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Summary—The history of the development of analytical chemistry in the Soviet Union is briefly outlined.
Organizations co-ordinating research in this field, and the leading scientific centres, are indicated.
Achievements in various analytical techniques are reviewed. Analytical services in some branches of the
economy, and the analysis of most important materials are considered. Major publications are pointed
out and international contacts of Soviet experts are discussed.

The assay of ores and noble metals has been practised
in Russia for many centuries. In all probability, the
first assay laboratories appeared there in the 16th
century and the analysts made use of an assay
balance. The description of the assaying procedures
may be found in a number of manuals dating back
to the 18th century, e.g., in G. V. de Guennin’s
“Description of Works in the Ural and Siberia”.

The first treatises on analytical chemistry also
appeared in the 18th century. The famous Russian
scientist M. V. Lomonosov (1711-1765) used weigh-
ing of initial and final reaction products system-
atically; he experimentally confirmed the law of con-
servation of matter (1756), which had been stated
in general form by philosophers in antiquity.
Lomonosov established the first chemical laboratory
in Russia (1748) and used a microscope for chemical
studies two years before Markgriff. Unfortunately,
not all of his remarkable achievements were known
outside the country. V. 1. Klementyev, Lomonosov’s
student, wrote a thesis “On Increase in Weight of
Some Metals on Precipitation” in 1754. He dissolved
a certain amount of iron or copper in a certain
amount of nitric acid, precipitated the metal with an
alkali and separated the precipitate, which he dried
and weighed. This method was thus completely based
on weighing before and after the reaction.

T. E. Lovitz (1757-1804), a naturalized German
who had lived in St. Petersburg since childhood,
initiated the microcrystalloscopic method. He under-
took a microscopic study of crystals of many salts
and proposed using the shape of crystals for salt

identification. Lovitz reported this work in the St.
Petersburg Academy of Sciences in 1798; the paper

was published in 1804 and was entitled “Demonstra-
tion of a New Way to Test Salts”. The studies on the
form of crystals for analytical purposes were fur-
thered by the prominent crystallographer E. S. Fed-
orov (1853-1919).

V. M. Severgin (1765-1826), a chemist and miner-
alogist, determined concentrations of solutions by
comparing the intensity of their colour with that of
solutions containing definite amounts of the analyte.
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This was essentially the colorimetric technique. He
also wrote several manuals on assaying and testing of
mineral waters and drugs. In the 19th century Aca-
demician G. I. Hess (1802-1880), known as one of the
founders of thermochemistry, Professor K. K. Klaus
(1756-1864) from Kazan’, who discovered ruthenium
in 1844, and A. A. Voskresensky (1809-1880), who
determined the composition of quinone and under-
took the anaiysis of the coais of the Donetsk basin,
were the leading analytical chemists of the day.
Discovery of the Periodic Law by D. I. Mendeleev
(1834-1907) and the theory of the structure of or-
ganic compounds developed by A. M. Butlerov
(1828--1886) were major advances in the development
of chemistry.

In the 18th century analytical chemistry was intro-
duced into the curriculum of St. Petersburg Mining
School (later Mining Institute) founded in 1773.
Students were taught fire assay and other techniques.
V. M. Severgin was on the staff of this school; the
department of chemistry there was set up in 1808.
From 1832 to 1850 the department was chaired by
G. 1. Hess, who introduced qualitative and quan-
titative analysis into the syllabus. In 1849 Hess’s
student N. A. Ivanov published a textbook *Basics of
Analytical Chemistry”. The chair of analytical chem-
istry in the Mining Institute was most likely estab-
lished in 1899, and was headed by the prominent
chemist N. S. Kurnakov. In Moscow University,
founded in 1755, analytical chemistry was taught at
the Medical Faculty. The chair was held by A. A.
Iovsky from 1827. His book “Chemical Equations
with the Descriptions of Various Methods to Deter-
mine Chemical Substances Quantitatively” was pub-
lished in the same year. At the Physico-Mathematical
Faculty a course of analytical chemistry was taught
from 1861. In 1867 a division of analytical and
organic chemistry was created and the chair of anal-
ytical chemistry in 1929. In St. Petersburg University
(founded in 1819) the course of inorganic and anal-
ytical chemistry was given by A. A. Voskresensky
from 1839. Some time between 1867 and 1886 the
department of technological and analytical chemistry
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was formed and was headed by N. A. Menshutkin.
An independent chair was created as late as in
1947.

Some of the first textbooks on analytical chemistry
have already been mentioned. Of later textbooks the
most popular was Menshutkin’s “Analytical Chem-
istry”, the first edition of which was printed in 1871.
The book ran into 16 editions and was translated and
published in Germany, the U.S.A. and Great Britain.

Among the scientific advances in this period several
deserve special mention. M. 1. Ilyinsky discovered
the reaction of nitrosonaphthols with cobalt in the
1880s, and F. F. Beilstein used electrolysis for the
separation of metals. In 1903 M. S. Tsvet suggested
chromatography, a contribution which is very well
known. L. A. Chugaev discovered the selective reac-
tion of nickel with dimethylglyoxime in 1905, and
later developed the theory of chelate formation; he
demonstrated, in particular, that 5- and 6-member
cycles are the most stable.

After the October Socialist Revolution of 1917 a
great number of research and educational centres
was established. Extensive research in the field of
analytical chemistry was initiated in a number of new
institutes, the Institute of Reagents, Radium Insti-
tute, Institute for the Study of Platinum and other
Precious Metals among them. Production of ana-
Iytical equipment, reagents and standard reference
materials was organized, and training of analytical
chemists was stepped up.

Professor N. A. Tananaev of Kiev Polytechnicum
proposed a drop-test technique simultaneously with
F. Feigl. Thin-layer chromatography was first de-
scribed by two scientists from the town of Kharkov,
N. A. Ismailov and M. S. Shreiber, in 1938. Plasma
sources for atomic-emission analysis were proposed
in the 1940s; the ICP method originated from an
article published in the USSR in 1942. Vast experi-
ence has been accumulated in the analysis of mineral
raw materials and metals (I. P. Alimarin et al.).

After World War II, the analysis of nuclear and
electronic materials became an important objective of
applied analytical chemistry. A. K. Babko and his
colleagues in the Ukraine initiated the investigation
and subsequent analytical application of various
mixed-ligand complexes. The theory of the effects of
organic analytical reagents has been consistently de-
veloped by many researchers, V. I. Kuznetsov, L. M.
Kulberg and S. B. Savvin in particular. Many highly
sensitive and selective reagents have been synthesized:
dipicrylamine (N. S. Poluektov, 1935), thoron (V. L
Kuznetsov, 1942), stilbazo (V. I. Kuznetsov, 1950),
beryllon 1I (A. M. Lukin, 1950), diantipyrylmethane
(S. L. Gusev, 1950), lumogallion (A. M. Lukin, 1960),
arsenazo III (S. B. Savvin, 1959), sulphochlorophenol
S (S. B. Savvin, 1964), picramine E. (Yu. M. Dedkov,
1970) and others. B. V. L’vov was the first to apply
electrothermal atomization in atomic-absorption
spectrometry. Later he was awarded the Talanta gold
medal for this work.

The development of analytical chemistry has
significantly promoted scientific and technological
progress. It has helped solve the problems of ana-
lytical monitoring in industry and contributed to
technological advance in the production of new ma-
terials and substances. Some analytical techniques
such as methods of separation and preconcentration
have been introduced on an industrial scale.

CO-ORDINATING ORGANIZATIONS

Analytical chemists work under the auspices of the
Scientific Council for Analytical Chemistry of the
USSR Academy of Sciences. The system of scientific
councils was formed in the Academy in the 1960s.
The councils were set up as public bodies designed to
provide guidance and co-ordinate fundamental re-
search on a national scale, regardless of departmental
chains-of-command. The importance of the councils
was considerably augmented by the government
decision to entrust the Academy of Sciences with
complete authority over the problems of control and
co-ordination of fundamental research in the coun-
try. The network of scientific councils that had been
established by that time proved to be the tool for
implementation of these goals. Many councils func-
tioned as interdepartmental bodies of experts and
maintained close ties with related ministries and
offices. They were cognizant of the situation in vari-
ous branches of the economy and thus proved to be
in a position to provide guidelines for co-ordinated
research. The Scientific Council for Analytical Chem-
istry was one of these.

An analytical chemistry commission dealing
mainly with the problems of platinum metals was set
up in Leningrad as early as the 1920s. It was affiliated
to one of the institutes of the Academy. Before World
War II it was renamed the Committee of Analytical
Chemistry. In 1939 this committee sponsored the 1st
All-Union conference on analytical chemistry. After
the war the committee worked under the auspices of
the V. I. Vernadsky Institute of Geochemistry and
Analytical Chemistry, organized in 1947. It was
headed by Academician A. P. Vinogradov, who was
later elected vice-president of the Academy. The
scope of the Committee’s activities had been consid-
erably broadened by that time and it provided guid-
ance for many branches of analytical chemistry. Such
distinguished scholars as Academicians I. P. Alimarin
and I. V. Tananaev, Corresponding Member D. L.
Ryabchikov, Academician of the Ukrainian Acad-
emy A. K. Babko, and others were active on the
Committee. The Committee issued its own publica-
tions. In the early 60s the Committee was reorganized
into the Scientific Council for Analytical Chemistry
of the Academy of Sciences. Since that time it has
been chaired by I. P. Alimarin.

The scope and importance of the Council have
grown continuously. Prominent analytical chemists
of the All-Union and Republic Academies, from
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research and educational establishments, sit on the
Council. The members of the Council are ranking
analytical chemists and physicists, scientists of
different generations from varicus regions of the
country. Within the framework of the Council there
is a bureau, 30 special committees and 7 regional
branches.

