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I. Introduction

The development of methods and techniques that combine high
sensitivity and high selectivity with rapidity of analysis, availabil-
ity of instruments and low cost is a topical task in analytical
chemistry. This is achieved, in particular, through combination of
preconcentration of tested compounds with new sampling techni-
ques and most advanced methods of analysis. Mixed-origin
specimens including environmental subjects supplement tradi-
tional analytical (inorganic or organic) subjects. By virtue of
rapidity of analysis and possibility of direct visualisation of the
tested subjects, spectroscopic molecular absorption methods are
in continuous development resulting in appearance of new ver-
sions of the determination, novel or modified reagents and
combination of several approaches (e.g., hybrid and combinatory
methods of analysis). To relatively new procedures one can relate
diffuse reflectance spectroscopy, solid-phase spectrophotometry,
chromaticity measurement and diverse test methods. The latter
are worthy of note in view of simplicity, availability and relatively
low cost at reasonably high precision. These methods are espe-
cially suitable for express analysis of a broad range of organic and
inorganic substances. Chemical test methods are usually based on
well-known reagents and analytical reactions where colour change
plays the role of an analytical signal. The reagents for test methods
should possess high selectivities and high sensitivities in determi-
nation of metal ions or various compounds, the abilities to form
stable complexes or analytical forms, possibilities to be immobi-

lised on solid supports and ensure sufficiently high contrast of
reactions.

Basic and polyhydroxytriphenylmethane dyes are the two
main classes that are widely employed as analytical reagents. The
reagents of the former class contain alkyl- or arylamino groups in
the phenyl substituents and are usually employed in extractive-
photometric procedures. An ionic pair of a negatively charged
tested component and the protonated form of the reagent can be
extracted by weakly polar organic solvents; however, the reagent
itself is also partially extracted. The contrast range in such
reactions does not usually exceed 10 ± 20 nm; the reactions are
carried out in acidic media with very strict acidity control (the
range of optimum pH is very narrow), however the sensitivity of
the determination is rather high [the molar extinction coefficient
(e) is of the order of 105].

The reagents of the latter class contain hydroxy groups in the
phenyl substituents. Two hydroxy groups in the ortho-position
(pyrocatechol) form a functional-analytical group in the reagent,
which can be involved in complexation with the formation of
chelate complexes. The contrast range of such reactions, especially
with involvement of additional approaches, can exceed 200 nm;
the values of molar extinction coefficients are of the order of 105,
the optimum acidity range is of the order of several units of pH,
while the selectivity of the reaction can be changed upon intro-
duction of masking substances. The reagents of the second class
include Pyrocatechol Violet (3,30,40-trihydroxyfuchsin-200-sulfonic
acid, pyrocatecholsulfonephthalein, PCV), a popular reagent for
photometric determination of some metal ions and an indicator
for complexometric studies. Its applications in novel optical
methods, solid-phase spectrophotometry and chromaticity
present certain interest. Complexes with PCV usually have bright
colours; their formation results in marked bathochromic shifts
and is often highly selective. Thus, this reagent is suitable for
different test methods, since the latter often include preconcentra-
tion in the form of a coloured complex.

This review generalises the published data on chemical and
analytical characteristics of Pyrocatechol Violet and its applica-
tions in analytical chemistry. Special attention is given to the use
of this reagent in modern optical methods, such as diffuse
reflectance spectroscopy, solid-phase spectrophotometry, chro-
maticity measurement, as well as in test methods. This type of a
review is missing, while the information sources are either dis-
persed or hardly accessible.
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II. Chemical and analytical characteristics of
Pyrocatechol Violet

1. Protolytic equilibria in solutions
The PCV molecule contains a pyrocatechol and an o-hydroxycar-
bonyl groups as well as a sulfo group in the third phenyl
substituent and exists in different ionic forms depending on the
acidity of the solution (Scheme 1).1

The theoretical and experimental values of wavelengths of the
absorption band maxima (lmax) of different forms of PCV are
listed in Table 1. It is noteworthy that the band of the doubly
ionised form could be identified only after the concentration of the
reagent was increased to 861074 mol litre71 (pH 13.0), while the
analysis of alkaline solutions of PCV could be performed only
after addition of 30 vol.% of acetone to suppress side reactions.1

The hydroxy group of the Pyrocatechol fragment is ionised the
first (ionisation of the SO3H group is not taken into consider-
ation), which results in a bathochromic shift of the long-wave
absorption band. The appearance of the doubly ionised forms III
and IV at pH>9 with similar values of lmax is equiprobable;
however, with consideration of possible existence of an intra-
molecular hydrogen bond, the form IV is more likely. The triply
ionised form V appears in strongly alkaline media.

The dissociation constants of the hydroxy groups are listed in
Table 2. It has to be noted, however, that these data are not in full
accord with those reported in Ref. 2 (pKa1=7.82, pKa2=9.76,
pKa3=11.73).

Chelate-forming chromophoric organic reagents of the tri-
phenylmethane series are Brùnsted and Lewis bases. Therefore,
studies of their complexation with metal ions should take into
account the possible competition between the proton and the
metal ion for the reagent. Partial protonation of analytically active
groups of the polydentate ligand does not prevent its complex-
ation with metal ions, but the protonation of the donor atom of
the functional analytical group often makes this process impos-
sible.

Hence, the reactivities of polydentate reagents of the triphe-
nylmethane series with respect to metal ions in acidic media are
largely determined by the formation of the protonated forms.

H4R+H+ H5R+. (1)

The attachment of the proton to the donor oxygen atom at pH 1 is
a characteristic feature of PCV.

2. Effects of surfactants on acid-base properties of
Pyrocatechol Violet
The acid-base properties of PCV are influenced by ionic strength,
composition of the solution, the presence and the nature of
organic co-solvents as well as the nature and concentration of
surfactants. These factors determine also the optical character-
istics of the reagents and complexes and stabilities of the latter.

Three types of effects were found to be responsible for
enhanced sensitivities and selectivities of reactions in metal ion ±
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Table 1. Theoretical and experimental values of lmax for different PCV
forms.1

Form of PCV Existence conditions lmax /nm

theory experiment

I (H3R7) pH 1 ± 6 450 450

II (H2R27) pH>7 591 600

III(HR37) pH>9 646 650

IV(HR37) pH>9 656 650

V(R47) 0.5 mol litre71 691 690

40% NaOH

VI (H5R+) 0.5 mol litre71 548 546

H2SO4 (conc.)

Table 2. Dissociation constants of PCV (c=461075 mol litre71,
l=1 cm, n=5, P=0.95).1

Dissociation step lmax /nm a K pK

H3R7 > H2R27 600 (3.4� 2.5)610710 9.48

H2R27 > HR37 650 (3.7� 2.2)610712 11.43

HR37 > R47 690 (2.9� 2.1)610714 13.53

a lmax is related to more strongly ionised forms (right part of the

equations).
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reagent ± surfactant systems and protolytic properties of the
triphenylmethane reagents,3, 4 such as Phenol Red, Cresol Red,
m-Cresol Purple, Xylenol Blue, Thymol Blue, Bromophenol Red,
Chlorophenol Red, Bromophenol Blue, Bromochlorophenol
Blue, Bromocresol Purple, Bromothymol Blue, Bromocresol
Green and Pyrocatechol Violet, containing different ortho-sub-
stituents relative to the phenolic OH group.

