorption characteristics for
boron revealed that the chromotropic acid loaded resin could
retain boron over a wide pH range (2–10), unlike that reported
previously.17 Furthermore, it was demonstrated by NMR
spectroscopy and acid–base titration that the 1 :2 complex was
formed at pH about 2, and by adsorption capacity measure-
ment that the 1 :1 complex might be present in a higher pH
range.

In order to clarify the mechanism for boric acid reaction with
chromotropic acid, we employed 11B NMR spectroscopy to
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examine thoroughly the complex formation behavior in aque-
ous solution. Ishihara et al.10 studied the kinetics for the 1 :1
complexation reaction of boric acid with chromotropic acid by
using a high-pressure stopped flow apparatus and proposed a
two-stage reaction mechanism based on the activation param-
eters. In the present work, we determined the 1 :2 complexation
reaction rates by separating the complex from chromotropic
acid using a HPLC system and discuss the possible reaction
mechanism. An overall comprehension about the complexation
reaction between boric acid and chromotropic acid could be
obtained by combining our 11B NMR and kinetic results with
those reported.10

Experimental
Chemicals

All chemicals were of analytical grade. Chromotropic acid
(disodium salt, dihydrate, Dojindo, Kumamoto, Japan), and
boric acid (1000 ppm, Kishida, Osaka, Japan) were used with-
out further purification. The bis complex of boric acid with
chromotropic acid was prepared as reported previously.30

Deionized water prepared with a Milli-Q SP system (Millipore)
was used throughout.

11B NMR measurements
11B NMR measurements were performed on a JEOL JNM-GSX
500 spectrometer at a resonance frequency of 160.0 MHz with
a 10 mm multinuclear probe at 24 ± 1 �C. Boric acid/borate
solutions (ionic strength I = 0.1 mol dm�3) containing a known
amount of chromotropic acid were prepared. The pH of the
solution was adjusted with a small amount of HCl, NH3 or
CH3CO2H–CH3CO2Na, NaH2PO4–Na2HPO4, HEPES [N�-
(2-hydroxyethyl)piperazine-N-ethane-2-sulfonic acid] and NH3–
NH4Cl buffer solution and measured with a Horiba pH meter,
model F-22. The solutions were used for NMR measurements
after different reaction times. Especially for evaluating the
formation constants of the complexes, the solutions were
allowed to stand for at least one day before determinations. The
standard NMR parameters were selected as previously
described 27 and the chemical shifts were reported with respect
to 0.1 mol dm�3 boric acid solution as external reference.

HPLC measurements

The HPLC system comprised an anion-exchange column (TSK
gel IC-Anion-PW, 4.6 mm i.d. × 5 cm, Tosoh) 22 and a SNK
DM2M-1024 pump to ensure a constant flow rate of 0.8 cm3

min�1. The detection was performed using a JASCO U-best 35
UV/vis spectrophotometer with a 17.7 mm3 flow cell. The
sample solution (I = 0.1 mol dm�3) was prepared at 25 �C and
contained a known amount of chromotropic acid (0.0005–
0.0025 mol dm�3) and boric acid (0.0005–0.0025 mol dm�3) in
order to give a certain concentration ratio, or 0.002 mol dm�3

of the bis complex synthesized by our laboratory.30 The pH was
adjusted using formate or acetate buffer solution. After being
kept in a water-bath (thermostatted at 25 �C) for a fixed period,
25.5 mm3 of the solution was introduced into the HPLC system
using a six-way rotary valve, and the absorbance monitored
continuously at around 355 nm and recorded with a Pantos
U-228 recorder. The eluent consisted of 0.16 mol dm�3 sodium
perchlorate and 0.001 mol dm�3 buffer solution the pH of
which was adjusted to be the same as that of the reagent
solution.