The Council defines the policies and strategies of
analytical chemistry research and development. To
this end planning forecasts are developed every 5
years to help organize 5-year co-ordination plans.
While forecasts are largely developed by the higher
echelons of the Council, co-ordination plans are
based on suggestions of the institutions and individ-
ual experts. Co-ordinated research planning in ana-
lytical chemistry is an important tool for channelling
the collective effort of scientific teams, experts and the
national economy managers to achieve planning
objectives. Integration of research conducted in edu-
cational establishments into the co-ordinated plan
ensures local recognition and support for such en-
deavours. Co-ordination provides for the possibility
of problem-oriented assessment of results and pros-
pects of research carried out by scientific teams on the
local and regional scale. Besides all this, the Scientific
Council defines the scope and range of research and
co-ordinates scientific effort through other forms of
activity such as annual sessions, meetings and regular
correspondence, which are probably no less im-
portant.

Much attention is given to such important means
of co-ordination and data collection as conferences,
seminars and workshops. Efforts towards or-
ganization of seminars in large urban centres have
yielded good results. These seminars are many, and
among them the seminars on analytical chemistry in
Moscow, Leningrad, Kiev and Odessa and on or-
ganic analysis in Moscow deserve special mention.
Annual sessions of the Council attended by various
other agencies, and workshops run by leading ana-
lytical chemists, are quite popular. Various arrange-
ments are made to promote research in various
branches of analytical chemistry. The Council has
repeatedly rendered assistance to educational institu-
tions in the organization of fundamental research
laboratories and secured managerial support of the
appropriate bodies for promising research trends.

Another function of the Council is to provide for
the logistics of research and analytical monitoring in
various branches of the economy. This involves the
problems of equipment, laboratory apparatus and
materials, reagents, standard samples and, to a cer-
tain extent, the problem of metrological standard-
ization. This is the province of the joint committee on
analytical equipment and complexes, which is spon-
sored both by the Scientific Council and by the
scientific and technical council of the Ministry of
Instrument Engineering. The Council maintains con-
tacts with the State Standardization Committee
(Gosstandart) as regards metrology of analysis. It

also issues recommendations and guidelines for
securing rational employment of trained research
personnel and deals with educational programs in
higher educational institutions. It also concerns
itself with terminology. The Council’s committee on
terminology deals with dissemination of the [IUPAC
nomenclature rules through Zhurnal Analiticheskoi
Khimii.

Organization of conference sessions and bureau
meetings is another aspect of the many-faceted activ-
ities of the Council. In recent years, these have been
organized in Leningrad, Tashkent, Nalchik and Riga.
The Council carries on extensive correspondence and
organizes numerous meetings, yet it basically func-
tions through its sections, commiitees and de-
partments.

The section of analytical chemistry of the All-
Union Mendeleev Chemical Society is the second
co-ordinating body. In addition, several ministries
(non-ferrous metallurgy, geological survey, etc.) have
their own councils on analytical monitoring.

SOME SCIENTIFIC CENTRES

Three groups of establishments pertaining to ana-
lytical chemistry as a science may be distinguished:
(1) research institutes of the All-Union and Republic
Academies, (2) universities and other educational
establishments, (3) branch research institutes of in-
dustrial ministries and other state bodies, the number
of establishments and the strength of research staff
increasing in that order, i.e., branch institutes are the
most numerous. This, however, does not signify that
their contribution to analytical chemistry is strictly
proportional to their number. The bulk of funda-
mental research is done in the laboratories of the
Academy and they yield the greatest results. There
are however, several branch institutes where ana-
lytical research is first-rate.

The Vernadsky Institute of Geochemistry and
Analytical Chemistry in Moscow is the major aca-
demic institution. Here the research involves all basic
trends and techniques of analytical chemistry. Of
note, is the research on determination of gases in
metals by use of organic analytical reagents, pre-
liminary concentration of traces, and the analytical
chemistry of actinides and precious and rare metals.
The Institute serves as a home base for both the
Scientific Council for Analytical Chemistry of the
USSR Academy of Sciences and the editorial board
of Zhurnal Analiticheskoi Khimii. It organizes numer-
ous conferences and meetings and a considerable
share of international contacts is channelled through
the offices of the Council and the Institute. Among
other academic establishments the Dumansky Insti-
tute of Colloids and Chemistry of Water, of the
Ukrainian Academy in Kiev, the Nesmeyanov Insti-
tute of Organoelement Compounds, of the USSR
Academy in Moscow, the Tashkent Institute of Nu-
clear Physics, of the Uzbek Academy, and the Insti-
tute of Inorganic Chemistry, of the Siberian Branch
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of the USSR Academy in Novosibirsk, should be
mentioned. Research is also conducted in the field of
photometric analysis (Kiev), analysis of organic sub-
stances (Moscow), nuclear physics analytical meth-
ods (Tashkent), and analysis of ultrapure substances
(Novosibirsk).

Among universities and educational establishments
the uppermost place is occupied by Moscow Univer-
sity. The department of analytical chemistry is en-
gaged in photometric studies with organic reagents,
laser- and atomic-emission spectroscopy, ion and
extraction chromatography, solvent extraction, vol-
tammetry, kinetic methods of analysis, ezc. Analytical
studies are also conducted by some other de-
partments. The universities of Kiev, Kharkov and
Uzhgorod are renowned for their work on photo-
metry; research on ion-selective electrodes,
fluorescence and extraction of metals is done in
Lengingrad University; studies on ion-selective elec-
trodes are performed in Byelorussian University
(Minsk). A great contribution to atomic-absorption
spectrometry has been made in Leningrad Poly-
technical Institute. Potentiometry is developed in the
Moscow Mendeleev Chemico-Technological Insti-
tute. Voltammetry is widely practised in Tomsk
Polytechnical Institute and the Sverdlovsk Institute
of the People’s Economy; chromatography receives
much attention in Kuybyshev University. Kinetic
methods for determination of noble and other metals
are developed in the Moscow Institute of Fine Chem-
ical Technology. Atomic-emission analysis is prac-
tised in the Urals Polytechnical Institute, Tadzhik
University, and many other institutions.

Among industrial scientific institutes the State
Scientific Research and Project Institute of Rare
Metals Industry (Moscow) should be mentioned.
Vast experience has been accumulated here in the
analysis of semiconductors and other ultrapure sub-
stances. This is one of the largest scientific centres in
the field of analytical chemistry in the country; it is
affiiliated to the Ministry of Non-Ferrous Metal-
lurgy. Several other institutes of this ministry are
engaged in analytical research. The All-Union Insti-
tute of Chemical Reagents and Ultrapure Substances
(Moscow), affiliated to the Ministry of Chemical

Industry, deals with analysis of ultrapure substances. .

Geological materials are studied in the All-Union
Institute of Mineral Raw Materials, of the Ministry
of  Geology (Moscow). The  All-Union
Scientific-Research Institute of Metrology in Lenin-
grad, and the Institutes of Analytical Instrument
Engineering in Leningrad, Kiev and Thilisi should
also be mentioned.

ANALYTICAL METHODS

Extensive research is conducted in the field of
photometric analysis. Organic reagents proposed in
the USSR and mentioned above are used for photo-
metric elemental determinations. Their mechanism is

being elucidated by application of conformational
analysis and quantum-chemical calculations on the
molecules of reagents and their metal complexes. The
potential of the photometric method for metal deter-
mination has grown considerably with application of
surface-active substance and non-aqueous solutions.
Differential (derivative) spectrophotometry has been
initiated.

Another field of research is atomic-emission spec-
trometry. Along with the Scientific Council on Ana-
lytical Chemistry this research is co-ordinated by the
Scientific Council of the Academy on Spectroscopy of
Atoms and Molecules. New sources of spectrum
excitation are studied, particularly inductively-
coupled plasmas. The studies concern the effects of
inert atmospheres, carriers and other admixtures, and
their rational combination with preliminary concen-
tration of elements under study. The so-called spill
method of analysis of powder samples of geological
and other materials, developed in the All-Union
Institute of Mineral Raw Materials, has been intro-
duced. A number of combined methods of analysis
involving trace concentration by extraction, sorption,
distillation and co-precipitation have been developed.
Computer-assisted analysis is undertaken in the
Central Scientific Research Institute of Non-Ferrous
Metallurgy (Moscow). Atomic-emission spectro-
metry is an important means of mass analysis, partic-
ularly semi-quantitative analysis employed in the
USSR Geological Survey, and analysis of ultrapure
materials such as semiconductors (with preliminary
concentration of microelements). It is also important
in the analysis of natural and industrial samples of
platinum, with prior concentration, by assaying or
other techniques. Atomic-emission analysis with
photoelectric recording and multichannel detectors is
an important technique for determination of trace
impurities in metals and alloys. There are many types
of such instruments, largely produced in Leningrad.

Many scientific teams work in the field of atomic-
absorption spectrometry. Thus, research on electro-
thermai AAS is conducted in Leningrad Poly-
technical Institute; the platform method proposed by
B. V. L’vov is used all over the world. Of note is the
research on the theory of processes in electrothermal
atomizers. Atomic-absorption analysis of powder
samples is done in the Institute of Geochemistry and
Analytical Chemistry; new atomizers have been sug-
gested. The “cold vapour” mercury determination
initially developed in the Odessa Physico-Chemical
Institute is now very extensively applied. Multi-
channel analysers designed in Moscow and Lenin-
grad are used for atomic-absorption and atomic-
emission analysis and can determine 24 elements
simultaneously; a xenon lamp is used as light-source.
Many atomic-absorption techniques for elemental
analysis, combined with prior extractive concen-
tration in particular, have been developed.

Laser spectroscopy is being developed on a large
scale, including the atomic-ionization technique
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based on stepwise ionization of atoms with multi-
mode dye lasers; the technique is developed in two
modifications for vacuum and air (Moscow Univer-
sity, Institute of Spectroscopy and Institute of Chem-
istry of the Academy of Sciences ezc.). The thermo-
lens method and laser atomic-fluorescence technique
are being developed in the Novosibirsk Institute of
Inorganic Chemistry. Both methods are at the stage
of laboratory research; their introduction is hindered
by a number of methodological and metrological
problems.