One of the effects is related to the increase in the number of
coordinated ligands in the analytical forms. The second is asso-
ciated with the activation by a cationic surfactant (CS), which
enables complexation in more acidic media due to deprotonation
of the heteroatom and formation of stable associates:

LOH LO7+H+,

LO7+CS+ LO77CS+,

where LOH is the reagent andKa is the association constant. In the
presence of CS, determination of the dissociation constant (Kdis) is
impossible due to competitive formation of the ionic associate.
The absorption spectra of the reagents, in the presence of CS,
contain additional bands of associates, therefore it is the associ-
ation constant that is determined photometrically. It is usually
shifted to a more acidic region as compared with pK for the
dissociation of the corresponding acid group that is involved in the
formation of the associate. Therefore, the complexation of such
associates takes place inmore acidic media in comparison with the
corresponding ionic forms of the reagents. This effect, i.e., the
apparent pH shift of the dissociation of acid groups, should be
distinguished from true changes in the properties of acid groups of
the reagents induced, as a rule, by non-ionic surfactants. The
reasons for this phenomenon are as yet little understood.

The third effect is connected with multisite interactions of
polydentate ligands involving both chelating and auxochromic
groups in the presence of CS. For example, the number of CS
cations [e.g., cetylpyridinium (CP)] that add to PCV is increased in
the presence of metal ions, which is only possible where a proton
of one of the auxochromic groups of PCV (most probably, the OH
group at position 3, see Scheme 1) is replaced by a CP cation with
formation of a chelate associate.

The pronounced effect of deprotonation of the auxochromic
group at position 3 on the p-electron system of the reagent 5

underlies the increase in the contrast of reactions in the presence
of surfactants.

The higher the solution acidity the less pronounced the effect
of deprotonation of the donor heteroatoms of the reagents and the
greater the amount of CS required for the shift of the reaction
equilibrium (1) to the left.4 It is possible to determine the acidity
threshold below which no deprotonation takes place even at
maximum possible concentration of CP that is much above the
critical micelle concentration (CMC). For PCV, this value was
equal to 4.5 mol litre71 of H2SO4 ; in 1% H2SO4, the deprotona-
tion pK shift was 0.8. Analysis of this effect at CP concentrations
from 1075 to 1072 mol litre71 showed that the deprotonation at
CP concentrations far below CMC was typical of all reagents
containing sulfo groups.

If the reagent contains no sulfo groups, deprotonation occurs
at [CP]5CMC. At concentrations below CMC, the deprotona-
tion is related with the formation of ionic associates involving
sulfo groups. The formation of neutral associates of ionised forms
of the reagents and CP cations was established by amperometry.
Such associates are much more hydrophobic than the hydrated
reagent ions. Therefore, the protonation of hydrophobic associ-
ates with CS under the action of H3O+ species is hindered. The
formation of ionic associates diminishes with a decrease in the
solution acidity and an increase in CS concentration up to CMC,
since dissociation of sulfo groups is suppressed and sorption
begins to predominate.

In the presence of charged CS micelles, deprotonation of
polydentate organic reagents obeys the Hartley rule 4 and is
reduced to primary sorption of negatively charged ions or neutral

species on the surface of positively charged CS micelles. In this
case, the deprotonation is of sorption character and is described
by the Langmuir saturation isotherm. Similar to formation of
hydrophobic associates, this process is accompanied by a shift of
the equilibrium (1) to the left, which is consistent with the view-
point commonly accepted in colloid chemistry. Therefore, the
deprotonation of reagents in the presence of CS takes place in
both aqueous and micellar phases. The pK values for the depro-
tonation of PCV in the presence of different concentrations of
cetylpyridinium chloride are given below:4

cCP /mol litre71 0 261075 461075 461074 1.261073

pK 0.86 0.78 0.54 0.03 0.02

The addition of CS with the length of the hydrocarbon chain
C127C16 to reagents of the triphenylmethane series at concen-
trations far below CMC (1076 ± 1074 mol litre71) in a pH range
corresponding to complete dissociation results in a pronounced
(by 5 ± 20 nm) bathochromic shift of the absorption band of
H2R27. The effect of CS on the absorption spectra of the reagents
in which only the sulfo groups dissociated was less apparent and
was accompanied by a small hypsochromic shift of the absorption
band.

Electronic and 1H NMR spectroscopic studies of the effect of
CP or cetyltrimethylammonium (CTMA) revealed 6 that the
appearance of a new band was due to the formation of reaction
products of PCV with surfactants in a 1 : 2 ratio. In more acidic
media, where the sulfo group dissociated, the ratio of the
components was 1 : 1, as followed from the results of elemental
analysis of solid products. As the length of the non-polar radical
increasees, the associates become more stable, since counterions
are bound by both electrostatic and hydrophobic interactions.

From the practical viewpoint, the shifts or redistribution of
absorption band intensities in the spectra of triphenylmethane
dyes upon interactions of their anionic forms with polymeric
cationic flocculants [e.g., poly(diallyldimethylammonium) chlor-
ide] with formation of non-extractable ionic associates can be
employed in spectrophotometric determination of microgram
quantities of flocculants in aqueous solutions; the use of the
addition method is recommended to minimise the effects of
admixtures.7

The concentration of a surfactant strongly affects the solubil-
ity of ionic associates. Its 1.5 ± 3-fold increase in comparison with
the stoichiometric ratio of the associate components prevents
formation of a solid phase consisting of aggregated species of the
associate. This results from dispersion of the associates upon
attachment of several additional surfactant cations owing to
hydrophobic interactions. The charged ionic associates contain-
ing overstoichiometric surfactant ions are sometimes referred to
as mixed micelles. The effects of added inorganic salts on the ionic
associates of sulfophthaleins and CS have been studied.6 The
nature of a strong electrolyte anion is important. If the electrolyte
anion interacts with CS to form its own ion pair CS+7An7

(An7=NOÿ3 , Br7, I7 or ClOÿ4 ), the CS ± reagent associate is
destroyed under the competitive action of An7. The addition of
salts with anions that weakly react with CS brings about abnormal
effects of ionic strength: at a concentration of anions in a solution
as high as 0.1 ± 0.5 mol litre71, the associates are either not
destroyed at all or the decrease in their concentration is much
less than is expected for compounds with an ionic type of bonds.

Two approaches to modification of organic reagents by
surfactants can be noted, viz., preparation of ionic associates and
solubilisation in micelles. This allows conversion of common
organic reagents into new in principle, more efficient compounds
possessing quite different analytical properties. The first route is
typical of ionogenic surfactants and reagents that dissociate in
aqueous solutions. The formation of the corresponding ionic
associates can be predicted. The second route is largely known
for non-ionic surfactants; it is still little studied and is virtually
unpredictable.

Ka
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Despite such a complex behaviour of PCV in solutions with
different pH, this reagent easily modifies organic or inorganic
supports, which makes rather promising the application of its
kinetically labile complexes in testmethods. The absorption bands
of aqueous solutions of H3R7, H2R27 and HR37 correspond to
the bands in the diffuse reflectance spectra of the same forms.8

However, the absorption band of H3R7 adsorbed on the anion-
exchange resin AV-17 in the diffuse reflectance spectrum of the
PCV sorbate was shifted towards longer wavelengths by 20 nm in
comparison with the band characteristic of aqueous solutions of
this form. The sorption of the H3R7 form on AV-17 occurs at pH
1 ± 4; at higher pH values, dissociation of the hydroxy groups
takes place. The spectral characteristics of the dissociated form
H2R27 are changed thereupon. The F=(17R)2/2R vs pH curve
(R is the diffuse reflectance coefficient) displayed a minimum at
pH 6.5 due to the superposition of the absorption spectra of
H3R7 andH2R27.8, 9 The sorption of the doubly charged form of
PCV is weaker in comparison with the singly charged form,
apparently due to delocalisation of the charge generated upon
deprotonation of the OH group. It is of note that PCV sorption is
irreversible: the reagent is only partly desorbed in strongly acidic
solutions and is not desorbed at all in strongly alkaline solutions.