Results and discussion
Complexation equilibria between boric acid and chromotropic
acid

Fig. 1 shows 11B NMR spectra for boric acid solutions with
chromotropic acid at different pH values. Without doubt

chromotropic acid reacts with boric acid to form complexes
in a wide pH range from 2 to 10 because two new signals
having chemical shift δ �17.7 and �18.0 are observed besides
the signal due to the free boric acid/borate whose chemical shift

Fig. 1 11B NMR spectra for boric acid solutions containing chromo-
tropic acid at different pH values. CB = CL = 0.00185 mol dm�3; I = 0.1
mol dm�3. pH (a) 9.46; (b) 6.77; (c) 5.36; (d) 4.54; (e) 3.56; (f) 2.05. a,
Boric acid/borate; b, 1 :1 complex; c, 1 : 2 complex.

Fig. 2 11B NMR spectra for solutions containing different concen-
tration ratios of boric acid to chromotropic acid. CB = 0.00185 mol
dm�3, I = 0.1 mol dm�3, pH = 5.5. CB :CL = 1 :2 (a), 1 : 1 (b) or 1 :0.5 (c).
a, Boric acid; b, 1 :1 complex; c, 1 : 2 complex.
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changes with pH in the equilibrated solution (δB(OH)3 0 and
δB(OH)4

� �17.7 28). The chemical shift values for the complexes
are in good accordance with those of 6-membered borate com-
plexes with polyhydroxyl compounds reported by van Duin et
al.3 In order to identify the complexes, the 11B NMR spectra for
solutions containing different concentration ratios of boric acid
to chromotropic acid were measured at pH about 5.5 and
I = 0.1 mol dm�3 (Fig. 2). It is obvious that the signal at δ �17.7
is due to the 1 :1 complex of boric acid with chromotropic acid
because its intensity decreases with increasing concentration
of chromotropic acid in the solution. Similarly, the signal at
δ �18.0 is ascribed to the 1 :2 stoichiometric complex. Thus, we
can conclude that the 1 :2 complex of boric acid is predominant
in acidic solution, while the 1 :1 complex prevails at a higher pH
value. Here is direct evidence of 1 :1 and 1 :2 complexes.

The reaction of boric acid with chromotropic acid has an
interesting mechanism since the complex formation brings
about a change in co-ordination number of boron, i.e. in
its structure. The complexation equilibria between boric acid
and chromotropic acid in solution can be represented by
eqns. (1)–(8). Here, H2chr2�, B(OH)2(chr)3� and B(chr)2

5�

B(OH)3 � H2O B(OH)4
� � H� (1)

Ka = [B(OH)4
�][H�]/[B(OH)3] (2)

H2chr2� Hchr3� � H� (3)

Ka1 = [Hchr3�][H�]/[H2chr2�] (4)

B(OH)3 � H2chr2� B(OH)2(chr)3� � H3O
� (5)

β1 = [B(OH)2(chr)3�][H�]/[B(OH)3][H2chr2�] (6)

B(OH)3 � 2H2chr2� B(chr)2
5� � H3O

� � 2H2O (7)

β2 = [B(chr)2
5�][H�]/[B(OH)3][H2chr2�]2 (8)

denote chromotropic acid with deprotonated sulfonate and the
1 :1 and 1 :2 complexes of boric acid with chromotropic acid,
and β1 and β2 are the overall formation constants of the 1 :1 and
1 :2 complexes, respectively. The acid dissociation constants for
boric acid (pKa) and chromotropic acid (pKa1) are reported as
9.05 27 and 5.35 31 (I = 0.1 mol dm�3, 25 �C), respectively.

The formation constants for the 1 :1 and 1 :2 complexes were
estimated based on the signal intensities of 11B NMR spectra of
the boron species. The overlapping NMR signals were resolved
into individual peaks by a Lorentzian curve-fitting method and
the mole fraction of the total uncomplexed boric acid was
calculated from 11B NMR chemical shift of the free boric acid/
borate as described previously.28 The formation constants
evaluated are summarized in Table 1 together with those
reported using different methods such as potentiometry and
spectrophotometry.10,17 As can be seen, they are in good agree-
ment. In addition, the stepwise 1 :2 complex formation con-
stant (103.92) is much larger than those of the corresponding
complexes with polyhydroxyl compounds.13,32 The large stabil-
ity for the 1 :2 complex is due to the steric bulkiness of the
aromatic moiety of chromotropic acid as well as π–π* inter-