The Universities of Rostov and Irkutsk are im-
portant centres of X-ray spectrometry, as is the
“Burevestnik™ pilot enterprise in Leningrad, which
produces the necessary equipment. The X-ray
fluorometric method is used for the analysis of silicate
geological materials for rock-forming elements. This
method is especially widely applied in ferrous and
non-ferrous metallurgy and mining. X-Ray quan-
tometers are used in these industries as the main
components of automated analytical control systems.
A new electron-probe X-ray fluorescence technique
has been developed. Application of synchrotron radi-
ation in X-ray fluorometric analysis and X-ray com-
bination dispersion has been initiated. The latter
technique helps determine low atomic-number ele-
ments up to lithium.

Electron paramagnetic resonance spectroscopy has
proved to be an original and, to a certain extent,
universal technique. Analytical reagents that are
stable free radicals containing complexing and radical
groups have been obtained. In complexes with metals
the concentration of this latter may be determined
through the paramagnetism of the organic part of the
molecule.

Since similar complexes may be obtained for
practically any element, the technique is virtually
universal. Research of this kind is conducted in the
Vernadsky Institute of Geochemistry and Analytical
Chemistry and in the Institute of Chemistry of the
Tadzhik Academy.

Fundamental research in the field of solid-state
mass spectroscopy, particularly in spark-source mass
spectroscopy is conducted. The principal goal of the
research is to increase the precision of the analysis
through better understanding of the physical and
chemical mechanisms in the vacuum spark discharge.
The data obtained have helped in the development
of a multipurpose probe technique for the analysis of
both solid (including non-conducting) and liquid
materials. Spark-source mass spectroscopy for micro
and layer analysis of metals, alloys, semiconductors,
and epitaxial films of silicon and germanium, with
resolution of 0.1 um in depth, has been developed. In
ferrous metallurgy mass spectroscopy is used for
quality control in the converter process. A new
time-of-flight mass spectrometer has been developed
in the Leningrad Physico-Technical Institute of the
USSR Academy of Sciences.

Radioactivation analysis is widely used both in the

instrumental version and in isolation of radioisotopes
of elements in studies on their radiochemical
purification. Various activation methods are used,
including activation by fast and slow neutrons,
gamma-rays, photons and charged particles. The
particle-activation methods are predominantly used
for determination of gas-generating impurities. Neu-
tron activation is widely used for mass determination
of gold in rocks and ores.

Besides nuclear reactors, neutron generators and
neutron sources of the *>Cf and Sb-Be types are used
for this purpose. Purely scientific research concerns
the application of resonance neutrons, analysis of
strong neutron absorbers, computerization of activa-
tion analysis, new methods of radiochemical isolation
of radioisotopes, and development of new analytical
techniques for new materials, including biological
ones. Research of this kind is conducted in the
Institute of Nuclear Physics of the Uzbek Academy
of Sciences in Tashkent, the Institute of Nuclear
Physics of the Latvian Academy in Riga and many
other scientific establishments.

Many electrochemical methods are being devel-
oped, as well as the theory and application of voltam-
metric methods. The number of elements that may be
determined has been considerably increased through
the application of various solid electrodes, organic
reagents and masking agents, and analysis in non-
aqueous media. Especially successful are the studies
of inverse (stripping) voltammetry theory for various
electron processes. The kinetics of formation and
dissociation of intermetallic and complex compounds
has been studied (Tomsk, Sverdlovsk, Moscow). The
high sensitivity and speed of inverse voltammeiry
account for its wide practical application, particularly
in the analysis of ultrapure materials, pure water and
films and application of the method may be extended
even further. New ion-selective electrodes, particu-
larly those with liquid membranes, have been devel-
oped. Highly selective extraction systems are used for
this purpose. Coulometry with controlled potential is
at present being examined for high-precision deter-
mination of components of materials; precision cou-
lometers are being designed to determine macro-
components in samples.

Kinetic methods for determination of micro-
elements are being developed in several centres such
as Moscow University, the Moscow Institute of Fine
Chemical Technology, Kiev Institute of Physical
Chemistry and Ivanovo Chemico-Technological In-
stitute. Several highly sensitive catalytic techniques
have been described; some of them are used for mass
analysis. The latter include techniques for deter-
mination of iodine, silver, rhenium and platinum,
Thus, traces of ruthenium and osmium are deter-
mined in this way at the Norilsk metallurgical plant.
In Moscow University kinetic methods are widely
used for determination of biologically active organic
compounds. Several monographs devoted to this
subject have been published in Russian.



Chromatographic techniques are being intensively
developed. Some modifications of gas chromato-
graphy have been proposed (A. A. Zhukhovitsky
et al.); chromatography helps in study of the struc-
ture of organic compounds. Reaction gas chromato-
graphy and capillary gas chromatography are used.
Thin-layer chromatography for the purposes of inor-
ganic analysis has been further developed. Of interest
is the work on application of the chromatographic
method for organoleptic studies on foodstuffs. This
work is conducted in the Nesmeyanov Institute of
Organoelement Compounds (Moscow). Moscow
University is the centre of research in the field of ion
chromatography.

Synthesis of selective sorbents, which may have
other uses beside analytical ones, is actively pursued.
Heterochain sulphur- and nitrogen-containing sor-
bents (-CH,-S-), and [(-CH,~CH,-),~N], have been
proposed. They are effective for concentration of
heavy metals, platinum and gold. After the concen-
tration the solvent may be analysed for noble metals
by such techniques as atomic-absorption, atomic-
emission and X-ray fluorescence.

Important advances have been made in the ther-
modynamics and kinetics of extraction; some new
extractants have been synthesized and studied.
Among these O-isopropyl-N-methylthiocarbamate
has proved useful for selective extraction of silver and
is widely applied in geological survey and non-ferrous
metallurgy; substituted thioureas are proposed for
the group concentration of platinum metals, and
organotin compounds are the best known extractants
for arsenic and phosphorus ions. Diantipyrylmethane
is very effective in determination of titanium and
other elements. 8-Mercaptoquinoline and its numer-
ous derivatives have been studied systematically.
These works have been performed mostly by Yu. A.
Bankovsky.

ANALYSIS OF INORGANIC SUBSTANCES
AND CONTROL OF PROCESSES

Many laboratories deal with analysis of metals,
alloys and raw materials, and control of metallurgical
processes.

Chemical analysis in ferrous metallurgy may in
some respects set an example for other branches of
industry. It is characterized by extensive use of
advanced equipment, a high level of automation, and
prompt introduction of new physical and phys-
icochemical techniques, these being important means
of increasing production and improving its quality
(e.g., high-precision control of poisoning and alloying
microcomponents of steels). Automated analytical
systems comprising devices for taking and conveying
samples, combined with quantometers and com-
puters, are used at large metallurgical works. Sam-
pling of molten metal to determine gas-generating
impurities—carbon, hydrogen, sulphur, oxygen—is

Yu. A. ZoLotov

particularly important. To speed up the deter-
mination of carbon and sulphur the corresponding
equipment is installed near the steel-making units.
The economic effects of the seconds and minutes thus
saved in analysis in the course of a heat are quite
appreciable. Automation of sampling presents certain
difficulties, however.

A sufficiently high level of analytical control has
been achieved in non-ferrous metallurgy. Here atten-
tion is focused on provision of automated control
based on multichannel X-ray spectrometers. Intro-
duction of the automated information search system
“Analytica” is under way in the industry.

Ultrapure inorganic substances constitute a special
group of materials for analysis. Vast experience has
been accumulated in this field and many complex
problems have been solved. Atomic-emission spec-
troscopy (with chemical concentration) and, to some
extent, atomic-absorption spectrometry and spec-
trophotometric methods, serve for analytical pur-
poses in industry. Neutron activation and spark-
source mass spectroscopy are largely used in research
laboratories. Many studies deal with determination
of microelements in semiconductors, pure chemical
reagents and other high-purity substances. The prob-
lems under study include further increase in sensi-
tivity of determination, correct procedures for refer-
ence tests, and problems of calibration, since
standard samples are often unavailable. It is neces-
sary to develop methods ensuring the determination
of 15-20 impurities constituting 10~-10"°% w/w,
i.e., down to 10 pg/g or less. Laser spectroscopy,
mentioned above, appears promising in this respect.
Increase of the neutron flux in nuclear reactors to 10*
neutrons.cm~2.sec™! is another possibility, that is
particularly advantageous for the analysis of matrices
difficult to activate, e.g., silicon or graphite. Problems
to be solved in the analysis of ultrapure substances
provide an excellent opportunity to hone the capabili-
ties of an analyst. This type of analysis is performed
in many scientific establishments but most extensively
in the Institute of Inorganic Chemistry in Novo-
sibirsk, the State Institute of Rare Metals in Moscow,
Institute of Chemistry in Gorky, and Institute of
Chemical Reagents in Moscow.

Geological materials make up another important
group of inorganic substances to be analysed. Their
analysis is essential for geological survey, the mining
industry and some branches of science, primarily
geochemistry. Experience in this field covers a wide
range of large-scale analysis for rockforming and
trace elements as well as phase analysis. The geolog-
ical survey has 250 large laboratories which employ
a wide range of techniques, including chemical, spec-
troscopic and nuclear-physical methods. Thus X-ray
fluorescence is widely used for determination of com-
ponents of rocks and ores, and an X-ray radiometric
modification is quite widespread and is used in field
conditions. About 200-300 million elemental deter-
minations are carried out for the geological survey



Analytical chemistry in the Soviet Union 7

annually. An extensive network of laboratories and
monitoring stations monitors levels of inorganic sub-
stances (heavy metals, toxic anions, dissolved oxygen)
in the environment.