III. Pyrocatechol Violet as a complexometric
indicator

The use of PCV as a complexometric indicator was studied in the
presence and in the absence of the cetyltrimethylammonium ion.10

It is commonly known that the sensitivity and the contrast of the
colour reaction are crucial in the choice of an indicator for
complexometric titration. Besides, the complexes formed must
be highly stable with respect to exogenous substances (e.g., buffer
components), but less stable than the metal complex with EDTA.
Titration should be carried out at the lowest possible values of pH
where the logarithm of the conditional stability constant of the
complexonate is 57 to increase selectivity. In fairly acidic media
(pH 1 ± 2), PCV forms coloured complexes with some metal ions;
however, its reactions with many metals proceed effectively only
in weakly acidic media (pH 5 ± 6). Only metal ions that do not
form stable complexes with fluoride ions can be used as titrants for
reverse titration in the presence of fluorides; thus, Sc, Th, Zr,
Ti(IV), Al and REE salts cannot be used. Chelates of many metals
that form unstable fluoride complexes possess fairly high condi-
tional stability constants in the presence of fluorides; however,
coloured PCV complexes with these metals are stable in the
presence of fluorides not at all pH values. At high pH values
where the metal ± PCV complexes possess high conditional stabil-
ity constants they are stable in the presence of fluorides, but are
destroyed at low pH values where the conditional stability con-
stants are low. As is known, pH has little effect on the stabilities of
fluoride complexes but strongly affects the stabilities of metal
complexes with triphenylmethane dyes (including PCV). In many
cases, the use of an NH4F±H3BO3 mixture instead of NH4F
enables efficient titration even at low pH values, since the
concentration of free fluoride ions in the solution decreases
drastically due to formation of the complex ion BFÿ4 . The metals
that can be determined by complexometric titration with PCV in
the absence and in the presence of cetyltrimethylammonium 10 are
listed in Table 3; the use of ternary complexes makes the titration
more sensitive in a broader range of contrast of colour change
than with PCV alone.

At present, further development of complexometric titration
with PCV takes place. It was proposed to fix the titration endpoint
automatically by monitoring the changes in chromaticity charac-
teristics, such as L, A and B (tristimulus coordinates in the
CIELAB system),DE,W andG (total colour difference, whiteness
and yellowness indices, respectively) and DS (colour saturation
difference):

DS=So7Srs ,

where So and Srs are the colour saturations of the tested and
reference samples, respectively.11 Methods have been developed
for determination of Zr(IV) (Ref. 12) (where PCV is used together
with other indicators), Cu(II) (Ref. 13) and Ni(II).14 A solution of
the opposite problem, i.e., determination of aminopolycarboxylic
acids, such as nitrilotriacetic acid and EDTA, in natural waters, is
also possible.15 These acids induce a bathochromic shift of the
optical density maximum (580 nm) of a red coloured bismuth
complex with PCV, which allows measurements of their concen-
trations in the range from 0.02 to 1.2 mmol litre71; other chelat-
ing reagents are masked with yttrium; the interference due to ions
is suppressed by oxalic, citric and acetic acids.

IV. Pyrocatechol Violet as a reagent in optical
methods

1. Binary Pyrocatechol Violet complexes with metal ions
PCV complexes with somemetal ions have been investigated since
the middle of the 20th century and described in numerous
publications. However, in the majority of cases the complexation
was studied in a narrow range of pH values. The spectrophoto-
metric characteristics of these complexes are listed in Table 4.

As can be seen from Tables 1 and 4, the bathochromic shift of
the absorption band in the complexation of PCVwith themajority
of metal ions listed exceeds 100 nm; the reason for the hypsochro-
mic shift in a neutral medium for aluminium, gallium and indium
remains obscure.20 The molar extinction coefficients of copper,
zinc, cadmium, scandium and vanadium complexes are small.

The complexation of PCV with aluminium was studied in
most detail; this reagent was used for spectrophotometric deter-
mination of this metal in sea and underground waters as well as in
industrial wastes (2 ± 500 mg litre71, pH 6.1, urotropin buffer,

Table 3. Conditions for complexometric titration of metals with PCV in
the absence and in the presence of cetyltrimethylammonium.

Metal In the absence of CTMA In the presence

of CTMA

pH buffer solution, colour pH colour

supplementary change change

conditions

Bi(III) 2 ± 3 HNO3 blue ± yellow 2 blue ± red ±

yellow

Cd(II) 10 ammonia 7 7 7
Co(II) 9.3 " 7 7 7
Ni(II) 8 ± 9.3 " greenish- 7 7

blue ±

red-violet

Cu(II) 5 ± 6.5 acetate blue ± yellow 6 blue ±

green ±

yellow

Fe(III) 5 ± 6 pyridinium blue ± 3 blue ± red

acetate red-violet

Ga(III) 3 ± 3.8 acetate blue ± yellow 3 blue ±

yellow

In(III) 5 hot acetate blue ± yellow 6 yellow ±

green

Mg(II) 10 ammonia 7 7 7
Zn(II) 10 " 7 7 7
Mn(II) 9.3 ammonia+ greenish- 7 7

NH2OH blue ±

red-violet

Sc(III) 7 7 7 6 blue ±

yellow

Pb(II) 5.5 urotropine blue ± yellow 6 yellow ±

green

Th(IV) 2.5 ± 3.5 HNO3, 40 8C red ± yellow 7 7
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lmax=580 nm). It was shown 20 that PCV forms complexes with
aluminium with the stoichiometry (i.e., the metal : reagent ratio)
from 3 : 1 to 1 : 5, gallium (from 2 : 1 to 1 : 5) and indium (from 3 : 1
to 1 : 1) as true solutions in several narrow intervals of pH values.
In the case of indium, the formation of 2 : 3 complexes, which
represent mixtures of 1 : 1 and 1 : 2 complexes, was possible with
insufficiently pure PCV. The equilibrium in the reaction of Al(III)
with PCV in aqueous solutions was studied. 20, 22 ± 24

The coordination of PCV involves both quinonoid and ortho-
dihydroxy fragments. At pH<4.5, Al(III) ions, like Ga(OH)2+

ions,23, 24 displace one proton from each of two reagent molecules,
since the metal : PCV ratio in the complexes is 1 : 2; higher pH
values favour the formation of complexes with different ionic
forms of PCV. In the intermediate range of pH, the coordination
in the complexes involves both groups. The construction of the
distribution diagram of complexes vs pH demonstrated that
stoichiometric (1 : 2) complexes predominate at pH 5.6 ± 6.5; this
can be utilised in spectrophotometric determination of gallium
and aluminium in natural waters. Computer simulation of con-
ditions for the determination of aluminium ions revealed that in
the given range of pH and in the presence of small excess of PCV
the measurement error due to the formation of colloidal gibbsite
species is minimum. A procedure for flow-injection spectrophoto-
metric determination of total reactive aluminium in natural waters
and other objects was developed.25 It was found 26 that at pH 6.2
the rate of the reaction of aluminiumwith PCV strongly depended
on the presence of competing ligands, such as oxalate, malonate,
fluoride, salicylate, citrate and humic acids; the equilibration time
was 10 min.