Table 1 Formation constants of boric acid complexes with chromo-
tropic acid at 25 �C and I = 0.1 mol dm�3

log β1 log β2 Method Reference

�1.57 ± 0.06

�1.5 ± 0.04 a

�1.08 ± 0.05 b

2.35 ± 0.23
2.06 ± 0.10
2.4 ± 0.2 a

11B NMR
Kinetics, HPLC
Potentiometric titration
Kinetics, UV spectrometry

This work
This work
17
10

a Determined at 20 �C. b I = 1.0 mol dm�3.

action between boron and phenolic groups enhanced by the
sulfonate group acting as a strong electron acceptor for the lone
pairs on oxygen.33

Based on the formation constants obtained, the molar distri-
bution plot for each boron species against pH in the equi-
librated solution is shown in Fig. 3. It is clearly demonstrated
under our experimental conditions that the 1 :2 complex is
formed in the pH range from 2 to 7, since the 1 :2 complexation
equilibrium is independent of the hydrogen ion concentration
in solution and there exists a much higher concentration of
undissociated chromotropic acid in acidic solution. On the
other hand, the concentration of the 1 :1 complex increases
with increase in pH of the solution and above pH about 7.5
only it is produced. Thus, in a neutral or alkaline region, the
equilibrium reaction of the 1 :1 complex and the formation
constant β1� may be expressed by eqns. (9) and (10), respectively.

B(OH)3 � Hchr3� B(OH)2(chr)3� � H2O (9)

β1� = [B(OH)2(chr)3�]/[B(OH)3][Hchr3�] = β1/Ka1 (10)

As can be seen from eqn. (10), β1 and β1� are related to each
other.

Kinetics of 1 :1 and 1 :2 complexation reactions

Reaction rate measurements. 11B NMR spectra for boric acid
solutions (I = 0.1 mol dm�3, pH 5.4) with chromotropic acid at
different reaction times reveal that the reaction for 1 :1 complex
formation takes place faster than that for 1 :2 complexation
(Fig. 4). By analysing these NMR signals, the formation con-
stant values for the 1 :1 complexes obtained at different reaction
periods are 10�1.49 (for 0 h), 10�1.68 (for 4 h) and 10�1.61 (for
17 h). They are almost identical with those shown in Table 1,
even though the relative intensities of the 1 :1 complex signals
decrease with increase in those of the 1 :2 complex. This result
indicates that the 1 :1 complexation of boric acid with chromo-
tropic acid always reaches equilibrium prior to the 1 :2
complexation.

Ishihara et al.10 have shown by stopped flow study that the
forward and backward reactions for 1 :1 complex formation are
rapid and evaluated the respective rate constants (Table 2), so
only the rate for 1 :2 complexation reaction was investigated in
the pH range of 3.5–5.5 where an appreciable amount of 1 :2
complex could be formed (Fig. 3). It is fairly difficult to express
the rate equation for 1 :2 complexation in the integrated form
because of the coexistence of the fast 1 :1 reaction equilibrium.
Thus, the initial rate method was employed. In an early stage

Fig. 3 Concentration of each boron species against pH in the equi-
librated solution. Points refer to the experimental results, while the
dotted lines are calculated. CB = CL = 0.00185 mol dm�3, I = 0.1 mol
dm�3. a, B(OH)3; b, 1 :1 complex; c, 1 : 2 complex; d, B(OH)4

�.
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of the reaction there was a negligible contribution of each
opposite direction reaction and the rate equation for 1 :2
complexation between boric acid and chromotropic acid can be
expressed as in eqns. (5), (11) and (12). Here, d[B(chr)2

5�]/dt

B(OH)3 � H2chr2�
fast

B(OH)2(chr)3� � H3O
� (5)

B(OH)2(chr)3� � H2chr2�
kf2

kd2

B(chr)2
5� � 2H2O (11)

d[B(chr)2
5�]/dt = kf2(obs)[B(OH)2(chr)3�][H2chr2�] (12)

denotes the rate of the 1 :2 forward complexation reaction,
and kf2(obs) the second-order rate constant observed. The
equilibrium concentrations of H2chr2� and B(OH)2(chr)3� were
estimated by using the 1 :1 complex formation constant. In a
similar way, the backward reaction can be examined by the
initial rate method using eqn. (13) where kd2(obs) is the first order
rate constant observed for the backward reaction of eqn. (11).