ORGANIC ANALYSIS

Analysis of organic substances is a constituent part
of analytical chemistry. This statement is not as trite
as it may appear. In this country there still exists a
deep-rooted tendency to treat organic analysis as a
part of organic chemistry or the chemistry of high
molecular-weight compounds, bio-organic chemistry
or some other branches of the chemicobiological
realm. The argument underlying this notion is per-
fectly logical. The proponents of this approach hold
that to analyse minutely it is necessary to know the
nature of an organic substance and take into account
the specificity of the material. Yet all objects of
analytical chemistry are specific and sound analysis
should be based on knowledge of the specificity of
the sample anyway. The same is true of geological
materials, environmental samples, ultrapure sub-
stances, archaeological artefacts and many other
objects.

If we assume the viewpoint that organic analysis is
a part of organic chemistry and extend this approach
to other objects of analysis and other sciences and
human activities generally, we would have to do away
with analytical chemistry altogether, yet nobody
seems to harbour such plans. Such an approach
would inflict gross and, with time, irreparable dam-
age on many branches of chemical analysis, perceived
in strictly utilitarian terms, and on organic chemistry
proper. The importance of organic analysis is self-
evident. It is a vast and important field of analytical
chemistry.

On the other hand, organic analysis is highly
specific. The spectrum of analytical techniques
needed is significantly at variance with the set of
analytical approaches to inorganic materials, at
least in terms of priorities. In inorganic analysis
the hierarchy of methods in terms of diminishing
importance and applicability is apparently as
follows: elemental > phase, molecular > isotopic >
structural-group analysis. In modern organic analysis
the sequence is different: molecular (analysis of mix-
tures) > structural (functional) group, elemental >
isotopic > phase analysis.

Many research bodies in this country are engaged
in organic studies. In the field of elemental analysis
efficient means of decomposition of complex organic
and organometallic substances, including plasma
techniques, have been developed. Methods of deter-
mining the empirical formulae of compounds, with-
out analytical weighing, have been elaborated. Auto-
mation of elemental analysis is being put into effect
with the use of CHN-analysers. New methods of
heteroelement determination have been worked out,

including those based on X-ray fluorescence. Of note
are the works on identification of individual com-
pounds with the help of computers (V. A. Koptyug)
and artificial intelligence (L. A. Gribov).

To analyse complex mixtures of organic com-
pounds chromatographic methods are very widely
used. These, gas chromatography in particular, are
very important in monitoring processes for pro-
duction of polymers and other organic products in
the petrochemical industry.

Besides the centres of organic analysis mentioned
above, the Institute of Organic Semiproducts and
Dyes (Moscow), Institute of High-Molecular Com-
pounds of the USSR Academy (Leningrad), and the
State Institute of the Nitrogen Industry (Moscow)
should be noted. Analytical methods for the chemi-
cal, petrochemical and pharmaceutical industries are
developed in their own branch research institutes as
well as in academic and educational establishments.
These last most frequently sign contracts with indus-
trial enterprises, usually on mutually profitable terms.
The same concerns the sphere of inorganic analysis.

The diversity of products of the chemical industry
generates numerous methodological problems. The
number of different products runs into tens of thou-
sands and each must be provided with analytical
means. For a long time the strategy adopted was to
develop individual techniques and analysers for the
most important substances, but this approach is too
laborious. Even now, almost every tenth worker in
the chemical industry is engaged in analysis. Ob-
stacles linked with difficulties arising in monitoring
may sometimes impede introduction of new pro-
cesses. While requirements for the quality of products
become more stringent, the quality indicators often
depend on the reliability of analytical techniques. To
overcome this limitation a new concept of a “univer-
sal system of chemical analysis” is being developed
(Zh. Analit. Khim., 1982, 37, 1104). It envisages the
transition from single-purpose analysers to universal
analytical systems with multi-indicator detectors.
Thus, correlated simultaneous readings from several
detectors are used as an analytical indicator of a
substance.

PUBLICATIONS

Zhurnal Analiticheskoi Khimii (Journal of Ana-
lytical Chemistry) is the major periodic publication in
Russian. It has been published by the Academy of
Sciences since 1946. Along with original con-
tributions, it carries reviews, letters to the editor, and
information items on conferences, books and equip-
ment. Two other publications that give much space
to analytical chemistry are the Zavodskaya Laborato-
riya (Plant Laboratory) and Zhurnal Prikladnoi
Spektroskopii (Journal of Applied Spectroscopy).
Many communications are published in other all-
union and regional magazines, e.g., Doklady Akade-



8 Yu. A. Zorotov

miya Nauk (Reports of the Academy of Sciences) and
Ukrainskii Khimicheskii Zhurnal (Ukrainian Chemi-
cal Journal).

Four series of monographs and collections of
papers are published. They are “Analytical Chem-
istry of the Elements”, ‘“Analytical Reagents”,
“Problems of Analytical Chemisiry”, and “Methods
of Analytical Chemistry”. Textbooks are published
by the publishing houses ‘“Vysshaya Shkola”
and “Khimiya” and translations by “Mir” and
“Khimiya”.

INSTRUMENT ENGINEERING FOR
ANALYTICAL PURPOSES

New equipment is developed in research labora-
tories and design offices. Some original devices have
been mentioned above. In addition such devices
as the microcolumn liquid chromatograph ‘Mili-
khrom”, ion chromatograph “Tsvet 3006, various
types of gas chromatographs, the precision cou-
lometer PKU-1, and atomic-absorption spectrometer
“Saturn-2” should be mentioned. Polarographs, pH-
meters, gas chromatographs and X-ray fluorometric
spectrometers are produced on a large scale.

Home supply, however, does not meet the demand,
because of insufficient quantity of production of
instruments such as Fourier infrared spectrometers,
gas chromatograph-mass spectrometers and X-ray
microanalysers. International co-operation within the
framework of the Socialist Economic Community
helps solve this problem. Thus we traditionally buy
polarographs in Hungary and Czechoslovakia, some
spectral equipment in the GDR, precision balances
in Poland. Trade in this field involves some other
countries. Thus Perkin-Elmer atomic-absorption in-
struments and Leco and Balzer instruments for gas
determination in metals are widely used.

INTERNATIONAL CONTACTS

There are several fields in which the leading pos-
ition of Soviet analytical chemistry is unanimously
recognized. These are spectrophotometry in the ultra-
violet and visible regions, particularly with organic
reagents, electrothermal atomic-absorption spec-
trometry, inverse voltammetry and some other elec-
trochemical methods, concentration of micro-
elements (including extraction concentration),
analysis of mineral raw materials and ultrapure sub-
stances, and the analytical chemistry of noble and
rare metals. Soviet analysts working in these and
other fields are invited to make reports at inter-
national conferences and give lectures in universities
abroad. Soviet analytical chemists are on the editorial
boards and advisory committees of 25-30 inter-
national or national journals of analytical chemistry
and related disciplines. Ten scientists are elected
members of [UPAC. Professor I. P. Alimarin is an
honorary member of many scientific societies and a
doctor honoris causa of a number of universities,
including those of Birmingham and Goéteborg. He
has been awarded the Talanta gold medal and the
Emich, Hevesy and Purkyné medals.

A biennial Soviet-Japanese symposium on ana-
lytical chemistry is regularly convened. The first took
place in 1982 in Kyoto, the second was held in
Moscow and Kiev in 1984.

Joint scientific projects are carried out in collabor-
ation with chemists from the GDR, Hungary,
Bulgaria and Czechoslovakia; for example, standard
samples are being developed. The Vernadsky Insti-
tute has carried out a number of joint projects in the
field of spectroscopic methods of analysis together
with the Karl-Marx University of Leipzig. Many
foreign analysts come to visit our country, and
international co-operation and exchange of ideas and
information are always welcome as they are through-
out the scientific fraternity of the world.
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Summary—The paper reviews the state of analytical chemistry teaching at Soviet higher educational
establishments, discussing specifics of teaching techniques at various schools of higher learning, viz.
universities and technological and non-chemical institutes*. It describes the curricula and methods of
continuous assessment. Particular attention is paid to the subject matter of courses in analytical chemistry
and its future improvement, with special focus on problems related to training specialists in analytical
chemistry at universities and other institutions of higher education. The paper also deals with facilities
and opportunities offered for research projects, and finally touches on the problem of text books.

Scientific progress is impossible without highly com-
petent research workers. Analytical chemistry is an
ancient science, yet it may also be regarded as one of
the youngest sciences; that is to say, it is in the process
of rebirth, overstepping its old boundaries. It is not
incidental that scientists all over the world are paying
great attention to analytical chemistry as a science.
The broader range of samples and scope of methods,
the extensive use of electronics, and the automation,
computerization and instrumentation of analysis
all influence the requirements for university and
technological institute graduates. “To solve uncon-
ventional problems in studying the composition and
structure of new natural and synthetic substances and
materials, to analyse standard and reference samples,
to investigate unique samples of small mass, to
evaluate results and to work out recommendations,
will call for specialists with a high degree of experi-
ence and a profound knowledge of physics, mathe-
matics, programming and computer electronics”.’
This prompts the necessity of far-reaching planning
for higher education. Under-rating the role of ana-
lytical chemistry teaching (as well as of any other
science) may have disastrous consequences for the
successful progress of science, technology and the
economy.'™®

In the Soviet Union the serious and comprehensive

*Universities are higher educational establishments which
do not grant degrees in technology, but prepare their
students for scientific and research work in various
sciences—exact, natural and social, as well as the
humanities. Institutes are more specialized schools of
higher learning, training specialists for a particular field
of science and technology. Thus, graduates of chemical
and technological institutes will be granted degrees in
technology and work as chemical engineers, while
graduates of medical institutes will devote themselves to
the medical profession, and those of pedagogical insti-
tutes will work as teachers.

approach to analytical chemistry teaching has deep
roots. Many outstanding chemists who have made
great contributions to the development of the theory
and practice of chemical analysis were also educators:
D. 1. Mendeleev, whose thesis dealt with analytical
chemistry; N. A. Menshutkin, who wrote Russia’s
first textbook on analytical chemistry; L. A. Chugaev,
the founder of the use of organic reagents for analy-
sis, and many others, taught at universities and
institutes, and were talented lecturers and educators.
This tradition is being preserved and will be main-
tained in the future. About 40% of the members of
the Scientific Council of the USSR Academy of
Sciences, in the branch of analytical chemistry (the
chief co-ordinational and scientific advisory body),
are heads of departments and institutes of higher
education, as well as teachers, and in certain sections
and commissions this representation reaches 60%.
Academician 1. P. Alimarin, Head of the Scientific
Council, is also Head of the Analytical Chemistry
Faculty at Moscow University, and his deputy, Cor-
responding Member of the USSR Academy of Sci-
ences, Yu. A. Zolotov, heads a laboratory of the same
faculty. Many scientist members of the Council com-
bine their research work with teaching (Academician
A. T. Pilipenko, Corresponding Member of the
USSR Academy of Sciences, Yu. A. Zolotov,
Professors Yu. A. Karpov, O. M. Petrukhin and
many others). Outstanding scientists who are not
educators maintain contacts with higher educational
institutions by delivering lectures to students and
teachers. Thus most analytical scientists understand
the tasks and problems facing analytical chemistry
teaching.