The mechanism and thermodynamic and kinetic character-
istics of the reaction of indium with PCV were established by the
temperature-jump method with the use of laser emitters.27

Spectrophotometric measurements showed the predominant
formation of (InH3R)2+ and (InH2R)+ species at [H+]>
0.015 mol litre71 and of (In2R)2+ species at [H+]<
0.015 mol litre71. Two relaxation effects were observed. Fast
relaxation was associated with the reactions:

In3++H3R7 (InH3R)2+,

InOH2++H3R7 (InH2R)++H2O,

while slow relaxation was associated with the formation of
(In2R)2+. The electronic absorption spectra of gallium±PCV
complexes in the absence and in the presence of electrolytes were
studied.28 It was found that the light absorption by a solution
depends on the nature of the anion and the cation of the electro-
lyte.

On the whole, the utilisation of PCV±metal binary complex
formation for analytical purposes is limited due to low reaction
selectivity, narrow range of optimum pH values and, sometimes,
by low molar extinction coefficients. Several approaches aimed at
eliminating these drawbacks were proposed. One of them consists
of a search for a third component of the complexes the introduc-
tion of which into the reaction systemmight significantly improve
the spectrophotometric characteristics of the latter and increase
the selectivity of the determination (see Section IV).

The second approach consists of preliminary separation of the
tested element by extraction 29 or sorption 30 ± 32 on appropriate
supports with subsequent re-extraction or desorption and deter-
mination in aqueous or organic phases using PCV. Alternatively,
it is complexes with PCV that are extracted 33, 34 or
absorbed 31, 32, 35 ± 37 with subsequent determination of metals,
as a rule, by spectrophotometric,29 ± 31, 33, 34 atomic absorp-
tion 32, 35 ± 37 or atomic emission 32 methods. Thus tin(IV) was
extracted with tris(2-ethyl)hexyl phosphate in toluene;29 the
linearity range of the calibration curve (CC) was
10 ± 100 mg ml71, the detection limit was 0.4 mg ml71. PCV
complexes with Ga, Al, In 33 and Zr 34 were extracted with
solutions of caproic (HL) and propionic (HA) acids in chloroform
(Table 5). The linearity range of CC for gallium and aluminium
determinations was 0.1 ± 1.7 mg ml71; 100-fold concentrations of
indium, 5-fold concentrations of bismuth and 10-fold concentra-
tions of copper did not interfere with the determinations. It is
noteworthy that PCV itself is extracted only by caproic acid, the
extraction constant (Kex) being equal to (6.7� 1.8)6103.

The following schemes for the formation of extracted com-
pounds were proposed [the subscripts (a) and (o) designate the
aqueous and organic phases, respectively]:
for PCV (H3R7)

H3R
ÿ
�a�+NH�4 (a)+4HL(o) NH4H3R . 4HL(o) ,

Table 4. Spectrophotometric characteristics of binary metal complexes
with PCV.

Metal lmax /nm pHopt (see a) 1074 e (log b) Ref.

Cu(II) 580 6 0.54 10

630 5 7 (8.42) 16

Zn(II) 600 (pH 6.5 ± 8.0) 7.5 0.61 17 ± 19

Cd(II) 630 (pH 7.0 ± 10.0) 9.5 0.77 17, 18

Ni(II) 7 7 7 18

Ag(I) 7 7 7 18

Al 580 6 7.75 10

575 ± 580 6.5 ± 7.2 6.3 (13.81) 20

610 ± 620 5 2.5 20

Ga 580 5 3.95 10

575 ± 580 6.0 ± 6.5 6.4 (17.11) 20

615 ± 620 4 2.6 20

In 580 6 2.46 10

575 ± 580 7.0 ± 7.8 5.9 (7.54) 20

Sc 600 6 0.98 10

Ti(IV) 570 (without H2O2) 6 1.88 10

590 (with H2O2) 6 1.48 10

Zr 550 (pH 1.5) 1.5 2.25 10, 21

620 (pH 2 ± 6) 5 7 10

Bi 550 (pH 1.5 ± 2.5) 2 2.26 10

600 (pH 5 ± 6) 6 7 10

V(V) 550 ± 555 6 0.54 10

V(IV) 555 6 1.0 10

Mo(VI) 555 1.3 1.39 10

Mo(V) 555 1.3 1.36 10

W(VI) 560 1 2.24 10

Fe(III) 605 6 6.27 10

Fe(II) 605 6 5.6 10

Pb(II) 570 6 1.0 10

585 6 1.83 10

a pH of the maximum complexation.

Table 5. Extraction of PCV±metal complexes.

Metal lmax pHopt 1074 e Kex Extractant

/nm (M : PCV ratio

within the

complex)

Al(III) 585 6.5 ± 7.2 3.7 (1.8 � 0.1)61011 propionic acid

(1 : 2)

Ga(III) 585 6.2 ± 6.5 2.5 (1.4 � 0.3)6104 caproic ±

propionic acid

mixture (1 : 1)

Zr(IV) 600 6.2 ± 6.5 2.6 4.3 � 0.5 caproic ± pro-

pionic acid

mixture (1 : 1)
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for Ga(III)

Ga 3�
�a�+H3R

ÿ
�a�+NH�4 (a)+ nHL(o)+mHA(o)

Ga(NH4H3R)LA . (m71)HA . (n71)HL(o)+3H��a� ,

for Al(III)

Al 3��a�+H3R
ÿ
�a�+NH�4 (a)+mHA(o)

Al(NH4H3R)A . (m71)HA(o)+3H��a� ,

for Zr(IV)

ZrO2�
�a�+H3R

ÿ
�a�+NH�4 (a)+ nHL(o)+mHA(o)

ZrO(NH4H3R)LA . (m71)HA . (n71)HR(o)+2H��a� .

Preconcentration of lead in its determination in atmospheric
air and construction materials was performed using Polyorgs VII
as the sorbent;30 the sorption time was 10 min and desorption was
performed with 0.1M acetic acid. Tin was determined in zinc
ingots using the anion-exchange resin Dowex 264;31, 32 this was
combusted and the ash was dissolved in nitric acid.

Direct sorption of metal ± PCV complexes was carried out on
the anion-exchange resins Dowex 264 31, 32 or XAD-2 (for deter-
mination of Zn, Cd, Pb and Ni).35 A procedure for preconcentra-
tion in the determination of trace amounts of Cu, Mn, Cd, Pb, Ni
and Cr in potable water was developed,36 which consisted of
sorption of complexes with PCV on a column with an anion-
exchange resin at pH 4 ± 8 and elution with 1M nitric acid in
acetone; the detection limits for Cd and Cr were <0.1 and
1 mg litre71, respectively. A possibility of preconcentration of
Cu, Ni and Zn on a PCV-modified cation-exchange resin with
subsequent regeneration of the resin at pH 12 or with 3MKClwas
investigated.37

2. Interactions of Pyrocatechol Violet with anions
Reactions of this type are documented.38 ± 40 Procedures were
developed for spectrophotometric determination of anions based
on oxidation of PCV with halogens. The latter oxidise PCV
whereupon its colour fades. Thus for BrOÿ3 the conditional
e=3.76104, lmax=557 nm, the linearity range of CC is
0.1 ± 1.3 mg ml71 (Ref. 38); the anion : PCV stoichiometric ratios
for I7 and Br7 are 1 : 5 and 1 : 3, respectively; the detection limit
for iodide ions is 0.0006 mg ml71 (Ref. 38); for ClOÿ2 , the
ClOÿ2 : PCV ratio is 1 : 2; chloride, nitrate, sulfate, phosphate,
carbonate, perchlorate and arsenate ions are not interfering, but
the bromide ion interferes with the reaction course;39 amethod for
determination of oxalic acid in food substances, which is based on
enhancement of PCV oxidation by dichromate, has been
described.40