�d[B(chr)2
5�]/dt = kd2(obs)[B(chr)2

5�] (13)

The reaction rates for 1 :2 complex formation and its decom-
position were examined by monitoring the concentration of the
1 :2 complex over a certain period of time. Since no absorption
spectral changes accompanied the complex formations between
boric acid and chromotropic acid, spectrophotometric detec-
tion was carried out at around 355 nm by means of the HPLC
system, giving two peaks. The 1 :2 complex was separated satis-
factorily from free chromotropic acid under the experimental

Fig. 4 11B NMR spectra for boric acid solutions with chromotropic
acid at different reaction times. CB = CL = 0.00185 mol dm�3, I = 0.1
mol dm�3, pH 5.4. (a) for 0 h; (b) for 4 h; (c) for 17 h. a, Free boric acid;
b, 1 :1 complex; c, 1 : 2 complex.

Table 2 Rate constants for the reaction of boric acid and chromo-
tropic acid (25 �C, I = 0.1 mol dm�3)

kf1
a/

dm3 mol�1 s�1
kd1

a/
dm3 mol�1 s�1

kf2/
dm6 mol�2 s�1

kd2/
dm3 mol�1 s�1

1.38 × 103 1.61 × 104 (5.64 ± 1.01) × 104 (1.32 ± 0.09) × 10
a kf1 and kd1 are the forward and backward rate constants for 1 :1
complexation, respectively.10

conditions, while the 1 :1 complex decomposed on the column
because of its lability and lower anionic charges than those of
the 1 :2 complex and was eluted as free chromotropic acid.

The 1 :2 forward rate constants for solutions of boric acid
and chromotropic acid at different concentrations at a constant
pH value of 4.7 have been demonstrated to be almost constant
by using eqn. (12),34 indicating that the equation is valid for
the reaction system, i.e. there is a first order dependence on
the concentration of each B(OH)2(chr)3� or H2chr2� species.
The rate constant for 1 :2 complexation (kf2(obs) = 1.37 dm3

mol�1 s�1) determined under our experimental conditions
was about 1/1000th of that for 1 :1 complexation reported by
Ishihara et al.,10 which is acceptable for the results obtained
by the 11B NMR measurements shown in Fig. 4.

pH Dependence of the reaction rate for 1 :2 complexation.
Fig. 5 shows that both the forward second-order and the back-
ward first-order reaction rates for 1 :2 complexation depend on
pH in the equilibrated solution. An increase in pH of the
equilibrated solution resulted in a decrease in the rate constants
and both reactions are first order in the hydrogen ion con-
centration. That is, one proton appeared to be involved in both
the 1 :2 complex formation and its decomposition. Since no
proton transfer is included in the 1 :2 complexation equilibrium
shown in eqn. (11), the pH dependences of the reaction rates
could be explained by the proton participating in the reactions
as a catalyst. Thus, the effect of hydrogen ion in the solution for
the 1 :2 complexation reaction should also be taken into con-
sideration and the rate constants in eqns. (12) and (13) should
be revised as in eqns. (14) and (15). The rate constants for 1 :2

kf2(obs) = kf2[H
�] (14)

kd2(obs) = kd2[H
�] (15)

complexation reaction evaluated by eqns. (14) and (15) are
listed in Table 2 together with those for the 1 :1 complexation
reaction.10 By using the kf2 and kd2 values, the stepwise form-
ation constant of the 1 :2 complex, which is independent of the
hydrogen ion concentration in solution, can be calculated to be
103.63. The value is in fairly good accordance with that obtained
by NMR measurement (Table 1).

Complexation mechanism. In an acidic pH range where
H2chr2� species participate in the reaction, it is reasonable to
consider that the geometry at boron changes from trigonal to
tetrahedral and a proton is simultaneously released during 1 :1
complex formation.