On the whole a sufficient number of analytical
scientists is being trained for service in industry and
research, but the continuous development and per-
fection of programmes, updating of textbooks and
improvement of teaching standards make it possible
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to train better qualified graduates. Unfortunately, a
certain number of scientists (particularly non-
chemical) and those in high administrative posts are
inclined to regard analytical chemistry as a subsidiary
science. This results in the reduction or even exclu-
sion of analytical chemistry courses at institutes and
non-chemical university departments. In some cases
this is justifiable, e.g., cancellation of the course on
classical qualitative analysis, at chemicotechnological
and technological institutes, as well as courses of
analytical chemistry at certain faculties of aviation,
building and metallurgical institutes. Reduction of
courses at agricultural, medical and food institutes
causes great concern, however. Sometimes analytical
scientists themselves are to blame because they have
failed to perceive and keep pace with the new trends
in chemical analysis and to alter the courses accord-
ingly. At such institutes the teaching of phys-
icochemical and physical methods of analysis has
been transferred to other faculties (such is the case,
for instance, at metallurgic institutes). Biochemical
and clinical analysis is at present almost an exclusive
prerogative of organic chemistry faculties. In this
connection it would seem appropriate to quote the
answer of Kellner and Malissa to the question “Will
analytical chemistry be done in the future by ana-
lytical chemistry?”’—“Most likely, yes, if chemistry
departments realize the new trends! If they do not,
someone else will come up and solve the problems for
us as was demonstrated already in the past™.”
According to the Working Party on Analytical
Chemistry of the Federation of European Chemical
Societies a teacher must be well versed in the follow-
ing subjects: chemical analysis, biochemical analysis,
chemometrics, analytical strategy, materials analysis,
clinical analysis, analysis of environmental samples,
etc.” Can we maintain that most of our teachers fit the
description? Do our curricula fully correspond to
these requirements? Apparently, not. Before covering
the problems of analytical chemistry teaching and
possible solutions to them let us dwell upon the
present state of teaching, including certain formal
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aspects (curricula, arrangement of courses, co-
ordination of efforts aimed at raising teaching
standards, ezc.).

CURRICULA

Analytical chemistry is taught at 700 higher and
secondary educational institutions of the USSR.
There are three groups of higher educational estab-
lishments wtih different curricula: (1) universities, (2)
chemical and technological, technological, and poly-
technic institutes, (3) non-chemical institutes (medi-
cal, pharmaceutical, food, agricultural, oil, ezc.).

Universities

Of the 60 universities training chemists, about 60%
have Departments of Analytical Chemistry (including
the Universities of Moscow, Leningrad, Kazan,
Saratov and other big cities, as well as the capitals
of the Republics). Some universities (mainly those
orientated to training school teachers) have united
departments of, for example, inorganic and analytical
chemistry, biology and analytical chemistry, and so
on. At certain universities analytical scientists are
trained by specialized departments, such as the
Department of Chemical Metrology at Kharkov Uni-
versity, the Department of Rare Elements at Kazakh
University. Analytical chemistry teaching is conduc-
ted at three levels: a general course for all students
majoring in chemistry, a general course for students
of some non-chemical faculties, and special courses
for analytical graduates.

The first three and a half years at Soviet univer-
sities are devoted to mastering the fundamentals of
chemistry, physics, and mathematics. In the opinion
of Soviet scientists, a solid physical and mathematical
basis is prerequisite for the education of a modern
chemist. That is why a considerable amount of time
is devoted to the study of mathematical and physical
sciences (Fig. 1). The elements of programming are
introduced as early as the first year. Much attention
is paid to foreign languages. A modern graduate

ORGANIC
CHEMISTRY, 10 5 %

INORGANIC
CHEMISTRY,10 5%

ANALYTICAL
CHEMISTRY, 23 %

PHILOSOPHY, 13 5 %

SPORT, 32 %

FOREIGN LANGUAGES, 81%

Fig. 1. Proportions of different disciplines in university curricula.
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Fig. 2. Order of study of chemical disciplines at universities.

majoring in natural sciences should be a confirmed
materialist, a conscientious citizen, a patriot, and
know the basic Soviet laws. That is why the curricula
ensure a profound study of social and political sci-
ences, philosophy, political economy and chemical
history. Physical training and sports are compulsory
components of the curricula.

The curricula of certain institutes include ped-
agogics and psychology (for would-be school teach-
ers). Besides the compulsory courses above, the cur-
ricula include optional courses (radio-electronics, for
instance). Each year is devoted to the study of a basic
chemical science (inorganic, analytical, organic and
physical chemistry) (Fig. 2). At the end of the aca-

Table 1. Curriculum for chemical faculties of ‘Soviet Universities

Hours per Hours per
week Assessment week Assessment
Semester 1 Semester 5 °
Inorganic chemistry 14 Examination  Organic chemistry 14 Examination
Mathematical analysis 5 Examination Radiochemistry 2 Credit
Analytical geometry 3 Credit Quantum mechanics 3 Credit
Programming 1 Credit Molecular structure 4 Examination
Foreign language 4 Credit Foreign language 4 Credit
History of the Communist Party 4 Examination Philosophy 4 Examination
Physical training 2 Credit
Semester 6
Organic chemistry 12 Examination
Semester 2 Physical chemistry 10 Examination
Inorganic chemistry 12 Examination Substance structure 2 Credit
Mathematical analysis 6 Examination Foreign language 4 Examination
Physics 6 Examination  Political economy 4 Examination
Programming 2 Examination
Foreign language 4 Credit Semester 7 o
Physical training 2 Credit Physu;al chenpstry 10 Examination
History of the Communist Party 3 Credit Colloid chemistry 5 Examination
Crystal chemistry 3 Examination
High molecular-weight
Semester 3 . o compounds 3 Credit
Analytical chemistry 11 Credit with Political economy 4 Examination
. . a mark Law 2 Credit
Mathematical analysis 4 Examination Specialization 3 Credit
Physics 8 Examination
Mathematical physics equations 3 Credit Semester 8 L
Foreign language 2 Credit Cl}emncal engineering 8 Examination
Physical training 2 Credit High molecular-weight o
compounds 4 Examination
Semester 4 Specialization | 12
Analytical chemistry 12 Examination Practical work 13 months
Mathematical analysis 4 Examination Semester 9
Linear algebra 3 Credit Specialization 12
Theoretical mechanics 3 Examination History and methodology ‘of
Probability theory 3 Credit chemistry 2 Credit
Philosophy 4 Examination Environmental protection 2 Credit
Foreign language 2 Credit Philosophy S Credit
Physical training 2 Credit Pre-diploma practical work

TAL ¥/1-B
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Table 2. Course (hours) in analytical chemistry at Moscow University

Lectures  Seminars Practicals
Semester 1
Theoretical basis of analytical chemistry
Introduction 2
Equilibrium theory 22 12
Methods of separation 10 4
Methods of separation and detection 140
Total: 34 16 140
Semester 2
Metrological aspects of analytical chemistry 6 — —
Quantitative methods of analysis
Gravimetric 6 — 18
Titrimetric 8 — 36
(visual and potentiometric)
Electrochemical — 30
Optical 12 — 30
Course paper (thesis) — 32
Total: 44 — 146

demic year students take an experimental course
based on one of the chemical sciences, and also take
shorter courses dealing with some other less time-
consuming fundamentals of chemistry.

Table 1 lists, as an example, a standard curriculum
adopted at Moscow University and (with minor
modifications in stratification) at other universities
of the Soviet Union.

At some universities one or two groups (com-
prising 20-40 students) work according to individual
programmes. At Moscow University, for example,
graduates with a profound knowledge of mathe-
matics (theoreticians) and programming (computer
experts) have been trained for several years. Such
graduates are especially valuable since they combine
a profound knowledge of the chemical sciences and
mathematics.

Fourth-year students major in a chosen field, with
special courses and practical classes recommended by
the corresponding departments. Fifth-year students
(undergraduates) are engaged in their graduation
examinations, which are preceded by practice ses-
sions (more detailed information on specialization is
presented below).

As is seen, analytical chemistry is an essential
component of the curricula, taking up much time and
effort. How is this time distributed? The whole course
of 350-390 hr of teaching time consists of lectures,
practicals and seminars, run in parallel. Table 2 lists,
as an example, the analytical chemistry curriculum
adopted at Moscow University.

Analytical chemistry at non-chemical departments

is taught according to a similar, but less complicated
scheme, with inevitably shorter courses, optional
lectures, no course papers and examinations only in
certain studies (Table 3).

Chemical and technological, technological and poly-
technic institutes (chemical specialities)

Chemical engineers in the USSR are trained at 70
institutes. Almost all of them have departments of
analytical chemistry, drawing all the students into
studying this science.