3. Mixed-ligand complexes and ionic associates
As mentioned above, the use of two-component complexes of
PCVwith metal ions for analytical purposes often faces problems.
Mixed-ligand complexes and ionic associates hold more promise
for spectrophotometric determinations, since they are more
stable, better extracted and demonstrate larger bathochromic
shifts; in some cases, the selectivities are higher. Thus a ternary
zirconium complex with PCV and EDTA with a component ratio
Zr : PCV : EDTA=3 : 2 : 3 was described 41 as early as 1968 and a
method for determination of zirconium was developed. Since
1962, yttrium has been determined in the presence of some rare-
earth elements (Pr, Nd, Ce, La) 42 using a red coloured boron ±
pyrocatechol complex (BPCC) with a component ratio
Y :BPCC=1 : 1; the linearity range of CC is 0.9 ± 4.5 mg ml71

for yttrium; e=1.856104 (590 nm) and 1.906104 (607 nm).
Ce(IV) and La(III) ions also react with BPCC, but the complexes
formed are less stable. The interfering effect of lanthanum was
eliminated by addition of boric acid, that of cerium, of hydrogen
peroxide. Of substantial interest for further investigations are
synergistic effects in the formation of ion ±metal associates with
PCV and Rhodamine 6G or Rhodamine B (Table 6). 43 ± 45

The complexation of PCVwith titanium(IV) was studied in the
presence of diantipyrylmethane (DAM).46 It is known 10 that
aluminium and copper ions interfere with determination of
titanium with PCV (see Table 4). The addition of DAM to the
reaction system enables determination of titanium in the presence
of a 300-fold (with respect to titanium) excess of aluminium and a
150-fold excess of copper. The formation of the Ti ± PCV±DAM
complex was characterised by a high range of contrast
(lmax=610 nm, pHopt 1.4 ± 2.4, e=2.006104); the Ti : PCV :
DAM ratio was 1 : 2 : 2; the linearity range of CC was
0.2 ± 1.9 mg ml71; the stability constant of the complex was
(4.00� 0.09)61019. Titanium reacted with PCV and DAM
according to the following scheme:

Ti(OH)4ÿii +2H3R7+2DAM

[Ti(OH)i (H37nR)2(DAM)2]47i7272n+2nH+.

It was demonstrated that the role of a coordinating ion is
played by Ti(OH)3+, which displaces one proton from each PCV
molecule (i.e., i=1, n=1). DAM is bound to two OH groups of
PCV through the carbonyl oxygen. A tentative structure of the
complex formed was proposed.46

Heterocyclic bases (HetB), e.g., quinine,47 2,20-bipyridine 48

and 1,10-phenanthroline, were used as third components in
mixed-ligand complexes of PCV with metals.49 ± 51 Compounds
formed were insoluble or poorly soluble in water; the addition of
gelatin brought about their stabilisation. A gallium complex with
PCV and quinine was formed in a very broad pH range
(5<pHopt<10); the component ratio for the Ga : PCV : quinine
complexwas 1 : 2 : 1, lmax=680 nm, the linearity range of CCwas
(0.2 ± 2.0)61075 mol litre71; this could be used for the determi-
nation of both gallium and quinine.47 2,20-Bipyridine 48

(pHopt 3 ± 3.5, Ge : PCV: 2,20-bipyridine=1 : 2 : 3, lmax=
610 nm) was used as a third component in the germanium
complex with PCV; the solubility product was
(1.04� 0.02)610732; e=(3.08� 0.25)6104. In this case, ami-
nate-type compounds [Ge(OH)i (H37nR)2 . (HetB)3]47i7272n are
formed characteristic of reactions with amines as bases.

In the presence of 1,10-phenanthroline (Phen), the alumi-
nium±PCV complex is formed at pHopt 6.15; lmax=590 nm; the
detection limit for aluminium is 20 mg litre71. A procedure for
determination of total concentrations ofmonomeric aluminium in
natural waters and soil extracts has been developed.49

Vanadyl complexes with PCV and 1,10-phenanthroline 50 or
cetylpyridinium bromide (CP-Br) 51 were investigated and the
possibility of their extraction was examined. The main character-
istics of the complexes formed in aqueous and organic media are
listed in Table 7. EPR studies revealed that the complex contained
V(IV). The following complexation equation was proposed:50

VO(OH)2ÿii + pH3R7+ qPhen

[VO(OH)i (H37nR)p(Phen)q]+ pnH+.

It was found that the character of formation of ionic associates
in the presence of CP-Br strongly depends on pH. In acidic media,

Table 6. Some characteristics ofmetal complexes with PCV in the presence
of Rhodamine 6G.

Metal lmax pHopt 1074 e Linearity Subject of Ref.

/nm range of CC analysis

/mg ml71

Al(III) 580 6.5 6.8 0 ± 0.28 gramineal 43

plants

Ti(IV) 560 5.0 7.6 0.08 ± 0.48 alloys 45

Sn(II) a 560 5.0 11.8 0 ± 0.6 canned fruits, 44

steel samples

a In this case, as a complex with PCV and Rhodamine B.
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as with PCV±Phen associates, cetylpyridinium binds to the SOÿ3
group of PCV, as can be judged from the similarity of their
absorption spectra. In aqueous (pH 6.4) and organic media, PCV
reacts with CP-Br differently. Although under the given condi-
tions the PCVmolecule exists in a singly ionised form (H3R7), the
hydroxy group of the pyrocatechol residue is in a pre-ionisation
state. Loosening of the O7H bond occurs under the action of
cetylpyridinium, which enables substitution of the cetylpyridi-
nium cation for the hydrogen of the hydroxy group. This group
favours additional delocalisation of p-electrons of PCV, resulting
in a pronounced bathochromic shift of the absorption band of
PCV. In the organic phase, the secondCP-Brmolecule is bound to
the sulfo group of the reagent, owing towhich the extraction of the
ionic associate PCV-CP is possible.

The extractability of the complexes can also be enhanced by
addition of guanidine (GU) 52 or diphenylguanidine
(DPG) 17, 39, 53 ± 56 to the metal ± PCV reaction system (Table 8).
Spectrophotometric and IR-spectroscopic studies as well as
quantum-chemical calculations revealed that metal ions displace
one proton from each PCV molecule in the formation of ternary
complexes with GU or DPG; the coordination of the metal occurs
with the o-hydroxyquinone group of PCV. The PCV polyasso-
ciates are destroyed under the action of GU and DPG, which,
acting as bases, block the free sulfo and hydroxy groups. It is
noteworthy that GU is a more efficient partner for ions with
smaller ionic radii, while DPG is more suitable for extraction of
ions with larger ionic radii in reactions with the same triphenyl-
methane dye; the differences between the properties of individual
elements are eliminated upon addition of surfactants. The follow-

ing complexation reactions have been proposed for aluminium,53

tin 55 and bismuth 56 (Sol is a solvent):

Al3��a�+3DPG7H . (H3R7)(o)

[Al(H2R27)3(DPG7H)3](o)+3[H+](a) ,

Sn(OH)4ÿii�a�+2HmR
ÿ
�a�

[Sn(OH)4ÿii (Hm71R)2]
nÿ2
�a� +2H��a� ,

[Sn(OH)4ÿii (Hm71R)2]
nÿ2
�a� +HetB(a)+ q Sol(o)

[Sn(OH)4ÿii (Hm71R)nÿ22 HetB] . qSol(o) ,

Bi(OH)�2�a�+(H37nR)ÿn�a�

[Bi(OH)2(H37nR)]
ÿ�n�1�
�a� +(n+1)H��a� ,

[Bi(OH)2(H37nR)]
ÿ�n�1�
�a� +2HetB(o)+ (n+1)H��a�

{HetB2n}[Bi(OH)2(H37nR)](o)+2nH��a� .