Funahashi et al. proposed that trigonal B(OH)3 reacts
directly with an acidic chelate ligand via a two-step reaction
process to produce a 1 :1 complex.10,11 The first step, in which
nucleophilic attack of the hydroxyl group of the entering ligand
by means of hydrogen bonding makes boron change its co-
ordination number from 3 (sp2) to 4 (sp3), is considered to be

Fig. 5 Second-order forward and the first-order backward rate con-
stants for 1 :2 complexation reaction of boric acid with chromotropic
acid as a function of hydrogen ion concentration in the equilibrated
solution. CB = CL = 0.00185 mol dm�3, I = 0.1 mol dm�3, 25 �C.
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Scheme 1

rate-determining, while the subsequent chelate-forming ring
closure with dissociation of a co-ordinated water molecule is
rapid. This reaction pathway is supported by reports that the
forward rate constants for the reactions of a series of ligands
with different pKa show an increase with increasing acidity of
the ligand.15,16 The significance of proton transfer for the com-
plexation reaction of boric acid is also demonstrated by Pizer
and co-workers 35,36 who studied the reactivities of phenyl-
boronic acid with oxalic acid (H2ox) and oxalate ions as well
as malonic acid (H2mal) and malonate ions and showed
their forward rate constants to be in the following orders:
H2ox > Hox� and H2mal > Hmal�, while ox2� and mal2� were
unreactive. These facts indicate that at least one proton on the
oxygen donor atom is absolutely necessary for the hydroxyl
group of boric acid to be released as a water molecule and
the second one makes the chelate ring close more rapidly. That
is, proton transfer may also play an important role in the
leaving of the hydroxyl group from boron as a water molecule.

Our kinetic studies of the 1 :2 complexation showed that the
forward rate constant had a first order dependence on the
hydrogen ion concentration in solution (Fig. 5), that is a proton
catalyses the process of chelate ring closure with dissociation of
two water molecules. As expected from eqn. (11), the decom-
position rate for the 1 :2 complex should also have a first order
dependence on the hydrogen ion concentration (Fig. 5). These
facts indicate clearly that the catalytic role of proton transfer
accelerates both the forward and backward reactions of the 1 :2
complexation.

As a result, the most plausible reaction mechanism for 1 :2
complex formation mainly in acidic solution is presented in
Scheme 1. During the first step for the forward reaction the
hydroxyl group of chromotropic acid co-ordinates directly to
boron when a proton supplied from the solution combines with
the hydroxyl group of the 1 :1 complex, and simultaneously the
hydroxyl proton in the entering ligand binds with the other
hydroxyl group of the 1 :1 complex to form a five-co-ordinate
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transition state. Then, the proton is released together with the
hydroxyl group as a water molecule. In the next step the chelate
ring is closed to produce a water molecule and a proton from
the intermediate.

It is known that the second step of the mechanism for boric
acid reaction with chromotropic acid, that is the chelate-
forming ring closure, is rapid.10,11 Thus, the first step, the nucleo-
philic attack toward the boron atom to form a co-ordination
bond, is rate-determining for either the 1 :1 or the 1 :2 complex-
ation reaction. The presence of a five-co-ordinate boron has
also been proposed in the hydrolysis of BH4

� and the possible
geometries of such species have been calculated.37,38

During the 1 :1 complex formation the nucleophilic attack is
completed by introducing the lone electron pair of oxygen into
the empty orbital of the central boron atom in boric acid. In the
case of the 1 :2 complex formation, however, the co-ordination
to the central boron atom with the sp3 orbital in the 1 :1 com-
plex has to proceed by release of the hydroxyl group of the 1 :1
complex together with hydrogen ion as a water molecule, and it
is more difficult than that for 1 :1 complex formation. This is
one of the possible reasons for the lower reaction rate for 1 :2
complexation in comparison with 1 :1 complexation. In
addition, the electrostatic repulsion between H2chr2� and
B(OH)2(chr)3� may also be kinetically unfavorable to produce
the 1 :2 complex. As a result, the formation of a five-co-
ordinate boron transition state and the electrostatic repulsion
between the 1 :1 complex and free ligand make the 1 :2 complex
formation much slower than that of the 1 :1 complex form-
ation, unlike tetrahedral borate which should have a larger
reaction rate than trigonal boric acid when reacting with the
same ligand.13,16a