The analytical chemistry course at these institutes
is divided into two parts. Second-year students study
chemical methods of quantitative analysis, fourth-
year students (after studying physical chemistry and
engineering sciences) master physicochemical and
physical methods of analysis (Table 4). The choice of
analytical methods depends on the kind of facilities
at the disposal of the departments. Usually these are
electrochemical and optical methods, but some insti-
tutes are better at teaching chromatography, others
kinetic methods of analysis, and still others organic
analysis. Much of the aforesaid is also true of similar
higher educational establishments, i.e., comprehen-
sive mathematical training, a rather considerable
period of time allotted to chemical sciences, and
attention devoted to socio-political and philosophical
sciences. The number of teaching hours envisaged for
chemical sciences at such institutes is almost 40% less
than at universities, as most of the time is consumed
by engineering sciences, radio-electronics, industrial
economics, etc. In general there is more time allotted

Table 3. Distribution of hours in non-chemical faculties of universities

Speciality/Department Semester 2 Semester 3 Assessment
Biological 42-72 36-64 Credit

Soil 3648 90 Examination
Geological 72 — Credit
Geochemical 72 48 Examination
Geographical 42 36 Credit
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Table 4. Distribution of hours in chemicotechnological and technological institutes

Lectures Seminars Practicals
Semester 3
Chemical methods of analysis 17 8 100
(gravimetry and titrimetry)
Semester 7
Physicochemical and physical methods 32 — 85
Environmental protection 2 — —

(Learning and research work)
Personal research projects

to physical, mathematical and engineering studies
than to chemistry. Only a very few of these depart-
ments of analytical chemistry are engaged in training
analytical graduates.

Non-chemical institutes

This is the most numerous group of higher edu-
cational establishments. Some of them have ana-
lytical chemistry departments (these are normally
pharmaceutical institutes and pharmaceutical facul-
ties of medical institutes, and of food and certain
agricultural institutes). Of late, analytical chemistry
as a course has been excluded from the curricula of

some non-chemical institutes, but elements of analy-
sis are included in the programmes of other chemical
courses (usually general chemistry).

The number of teaching hours and curricula
greatly depends on the type of institute and speciality.
Usually second-year students are taught analytical
chemistry during one or two terms (semesters). At
other establishments of higher education with a larger
group of classes for analytical chemistry, the course
lasts 3 semesters. Tables 5 and 6 list, as an example,
the curricula of two educational institutions. Regret-
ably, at some non-chemical institutes there is no
room for the course of instrumental methods of

Table 5. Distribution of hours at the pharmaceutical faculty of the Sechenov 1st Moscow Medical

Institute
Lectures Practicals Assessment

Semester 2
Methods of identification and separation 38 114 2 Tests
Semester 3
Quantitative chemical analysis

(gravimetry and titrimetry) 36 54 Credit with a mark
Semester 4
Instrumental methods of analysis

(spectrophotometry, coulometry,

potentiometry, chromatography) 18 36

Total: 92 204

Table 6. Distribution of hours at the Gubkin Moscow Petrochemical Institute

Lectures Seminars Practicals  Assessment
Semester 3
Theoretical basis of
analytical chemistry 17 6 Credit with
a mark
Qualitative analysis — — 48
Semester 4
Theoretical basis of
analytical chemistry 17 6 Credit with
a mark
Chemical methods of
quantitative analysis — —_ 48
Semester 8 (or 11)
Physicochemical methods
of analysis 14 —_ 48 Credit with
a mark
Total: 48 12 144
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analysis, and its inclusion in curricula depends on
personal decisions by Department Heads. This is
particularly true of the agricultural institutes.

Part-time departments

Many institutes and universities of the USSR have
set up part-time departments training graduates ac-
cording to the curricula of the full-time departments,
but envisaging 10-25% less attendance time than
in full-time departments, with some acquisition of
knowledge entrusted to the students’ own efforts.
Since the requirements and methods of assessment
are the same as in full-time departments, part-time
education makes greater demands on the students’
perseverance and self-discipline.

CO-ORDINATION OF ACTIVITIES IN ANALYTICAL
CHEMISTRY TEACHING

Higher and secondary educational institutions
work under the supervision of the USSR Ministry for
Higher and Specialized Secondary Education, as well
as the Ministries of Higher Education of the Union
Republics. Non-chemical institutes are also subordi-
nate to the Educational Methodological Departments
of the corresponding branch Ministries, e.g., medical
and pharmaceutical institutes to the Ministry of
Public Health, agricultural institutes to the Ministry
of Agriculture. Methodological and organizational
activities are co-ordinated by the Scientific and Meth-
odological Council of the Ministry for Higher Edu-
cation, composed of outstanding Soviet scientists and
pedagogues, viz. Rectors of institutes, Deans of facul-
ties, Heads of departments. The Council consists of
sections considering problems of one particular
course, e.g., chemistry. Within the framework of
the section for chemistry there are subsections for
analytical chemistry, for universities (Chairman—

Scientific — Methodological
Council of Ministry for
Higher Education

L Section of Chemistry l

Academician 1. P. Alimarin), chemical institutes
(Chairman—Professor Q. M. Petrukhin), non-
chemical institutes (Chairman—Professor D. A.
Knyazev).

In 1981 the Scientific Council for Analytical Chem-
istry of the USSR Academy of Sciences set up a
Commission for Analytical Chemistry Teaching
(Chairman—Dr 1. I. Alexeeva) which comprises
members of the subsections for analytical chemistry
of the Scientific and Methodological Council of the
USSR Ministry for Education (Fig. 3). The Commis-
sion is called upon to solve methodological and
organizational problems of teaching. The activities of
the Commission are guided by perspective plans
worked out once every five years, which reflect major
trends and tendencies in teaching. Every year the
Commission draws up detailed programmes. Once a
year the Commission meets to discuss method-
ological and organizational problems and account for
its work to the Scientific Council for Analytical
Chemistry. The major aspects of the work of the
Commission can be formulated as follows: it deter-
mines the contents and objectives of courses (pro-
grammes); improves curricula and brings them up to
date; promotes new specialities; supervises com-
pilation and publication of textbooks, etc.; collects
information and statistics on the state of teaching
standards at various higher educational establish-
ments; sponsors briefings and conferences on prob-
lems of analytical chemistry teaching, as well as
seminars for teachers on methodological problems;
its members also participate in international meet-
ings, co-operation, etc.

Contents of courses

The development of courses plays a big part in
improving teaching standards. Correctly determined
objectives and contents of courses serve as a basis for
perspective planning of education. Methodological
problems figure largely at briefings and conferences

Scientific Council for
Analytical Chemistry of
the Academy of Sciences

Chemical
Institutes

Universities

Non—Chemical
institutes

S

Comrnission for Anolytical
Chemistry Teaching

Fig. 3. Scheme of the co-ordinating bodies for analytical chemistry teaching.



Analytical chemistry teaching in the USSR 15

on teaching, being the main concern of the meth-
odological commissions of departments and of the
Commission for Teaching.

The contents of courses are reflected in pro-
grammes compiled every five years by the leading
institutes at the request of the Ministry for Higher
Education and/or branch Ministries (for non-
chemical institutes). Such standard programmes are
subjected to close discussion and criticism, and are
then approved by the Scientific and Methodological
Council for Chemistry. Programmes for non-
chemical institutes are bound to reflect their specific
interests, which is why the number of such pro-
grammes exceeds 100.

The programmes are meant to reflect the present
state and trends of development in analytical chem-
istry, and the ratios between different methods of
analysis; they determine the objectives for analysis
and recommend the necessary (accompanying) litera-
ture. The programmes of general courses for univer-
sities should not overlap the programmes of the
special courses.

To answer the question of what to teach, it is
necessary to define analytical chemistry as a science
and formulate its objectives. The original objective
was to find out what a given substance consists of],
i.e., to determine its chemical composition, but this
has now been extended to include the nature and
distribution of the individual substances present. This
objective is attained by methods which are constantly
brought up to date and modified.! According to
Professor Zolotov* neither time nor effort should be
spared in conveying to students a knowledge of the
general problems of analytical chemistry and a feeling
for the correct approach to their solution in formu-
lating the philosophy of the science, determining its
place among other natural sciences and establishing
a fundamental principle for analytical chemistry. This
principle, according to Professor Moskvin (Lenin-
grad University), might be the determination of the
characteristic properties of a substance, ie., any
manifestations ensuring identification and deter-
mination of the substance. There are other opinions,
of course, but it is essential that the programmes
should make it clear that analytical chemistry is a
science dealing with measurement. This introduces
the importance of the metrological aspects. The
student must be taught how to select and prepare a
sample, and how to work out a scheme of analysis
and choose the right methods.*

The theoretical basis of analytical chemistry is still
a focus of attention, but the depth of study of certain
issues may vary. Previously the courses gave a formal
approach to the reactions used for detection and
determination, while now much more attention is
paid to reaction mechanism, the role of solvents, and
processes in plasma, etc.

A drawback of the old programmes was the neglect
of automated analysis and use of computers.

Of particular importance is the ratio between cer-

tain methods of analysis. There used to be a great
deal of disproportion between classical and modern
methods in the old programmes. In the new pro-
grammes the proportion of physicochemical and
physical methods has increased; chromatography is
now regarded not only as a separation method, but
also as a determination method. Even so, the classical
chemical methods of analysis cannot be altogether
ruled out. “A lot of analysts overestimate the inex-
haustible possibilities of physical methods to such an
extent, that these have come to the point of ousting
chemistry from chemical control”.! The progress
achieved in analytical chemistry should not
mean complete renunciation of the experience
accumulated.

The old courses put the main emphasis on analysis
of inorganic substances. This is no longer acceptable.
The analysis of therapeutic drugs, foodstuffs, and
environmental samples is part and parcel of ana-
lytical chemistry, and should find reflection in
modern courses.