Mixed-ligand complexes of metals with triphenylmethane
dyes (including PCV) and quarternary ammonium salts (QAS)
hold a special place. Their advantages include high molecular
mass, pronounced basic properties and the fact that they do not
form complexes directly with metals. This determines their more
unambiguous reactions and rules out competitive effects of other
cations. Mixed-ligand complexes of PCV with iron 57 or molybde-
num 58 and dialkylbenzylmethylammonium chloride were
obtained as long ago as 1968 ± 1970. The methods for determi-
nation of metals (Groups 3714 of the Periodic Table) based on
the use of heteroligand complexes with triphenylmethane dyes and
QAS are known (Tables 9 and 10). The formation of these

Table 7. Some characteristics of vanadium±PCV complexes.

Compound lmax /nm pHopt 1074 e M:PCV :L ratio a Additional information

PCV 450 2.8 ± 3.6 7 7 aqueous medium

450, 610 6.0

V ±PCV 550 ± 560 7 7 7 the same

V ±PCV±CP-Br 680 3.0 ± 3.6 2.58 1 : 2 : 2 logb=29.73

550, 680 5.0 ± 6.4 2.41 1 : 2 : 2 logb=28.36

aqueous medium

550 6.0 ± 6.4 2.48 1 : 2 : 4 logb=33.97

chloroform (extractant)

V ±PCV±Phen 550 ± 560 2.8 ± 3.0 1.39 1 : 2 : 2 (see b) aqueous medium

1 : 1 : 1 (see c) non-extractable

a L is CP-Br or Phen. b The V : PCV>1 : 15 and V : Phen>1 : 30 ratios in solution. c The V : PCV<1 : 15 and V : Phen<1 : 30 ratios in solution.

Table 8. Extraction of metal ± PCV complexes in the presence of guanidine and diphenylguanidine.

Metal lmax /nm pHopt 1074 e M:PCV :DPG ratio Extractant, additional information Ref.

Al(III) a 600 7 4.4 1 : 2 : 4 aqueous medium 52

605 11.5 5.6 1 : 2 organic medium 52

610 6.5 7.6 1 : 2

Al(III) 590 5.3 ± 5.5 5.6 1 : 3 : 3 isobutanol, lower threshold of tested 53

concentrations 0.03 mg ml71 (for extract)

Ga(III) a 610 11.5 7.0 1 : 2 organic medium 52

Ga(III) 600 5.2 10.7 1 : 3 : 3 or 1 : 3 : 6 the same 52

Zn(II) 620 8.0 0.77 1 : 1 : 2 n-butanol 17

Cd(II) 580 9.0 0.9 1 : 1 : 2 " 17

Ti(IV) 560 6.0 6.6 1 : 4 : 4 chloroform, logb4=10.38 54

Sn(IV) 600 4 ± 5 6.7 1 : 1 : 1 n-butanol and isobutanol, linearity range 55

of CC 0.025 ± 0.25 mg ml71 (for extract)

Bi(III) 630 4 ± 8 2.6 1 : 1 : 2 n-butanol, linearity range of CC 0.5 ± 5.0 mg ml71 56

(for extract)

a In these cases, as complexes with guanidine; in other cases, as complexes with diphenylguanidine.
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complexes is accompanied by pronounced bathochromic shifts;
however, the absorptionmaxima are usually shifted hypsochromi-
cally with an increase in triphenylmethane dyes concentration.
This accounts for different lmax values for a mixed-ligand com-
plex of the same element reported by different authors. Contrary
to the common opinion that the formation of mixed-ligand
complexes is maximum at lower pH values than that of homo-
ligand complexes, the complexation with triphenylmethane dyes
and QAS occurs at nearly the same pH values, the number of
coordinated triphenylmethane dye molecules in mixed-ligand
complexes being larger.67

The number of coordinated QAS ions is often not given, only
the metal : PCV ratios are determined. But even if this number is
indicated, it is most likely approximate. The determination of the
metal : QAS ratio requires preparation of a panel of solutions
containing different concentrations of QAS, while solutions with
low concentrations of QAS are usually turbid; therefore, exper-
imental determination of the component ratios cannot be exact. It
is known that physicochemical properties of compounds (includ-
ing solubility) change upon formation of complexes with various
ligands. For the compounds under consideration, in the formation
ofmixed-ligand complexes their solubilities first decrease and then
increase. This can be explained by the stepwise complexation, viz.,
the formation of a less soluble mixed-ligand complex with a
smaller number of coordinated ions of the second ligand is

followed by the formation of amore soluble complex with a larger
number of coordinated ions. One can draw an analogy between
mixed-ligand metal complexes with triphenylmethane dyes and
QAS, on the one hand, and some metal complexes with inorganic
ligands (hydroxide, halide, cyanide ions, etc.), on the other hand,
where the formation of metal hydroxide, halide or cyanide
residues is followed by their dissolution with a further increase in
the ligand concentration. The effect of micelle formation of QAS
on the state of PCV, in particular, on the degree of its dissociation,
was discussed above. The properties of mixed-ligand complexes
depend, to a certain extent, on the nature of QAS as can be
evidenced from the differences in the lmax values and molar
extinction coefficients (see Tables 9 and 10); this can also be
explained by different effects of QAS on the dissociation of
triphenylmethane dyes. Physicochemical analysis showed 67 that
mixed-ligand complexes have permanent compositions due to
formation of ionic associates. A positively charged ion or a QAS
micelle is bound to a negatively charged metal ± PCV complex by
electrostatic forces, which brings about changes in the conjugation
chains and absorption spectra. Then the ammonium salt of the
anionic complex is dispersed in the excess of the surfactant and,
contrary to binary PCV±metal complexes, can be extracted by
organic solvents. However, virtually no increase in the sensitivity
occurs, although the selectivity of metal determination can some-

Table 9. Spectrophotometric characteristics of metal ± PCV complexes in the presence of various quarternary ammonium salts.

Metal lmax /nm pHopt 1074 e Ratio M : PCV :QAS QAS, additional information Ref.