For the backward reaction, the addition of water molecules
for the decomposition of the 1 :2 complex is carried out via
hydrogen ion binding to a µ-oxo bridge of the complex (Scheme
1). The first proton comes from the solution and the second
from the bound water molecule. The addition of the first
hydrogen ion is quite difficult since the 1 :2 complex possesses a
structure with high symmetry and there is less electron density
on the µ-oxo oxygen atom of the complex due to π–π* inter-
action of the aromatic moiety; therefore the first proton binding

Fig. 6 Simulated concentration change of the bis complex with
reaction time under different pH conditions. Initial concentration:
CB = CL = 0.00185 mol dm�3. pH: 3 (a); 4 (b); 5 (c); 6 (d); 7 (e).

is thought to be the rate-determining step for the decom-
position reaction of the 1 :2 complex. Similar to the forward
reaction, the backward reaction rate for the bis complex also
depends on the concentration of hydrogen ion in the solution
and the first-order backward rate constant is lower than the
second-order forward one at the same pH (Fig. 5).

Based on the 1 :2 forward and backward rate constants
together with all equilibrium constants concerned, the concen-
trations of the bis complex produced over a certain reaction
period under different pH conditions were calculated and are
shown in Fig. 6. The equilibrium concentration of the 1 :2
complex species at different pH is in fairly good accordance
with that at the corresponding pH in Fig. 3. It is quite evident
that the lower the pH value in the equilibrated solution the
faster is the reaction. The reaction reaches equilibrium
within 3 min at pH 3, after about 50 h at pH 6; when the pH of
the solution is 7 the reaction rate is very slow and would take
longer than 5 days to reach equilibrium. The fact that the 1 :2
complex cannot be formed in basic solution may be due to such
low reaction rates as well as the thermodynamic difficulty in 1 :2
complexation under basic conditions.

Conclusion
It has been confirmed by 11B NMR measurements that boric
acid reacts with chromotropic acid to form complexes with 1 :1
and 1 :2 stoichiometries. The 1 :2 complex is predominant in
acidic solution, while the 1 :1 complex is mainly distributed
over a higher pH range. The kinetic studies revealed that a
proton catalyses both the reactions of 1 :2 complex formation
and its decomposition. The mechanism may be generally
applicable to reactions between tetrahedral boron and poly-
hydroxyl compounds.

On the basis of the complexation equilibria of boric acid
with chromotropic acid and the pH dependences of the bis-
complexation reaction rates, the adsorption properties of boric
acid on chromotropic acid resin 30 as well as the optimum con-
ditions for boron determination in acidic aqueous solutions
with an excess of chromotropic acid 18–25 can be explained satis-
factorily. Chromotropic acid loaded resin, which has been used
for the removal of trace amounts of boron from highly purified
water, adsorbing boric acid over a wide pH range (2–10),
strongly retains boric acid especially in the acidic region (pH
1.8–4.5). This is due to high stability of the 1 :2 complex of
boric acid with chromotropic acid formed under the ligand
excess condition in the resin phase and the rapid complexation
in this pH region. On the other hand, all of the analytical
methods for trace boron involve 1 :2 complex formation in
an acidic or neutral solution with an excess of the ligand. That
the 1 :2 complex can be formed rapidly in acidic solution
and hardly decomposed in alkaline solution made it possible
to develop a rapid, sensitive detection method for trace
boron. Motomizu et al.23 have proposed a highly sensitive
FIA system consisting of 1 :2 complex formation in acidic
solution and subsequent fluorimetric determination in alkaline
solution to reduce the background fluorescence of the free
ligand since the signal belonging to the complex is not
changed.

Above all, the complexation of boric acid with chromotropic
acid is well understood by combining 11B NMR and kinetic
studies. The equilibrium and kinetic information on the com-
plexation will help us to develop further practical applications
of the present system.
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