These concepts have been voiced more than once!*
in the press and at different conferences, and have
been taken into consideration, to a certain extent, in
the compilation of programmes for universities and
chemicotechnological institutes for 1985-90. For ex-
ample, the programme for universities compiled by
the Analytical Chemistry Department of Moscow
University (Editor-in-Chief—I. P. Alimarin; Head of
the Department of the Methodological Commission
—Dr V. L. Fadeeva) contains sections dealing with
general problems of analytical chemistry, metro-
logical aspects, and analysis of organic substances.
The programme recommends the following distribu-
tion of lectures and laboratory classes:

theoretical basis 46%
separation methods 12%
physicochemical and physical methods 30%
gravimetric and titrimetric methods 12%

Methods of assessment

Several methods of assessment are accepted at
higher educational establishments of the USSR, viz.
examination, credit for attendance (with a mark
assigned), and credit for attendance. Continuous
assessment during the term is made by means of
written and oral tests. The latter, known as collo-
quia, are also of educational value for the student
since the direct contact and animated discussion with
the teacher, which reveal his/her personality and
expertise, cannot but contribute to moulding and
fostering the young chemist.

Technical teaching aids, such as test programs,
and testing and teaching machines are extensively
(although, so far insufficiently) used during such
assessments. Much attention is attached to technical
teaching aids at Byelorussian University (Head of the
Department—Professor G. L. Starobinets) and at
Saratov University (Head of the Department—
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Professor R. K. Chernova), as well as at some other
higher educational establishments.

TRAINING OF ANALYTICAL GRADUATES

As mentioned above, analytical chemists are
trained only at universities. Specialization starts from
the fourth year. Senior students who have decided to
major in analytical chemistry attend special courses
and perform laboratory assignments (for a total of
550 hr). The courses are designed to deepen the
students’ knowledge in the theory and practice of
chemical analysis, so that they can independently
plan and complete investigations, and develop
schemes and methods of analysis. The contents
of these courses should correspond to the current
theoretical and practical achievements of analytical
chemistry. The spirit of research should permeate
laboratory classes. The students should learn how to
use the latest analytical devices, and master the ways
of processing measurement results, as well as graph-
ical and numerical calculation. They should learn
how to write reports based on the results obtained
and become experienced in using the appropriate
reference literature.

Each department is free to choose special courses.
The choice of a course largely depends on the
scientific interests of the department, and the avail-
ability of the necessary equipment. For example,
electrochemical methods are being developed at
Kazan University, analysis of organic substances at
Omsk University, chromatography at Leningrad
University.

The Commission for analytical chemistry teaching
recommends the following courses.

Introduction to modern analytical chemistry.

Metrological methods of analysis.

Complex compounds and organic reagents used
for analysis.

Separation and concentration methods.

Chromatographic methods of analysis.

Optical methods of analysis:
atomic-emission spectroscopy
atomic-absorption spectroscopy
atomic-fluorescence spectrocopy

molecular-absorption spectroscopy (ultraviolet,
visible, infrared, microwave)

luminescence

Physical methods of analysis:

X-ray spectral methods and electron spectroscopy

mass-spectrometry

activation analysis

NMR, ESR, Mdssbauer spectroscopy

Electrochemical methods of analysis.

Kinetic methods of analysis.

Analysis of the most important materials, includ-
ing environmental samples.

It is certainly often impossible to deliver all the
courses, and the choice should rest with the de-

partments concerned, but no tendency to narrow
specialization can be tolerated. A modern graduate
should know various methods of analysis, their
possibilities and limitations. From this point of view,
the course “Introduction to Modern Analytical
Chemistry” delivered at Moscow University by Yu.
A. Zolotov is of interest as it gives a comprehensive
coverage of all the methods above.

The demand for analytical scientists with higher or
secondary qualifications is great, and is not being
fully met by the universities. Analytical laboratories
often employ graduates from chemical and non-
chemical institutes who do not have a specialized
analytical education. Most of the analytical gradu-
ates work at universities, research institutes and
secondary schools. University graduates are seldom
appointed to industrial, plant, agrochemical or clin-
ical laboratories. A typical example of this situation
is the following list of staff at two large analytical
laboratories.

Research Institute of Metallurgy and Beneficiation
Kazakh Academy of Sciences

Total staff 42
With higher education 34
Graduates from: universities 25
institutes 9
pharmaceutical 1
pedagogical 3
polytechnic 1
technological 2
food 1
biological department 1

o0

With no specialized education

Central Plant Laboratory of the Ust-Kamenogorsk
Integrated Lead and Zinc Works

Total staff 100
With higher education 24
University graduates 10
Technological institute graduates 10
Non-chemical institute graduates 4

The small number of university graduates working
at industrial laboratories appear insufficiently trained
for their work, as they often know little or next to
nothing of the production procedure they are en-
gaged in. Graduates from technological and non-
chemical institutes are often to be found in such
laboratories. The analytical methods now in use have
become very complicated. Their correct and effective
application and perfection is impossible without
special background training, specialized knowledge
of their theoretical basis, and dexterity in apparatus
handling. It is important to master the essentials of
general analytical methodology, including the ability
to compare different methods, select a scheme or
method for solving particular tasks, and knowledge
of chemical analysis metrology. Learning all this is a
time and labour consuming task. Chemicotechno-
logical and technological institutes grant no such
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training, nor is it available to graduates from such
institutes who are working at branch institutes and
laboratories (agrochemical, clinical, geological and
others). The vital interests of their work make them
raise their qualification standards by themselves. In
the course of time they become experienced analytical
scientists, and even heads of laboratories and
services. This is not the solution to the problem as a
whole, however. A possible way out might be to offer
specialist training at technological and some non-
chemical institutes (pharmaceutical, agricultural, oil
and food). Some experience has been gained in
this respect. Analytical engineers are trained by the
Ural Polytechnical Institute (Head of Department—
Professor V. N. Muzgin) and the Leningrad Poly-
technic Institute (Head of Department—Professor
B. V. L’vov).

IMPROVING TEACHING STANDARDS

Even the most experienced and qualified teachers
and laboratory staff should constantly raise their
professional level. A teacher finds it difficult to do this
because of the heavy time-table during the semester.
Hence the Ministry for Education grants every lec-
turer the opportunity to go on study leave once every
five years to improve his/her teaching standard, at
special departments set up by leading institutes. The
teachers attend compulsory courses on pedagogics,
psychology, and programming, as well as lectures
delivered by outstanding scientists on certain prob-
lems of analytical chemistry. Another approach is
attendance at analytical chemistry schools, which
attract a great number of teachers, especially the
younger ones.

STUDENT RESEARCH WORK

The involvement of students in research work
under the supervision of teachers and departmental
staff is an old custom in the higher educational
institutions of the Soviet Union.

There are the following levels of student research
work.

(1) Participation in students’ research societies.
This form is particularly widespread at universities:
long before specialization, undergraduates come to
the research laboratories to try themselves out in
experimental work. On entering the university a
student does not know what speciality to choose. In
this he finds assistance and advice rendered by lec-
turers, teachers, senior students or postgraduates of
the Department. The personality of a lecturer or
teacher, and his/her ability to present the achieve-
ments and problems of analytical chemistry in a vivid
and exciting manner at the very first classes are most
important factors in helping students choose their
future speciality. Students working in research labo-
ratories belong to the students’ research societies and
an incentive is 'that the best research papers are

rewarded. Every year the Ministry for Higher Edu-
cation and other organizations sponsor contests of
students’ research achievements, and the winners are
awarded medals. The most interesting papers are
published in scientific journals. In 1983, for example,
12 student articles were published by Moscow Uni-
versity, and in 1984 the number rose to 13. Typical
themes are: “A study of the kinetics of formation of
the palladium PAR complex in aqueous organic
media”, “Extraction of copper by oxygen-containing
macrocyclic compounds”, “The effect of noise on
the results of flame-photometric determination of
boron”.

(2) Course and diploma theses. These forms of
research work are included in university curricuia.
Second-year students write a course thesis. This
might be a literature review or a simple experiment in
a narrow field, taking four or five practical sessions
to accomplish at the end of the laboratory practical
course. The students report the results of their work
in the presence of teachers and other students. This
approach helps an undergraduate to acquire useful
habits, viz. to work with the reference literature, to
formulate the results in a proper manner, to present
the gist of the problem briefly and clearly, and to
speak in public.

A graduation thesis is a serious research piece of
work, normally involving specific analytical applica-
tions. Not infrequently it is associated with the
scientific adviser’s research or a postgraduate thesis.
In working on his graduation thesis the student must
display independent approaches to the experimental
work and the interpretation of the results obtained.

(3) Students’ research projects. This method is
practised for good students in chemicotechnological
institutes where the laboratory practical course
covers only uncomplicated experiments. It might
consist in developing a new methodology or verifying
an already existing one, perfecting practical work,
etc. Such students study a lot of reference literature
on the problem and write a review. Examples of
such reviews presented at the Moscow Institute of
Chemical Engineering are “Methods of determining
arsenic in semiconductor materials”, “Detection of
sulphur in rubber”, “Kjeldahl determination of nitro-
gen in organic substances”, the reviews being com-
plemented by an appropriate practical investigation.

At non-chemical institutes, where this method is
not envisaged by the curriculum, research elements
are introduced into practical tasks (at the initiative of
the teachers). Thus, at the First Moscow Medical
Institute (Professor B. A. Rudenko) the final task is
analysis of a therapeutic drug or some other sub-
stance, which a student must analyse independently,
using literature information and his own judgement
and experience.

An interesting method of student research work
has been suggested at the Moscow Petrochemical
Institute (Professor E. 1. Isaev), namely, that students
in the prospectors’ department analyse natural waters
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Such methods are very useful because non-
chemical graduates begin to take much greater inter-
est in analytical chemistry and become aware of its
importance.

MANUALS

Manuals meeting the requirements of modern
science are an indispensable element of education.

For years Soviet students have been using the
notable textbooks “A Course of Qualitative Semi-
microanalysis” and “Quantitative Analysis”, written
by V. N. Alexeev in the 1940s in a logical, interesting
and comprehensible manner. They have been trans-

lated into many languages and are still popular (with

later amendments) with both students and teachers.
In addition, other textbooks are issued for use in
different types of higher institutions of the Soviet
Union, namely universities,” agricultural institutes,'®
and pedagogical institutes.!!