Fe(III) 7 7 7 1 : 2 or 1 : 3 (see a) benzyltetradecyldimethylammonium chloride 57

Mo(VI) 560 0.25 ± 0.6 M HCl 7 1 : 2 (see a) dialkylbenzylmethylammonium chloride, extraction 58

with CHCl3; interfering Sn(IV), W, not interfering Zr, Zn,

Co, Ni, Cu, Al, Fe(III), Cr(III), Th, Ti, V(V), U(VI)

590 7 18 1 : 1 : 1 dodecylpyridine, room temperature, slow reaction; 59

interfering Al, Th, Zr, Bi

718 7 120 1 : 1 : 1 : 2 (HA) dodecylpyridine ± hydroxylamine (HA), not interfering

5-fold excesses of Al, Th, Zr

718 7 120 1 : 1 : 1 : 2 (HA) dodecylpyridine ±HA, linearity range of CC 60

0.8 ± 100 mg ml71

Sn(IV) 591 3.6 7.3 1 : 2 : 2 tridodecylethylammonium bromide; extraction with benzene, 61

(aqueous phase) xylene, CCl4 , CHCl3 , n-butyl acetate, isobutyl methyl

ketone, n-butanol

7 7 7 7 triethylenediamino-bis(N,N 0-decyloxycarbonylmethyl 62

ammonium) diiodide; ethylene-1,2-bis(piperidinoyl-N-decyl-

oxycarbonylmethylammonium) dibromide

Zr(IV) 610 1.6 ± 3.6 7 1 : 1 : 4 triethylenediamino-bis(N,N 0-decyloxycarbonylmethylammo- 63

nium) diiodide, extraction with CHCl3
620 1.5 7 1 : 2 : 4 ethylene-1,2-bis(piperidinoyl-N-decyloxy carbonyl methyl-

ammonium) dibromide, aqueous solution

Al(III) b 585 6.3 ± 7.8 4.5 1 : 2 : 3 benzyldimethylphenylammonium chloride 64

587 6.3 ± 7.4 6.2 1 : 2 : 5 decylpyridinium iodide

592 6.4 ± 7.8 6.0 1 : 2 : 3 pentadecylpyridinium iodide

a The M : PCV ratios are indicated for these cases; b data from n-butanol extraction.

Table 10. Spectrophotometric characteristics of metal ± PCV complexes in the presence of cetyltrimethylammonium or cetylpyridinium halides.

Metal In the presence of cetyltrimethylammonium halide In the presence of cetylpyridinium halide

lmax /nm pHopt 1074 e ref. lmax /nm pHopt 1074 e M:PCV :QAS ref.

(logb ) ratio

Be(II) 7 7 7 7 680 8.0 1.5 1 : 1 : 5 65

Co(II) 7 7 7 7 720 10.0 1.1 1 : 1 : 5 65

Cu(II) 650 6 7 10 720 7.0 1.8 1 : 1 : 5 65

720 7 2.83 10

660 6 ± 7 5.0 66
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Table 10 (continued).

Metal In the presence of cetyltrimethylammonium halide In the presence of cetylpyridinium halide

lmax /nm pHopt 1074 e ref. lmax /nm pHopt 1074 e M:PCV :QAS ref.

(logb ) ratio

Zn(II) 7 7 7 7 690 9.0 1.3 1 : 1 : 5 65

Cd(II) 7 7 7 7 710 10.0 1.2 1 : 1 : 5 65

Fe(II) 620 5 4.3 10 7 7 7 7 7
640 6 7 10

Fe(III) 630 5 4.37 10 7 7 7 7 7
630 5.0 ± 6.0 5.3 66

Pd(II) 760 6 6.1 10 700 8.0 1.7 1 : 1 : 5 65

540 4 7 10

580 5 7 10

650 6 3.43 10

675 5.0 ± 6.2 2.4 66

Al(III) 570 9.7 ± 10.2 5.3 67 700 5.0 1.7 1 : 1 : 5 65

685 6 4.8 10 595 7.4 ± 10.0 6.5 1 : 2 : 5 64

670 6.0 ± 7.3 7.3 68 (n-butanol)

670 9.7 ± 10.2 5.3 52 590 7.5 ± 8.0 6.5 1 : 2 : 5 69

(n-butanol)

Ga(III) 545 2.4 ± 3.2 7 10 680 6.0 ± 6.5 5.30 1 : 2 : 2 70

625 4 ± 6 7 10 (31.83) (aqueous medium)

680 7 2.3 10 595 6.8 ± 7.8 7.10 1 : 2 : 4 70

675 7.0 ± 7.5 6.2 68 (43.62) (n-butanol)

In(III) 675 6 3.65 10 680 6.0 ± 6.5 4.75 1 : 2 : 2 70

680 5.6 ± 7.2 7.6 68 (aqueous medium)

595 6.8 ± 7.8 5.60 1 : 2 : 4 70

(43.64) (n-butanol)

Sc(III) 600 6 0.98 10 7 7 7 7 7
665 6.8 ± 7.1 6.9 68

La(III) 7 7 7 7 673 8.27 4.3 1 : 2 : 3 71

Th(IV) 665 7.0 ± 7.4 4.6 68 7 7 7 7 7
U(VI) 660 5.5 ± 6.0 3.5 67 7 7 7 7 7
Cr(III) 650 7 6.2 72 7 7 7 7 7
Bi(III) 550 2 7 10 680 5.0 1.0 1 : 1 : 5 65

600 6 2.42 10

600 4.3 ± 5.4 2.9 66

Ti(IV) 580 6 2.30 10 745 2.0 7.5 1 : 1 : 4 65

730 3.2 7.4 73 730 7 7.8 1 : 2 : 3 74

569 6.2 5.5 1 : 3 : 2 : 2 (EDTA) 75

Zr(IV) 540 1.5 1.09 10 700 6.0 1.3 1 : 1 : 5 65

Ge(IV) 7 7 7 7 680 1 M HCl 7.0 1 : 1 : 4 65

Sn(IV) 660 2.5 9.6 67 670 4.0 7.8 1 : 1 : 2 65

662 2.2 9.5 76

660 see a 9.54 77

V(IV) 680 6 7 10 7 7 7 7 7
690 5 7 10

750 4 2.6 10

680 4.8 ± 5.5 3.7 66

V(V) 685 4 2.33 10 7 7 7 7 7
660 6 7 10

Nb(V) 7 7 7 7 570 0.8 ± 1.6 5.3 1 : 4 67

Ta(V) 7 7 7 7 610 7 7 7 67

Mo(VI) 660 4.0 ± 6.0 4.7 66 7 7 7 1 : 2 : 2 78

680 see b 4 79

638 7 7 80

Mo(V) 590 1 10 7 7 7 7 7
680 5 ± 6 4.2 10

Mo(VI) 590 1.1 7 10 670 2.0 8.2 1 : 1 : 5 65

680 5 4.3 10

670 6 7 10

640 3.0 ± 4.0 1.8 9

W(VI) 635 1 7 10 670 1.0 6.4 1 : 1 : 2 65

650 5 4.0 10 670 1 ± 1.5 7 1 : 1 : 2 67

640 6 7 10 7 7 7 1 : 1 : 2 81

650 2.7 ± 4.6 4.4 66

a 0.75M HCl; b acetate buffer.
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times be slightly increased through the adequate choice of a
solvent.

4. The use of mixed-ligand Pyrocatechol Violet ±metal
complexes in the analysis of miscellaneous objects
Methods for determination of tungsten,65, 81 chromium,72 tita-
nium 65, 73, 74 and molybdenum 80 in steels, of lanthanum in silver
alloys,71 of gallium in GaAs ±GaSb films,70 of tin in bronzes 65

and aluminium ingots 79 as well as inmetals and various biological
objects 82 are developed. The use of PCV complexes in the analysis
of pharmaceutical substances is promising as well, e.g., for
determination of fluoxetine and fluvoxamine,83 imipramine 84

and chloropromixine hydrochloride.85 Aminoglycoside antibiot-
ics 86 react with PCV and aluminium at pH 3.0 to yield mixed-
ligand complexes with the stoichiometry Al : PCV : antibi-
otic=1 : 1 : 3 (monomycin and canamycin) and 1 : 1 : 4 (strepto-
mycin and gentamycin); the linearity range of CC is 0.02 ± 50 mg
per ml of a biological fluid. These determinations can be carried
out in the presence of 104-fold excesses of tetracyclines, penicillins,
amino acids, novocaine and nitrates. Of particular interest are
methods for determination of proteins based on their interactions
with PCV in the presence of Triton X-100 (pH 1.4 ± 2.0) 87 (the
linearity range of CC for bovine serum albumin or human blood
serum content is up to 8.0 and 9.0 mg litre71, respectively) or in
the presence of tin(IV);88 the latter allows determination of down
to 200 mg of albumin in 10 ml of biological fluids.

5. Novel optical methods
The concentration of a tested element or a compound in natural
and biological objects is usually insufficient for its spectrophoto-
metric measurement. As stated above, the introduction of a third
component and preparation of amixed-ligand complex is a way to
enhance their chemical and analytical characteristics. An alter-
native approach to the increase in sensitivity of determinations is a
search for novel methods of analysis and their optimisation.
Rapid analyses performed under field conditions demand elabo-
ration of easy-to-use novel versions of optical methods based on
solid-phase spectrophotometry, which combines preconcentra-
tion of a complex on an appropriate sorbent with spectrophoto-
metric determinations.

Sorption of PCV± gallium complexes in the presence of
quinine on the cation-exchange resin KU-2 with subsequent
solid-phase spectrophotometric analysis was studied as long ago
as 1973; 47 sorption of 14 metals except for alkali metals and
calcium complexes on silica gel impregnated with a PCV±Ali-
quat 336 mixture was demonstrated in 1994.89 It is possible to
determine metals by solid-phase spectrophotometry, which
includes sorption of binary aluminium PCV complexes 90 on
AV-17 or Amberlite IRA-458-Cl (pH 3 ± 7) and of tungsten91

and molybdenum 92 PCV complexes on Sephadex QAE-A-25 (the
detection limit was 2 ± 8 ng ml71).

Other promising methods for the solution of this problem
include diffuse reflectance spectroscopy (DRS) 93 and chromatic-
ity measurement.9, 11, 94 The latter can be regarded as a next stage
in the development of DRS (particularly, with regard to colour
characteristics). This opens up new opportunities for improve-
ment of the sensitivity of determination and development of
simple rapid test methods.95, 96 Of special interest are procedures
and techniques, which combine detection of an element owing to
formation of coloured compounds, their preconcentration on
various supports and determination in the sorbent phase without
desorption, e.g., by DRS, or semi-quantitative colorimetric deter-
minations based on special scales built with the use of reference
samples. Both methods are complementary: DRS allows inves-
tigation of chemical and analytical properties of sorbates, while
colorimetry ensures rapid and inexpensive semi-quantitative pro-
duction tests.

Thus a DRS procedure for determination of molybdenum(VI)
(pH 1.5 ± 3.5) and tungsten(VI) (pH 1 ± 3) was developed, which
includes sorption on a chemically modified silica S-80 containing

propionamidoxime and propionohydroxamic acid 97 or propyl-
amine 98 residues with subsequent treatment with PCV.97, 98

Complexation in aqueous solutions and on the surface of adsorb-
ents occurred under identical conditions, but the spectral charac-
teristics of the complexes differed considerably. As it was
mentioned, the complexation mechanism and chemical and ana-
lytical characteristics of the complexes can change depending on
the chemical nature of surfactants, whereas the properties of the
`metal ± chromophoric reagent ± sorbent' system were very sim-
ilar to those of metal ± chromophoric reagent ±CS complexes.
The complexation can thus be represented as follows. In the
sorption step, MoO2ÿ

4 and WO2ÿ
4 form ionic associates with the

protonated amino groups of the sorbent. Subsequent treatment of
the latter with PCV yields PCV complexes with metal ions, which
bind to the sorbent surface. The formation of ionic-associative
bonds between the functional groups of PCV that are not involved
in the coordination to the metal ion and the protonated amino
groups of the sorbent results inmore rigid structures of complexes.
This brings about delocalisation of p-electrons and a shift of the
absorption maximum towards the longer wavelength region [e.g.,
lmax for aqueous solutions of PCV at pH 1 ± 5 is 480 nm, lmax for
aqueous solutions of molybdenum±PCV complexes at pH 2 ± 5 is
560 nm, lmax for the sorbent was 660 (Ref. 97) or 610 nm,98 i.e.
the bathochromic shift was 130 ± 180 nm]. A similar effect was
observed in the sorption of the molybdenum(VI) ± PCV complex
on the anion-exchange resin AV-17.8 Assuming that the effect of
anion-exchange resins is similar to that of CS, it was expected 9

that the sorptive effect would be enhanced after addition of a
surfactant (CTMA). However, because of the competition 9

between the anion-exchange resin and CTMA, the AV-17 resin
had to be replaced by a neutral sorbent (Silochrome S-120). The
bathochromic shift thereupon amounted to 230 nm, while the
sensitivity of the determination increased owing to the use of
chromaticity characteristics. These results were used for the
development of novel test methods 9 and fibre-optical sensors
based on PCV. In a recently developed iron-specific fibre-optical
sensor in which Sephadex DEAE is used as a sorbent and PCV, as
an immobilised indicator,99 the formation of a metal complex is
accompanied by changes in the diffuse reflectance spectra at
460 nm.

V. Conclusion

As can be seen from the literature data, Pyrocatechol Violet is a
valuable analytical tool and a popular reagent for classical (as a
metal indicator in complexonometry) and physicochemical (opti-
cal) methods of analysis. High reactivity of PCV is determined by
its functional and analytical groups. The complexation of PCV
involving these groups yields mixed-ligand compounds; this
process can be controlled by introducing additional reagents or
changing the solution acidity. The presence of a sulfo group
favours the formation of ionic associates with cationogenic
surfactants, whereas the non-compensated charge of binary com-
plexes favours the formation of mixed-ligand complexes some of
which are extracted by organic solvents.

Chromaticity offers new opportunities, especially in
combination with sorption (sorption chromaticity) and diffuse
reflectance spectroscopy. Being a representative of the triphenyl-
methane group and a close analogue of Pyrogallol Red (PGR),
Pyrocatechol Violet is a conformationally active compound.
Largemolar extinction coefficients of ionic forms of both reagents
and very high molar coefficients of chromaticity functions of
PGR 100, 101 suggest high perspectiveness of PCV chromaticity,
especially of its sorption chromaticity version. As regards specific
characteristics, PCV complexes share many common features
with PGR complexes with molybdenum,102 copper and tita-
nium,103 tungsten and vanadium(V),104 tin(IV) and aluminium 105

as well as other metal ions. Determination of chromaticity
characteristics of molecular and ionic forms of PCV will permit
one to rationalise the choice of complexation conditions aimed at
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the development of new optical methods for determination of
various ions. Taking into account the discrepancy between
literature data, it seems interesting to specify the values of
dissociation constants of PCV using the chromaticity method.
An objective confirmation of high practical utility of PCV as an
analytical tool for advanced optical measurements can be derived
from the values of molar coefficients of chromaticity functions of
soluble complexes and sorbates.

Studies of chromaticity characteristics of PCV±metal com-
plexes on the surface of anion-exchange resins and neutral
sorbents in the presence of CS aimed at increasing the sensitivity
of determinations and development of new, more efficient test
scales and optical sensors is the most promising approach to their
further application.

This review has been written with the financial support of
the Russian Foundation for Basic Research (Project No. 05-03-
32337).
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