However, these manuals no longer conform to the
present level of analytical chemistry, i.e., theoretical

~hla dad frn
problems are expounded from obsolete standpoints

(for example, acid—base equilibrium, complex-
formation, etc.); there are no metrological aspects
(except for brief information on the statistical pro-
cessing of measurements); they lack modern methods
of analysis. To some extent the drawback concerning
modern methods of analysis has been rectified in
Kreshkov’s book on fundamentals.’? Some modern
manuals on the theoretical basis of a aual_y rtical chem-
istry have appeared,'>" but they expound only the
issues of ionic solution equilibria in the same way as
in problem books.'**® Certain physicochemical and
physical methods are expounded in a number of
textbooks that came out in the 1970s.'* Under-
graduates also use other books on certain issues that
are not covered in the manuals.>”*?” A book on
demonstration c)\pcumcma in aualy cal chemxstry
has been written® to help lecturers.

However, no manual which could meet the present-
day level of analytical chemistry has so far been
compiled in the USSR.

Foreign manuals translated into Russian are
widely used in higher educational institutions of the
Soviet Union.”* These manuals meet the demand of
modern analytical chemistry but their relatively small
circulation (6000-10000 copies) does not permit them
to be recommended as basic manuals. Also, they
often deal insufficiently with, or neglect aitogether,
certain aspects traditionally emphasized in the USSR,
namely organic reagents for analysis, and lumi-
nescence analysis.

Higher educational establishments are trying to

compensate for the lack of manuals b hv mqlnnc meth-

i1l

odologlcal synopses. This is pralseworthy, but such
an approach will hardly solve the problem; moreover,
the quality of some of them ieaves much to be desired

ey

0o
&

edited.
Students taking special courses use many other
monographs (both Soviet and foreign), reviews and
scientific articles, in addition to the manuals above.
Soviet pedagogues are well aware of the necessity
of compiling an adequate analytical chemistry man-
ual. Such a manual must reflect the philosophy of the

nd tha nmlaca Af analytical shanm
a\.«l\;uw, ana ¢ pi:act Of anaiy uca: \ull\dlllbll: among

other sciences, and contain analytical strategy and
the metrological basis of analytical chemistry. The
theoretical treatment should not be confined to ionic
equilibria, which should be expounded on the basis of
thermodynamics and kinetics. Physical and phys-
icochemical methods should be generously dealt with.
Such a fundamental manual would not preclude the
publication of a laboratory practical manual reflect-
ing the specific interests of a particular institute.

CONCLUSION

One article can hardly touch upon all the problems

LOI]WI'IllIlg dﬂdlyllbdi anmlblry Lcaumng, N.lbﬂ as
teaching at technical schools, availability of equip-
ment for laboratory practice, modern teaching aids,
active methods of teaching students, and chemical
olympiads. The author has endeavoured only to
cover generally the state of teaching and the tasks

facing tcachers.
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Summary—A brief survey is given of the most recent publications on development of artificial-intelligence
systems for molecular spectral analysis. A new approach to solution of the problems of qualitative
molecular spectral analysis is based on an applied logical calculus developed by the authors for fuzzy
predicates. It is suggested that spectral-structural knowledge should be specified in the language of fuzzy
predicates, and mechanical theorem-proving procedures used for solving qualitative problems of spectral
analysis, the initial information being considered as a set of axioms. System-oriented matters are given
consideration. The formalism suggested is a basis for the development of an artificial-intelligence dialogue
system capable of solving various problems in molecular spectral analysis while maintaining a dialogue
with a research worker using a professionally-restricted natural language.

The problem of identification of organic compounds
from their spectra through the use of computers had
become fully comprehended in the late 60s. At
present, the problem is the focus of attention for
research workers in organic and analytical chemistry,
because the number of known chemical substances
is approaching 10 million,' and what is more, some
100,000 new compounds are synthesized every year.

The necessity of developing computer-aided
identification of organic substances from their spectra
has led to a new branch of analytical chemistry,
which can be called analytical mathematical spec-
trochemistry (AMS). AMS has emerged at the inter-
face between chemistry, spectroscopy and discrete
mathematics, these disciplines being amalgamated in
the provision of algorithms realized in the form of
programs for computers. There are three major as-
pects of AMS: (a) development of information-
retrieval systems (IRS) for molecular spectral analy-
sis; (b) utilization of pattern-recognition theory; (c)
design of automated artificial-intelligence systems
(AIS). In this review we shall deal with the last of
these and shall confine ourselves to those publications
which are mainly concerned with optical and reso-
nance spectroscopy.

A specific feature of the artificial intelligence
systems is that they are based on mathematical
simulation of the chemist’s lines of reasoning in
the identification of an unknown substance with
the aid of correlations between spectra and structure.
The identification procedure has three stages: (1)
structure-group analysis (SGA); (2) generation of
structural formulae from the sets of molecular frag-
ments sorted out in the course of the SGA; (3)
checking the structural formulae and finding the most
probable ones by comparing the predicted spectra
with those obtained experimentally.
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The first publications on the development of AIS
appeared in 19687* in which we were the first to
elaborate SGA theory>® on the basis of symbolic
logic. By now, advances in AIS as applied to molec-
ular spectroscopy have been summarized in two
monographs*® and in a number of surveys,”® and
further set out in a great many papers. Here we offer
a brief survey of the most recent publications, and a
description of our new approach to solving the
problems of qualitative spectral analysis within the
framework of an artificial-intelligence system.

TYPES OF ARTIFICIAL INTELLIGENCE SYSTEMS

Several research teams have been working on
intelligence systems oriented to molecular structure
elucidation from spectra. The DENDRAL project
group® is developing the strategy of heuristic search
based on the exhaustive generation of structural
formulae satisfying various imposed constraints and
the empirical formula of the substance. One of the
most recent advances made by this team is the
program GENOA,"! the major distinction of which is
that it is capable of handling fragments having over-
lapping atoms. Such a situation appears quite often
when several independent spectral methods are used
in detecting the fragments. Because the structures are
always generated from fragments having no atoms in
common, provisions are made in the GENOA pro-
gram for the fact that for generating the structures,
the fragments are constructed by a computer oper-
ating in an interactive mode. Another distinction of
the system is that it can efficiently take into account
alternative substructures, i.e., different fragments im-
plied by one and the same spectral feature. A sub-
stantial role in the GENOA program is played by the
use of constraints introduced by the chemist, in the
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form of a set of non-overlapping fragments. The
primary constraints can be given in the form of the
molecule skeleton and fragments constructed from
different sources (spectra, chemical experiments). The
program makes up all the paths by which every newly
introduced constraint can be satisfied, making sure
that the previously imposed constraints are also
satisfied. Each path represents a separate
“case”—generally an incomplete structure including
such fragments and atoms which are not associated
with one another. An avalanche growth in the num-
ber of “cases” is eliminated by the continuous control
exercised by the chemist, who cuts off undesirable
paths. The results of imposing constraints are
checked visually with the aid of a display unit or
graph plotter. The final result ensured by the pro-
gram is a structural formulae satisfying all of the
imposed constraints.

The structures singled out by the GENOA pro-
gram can be further investigated for the purpose of
finding possible stereoisomers, which is done with the
aid of the program STEREO,!? worked out by the
same group. To solve the problem of recognizing
molecular structures, a generator of stereoisomerism
is employed as a source of additional constraints
imposed on the structures. The particular type of
these constraints can be established from stereo-
chemical data obtained from NMR spectra or by
chirality—optical methods. The notion of the
configuration symmetry group'>'* has been taken as
a basis for the algorithm generating all the stereo-
isomers and calculating their number. First, the pro-
gram determines the symmetry group of a chemical
group, which reflects the structure, and after that this
group is converted into the configuration symmetry
group, which in turn is used for generating all of the
distinguishable stereoisomers, and finding a theor-
etical value (without generation) for the number of
configurational stereoisomers. Stereochemical con-
straints are used both for averting the generation of
forbidden stereoisomers and for weeding out the set
of already generated structural isomers, the maxi-
mum effect being achieved by imposing those con-
straints which eliminate the strained structures.

The DENDRAL group is paying much attention
to the problem of predicting the spectra of con-
ceivable structures for the purpose of checking their
validity. They have suggested methods and programs
for interpretation and prediction of mass spectra,'®
BC NMR spectra'®" and 'H NMR spectra.” Predic-
tion of the C NMR spectra is made from the
database comprising structures of organic molecules
and their interpreted spectra. In doing this, use is
made of the fact that the chemical shift of the carbon
atom carries information on the spatial environment
of this atom and on the influence of substituents
spaced 1-4 bonds apart. To forecast a spectrum, the
fragments of the structure under investigation are
searched in the database, and the accuracy of, predic-
tion is determined by the extent of similarity of the

carbon atom environment; the maximum accuracy is
obtained when the coincidence extends to a depth of
4 bonds. The structures under investigation are
ranked according to the degree of agreement between
the predicted and experimental spectra. Prediction
and interpretation of the PMR spectra® are based,
to a large extent, on similar considerations. The
DENDRAL programs were originally oriented
towards structure analysis, but now, owing to the
inclusion of data banks into the system, they are
becoming a powerful tool in analytical chemistry.

A lot of publications are concerned with descrip-
tion of various stages in the development of the
CHEMICS system.?» The most recent version of
the system? is capable of recognizing compounds
containing C, H, N, O, S and halogen atoms, with the
aid of NMR, infrared and mass spectra. The mol-
ecular formula of an unknown substance is presented
by the researcher or it can be found automatically
from C NMR and mass spectra. To define the
structure, use is made of a library of fragments
(components) and of their features in “C NMR,
PMR and infrared spectra. Class CHO is represented
by 189 components, and a further 572 components
have had to be included to handle samples which also
contain N, S and halogens. The system establishes
the sets of fragments consistent with the empirical
formula and spectral data, followed by the generation
of the structural candidate-formulae. In doing this,
known or conceivable fragments and constraints on
the size of the cycles can be deliberately introduced.
To reduce the number of candidates use is made of
prediction of the number of signals within the C
NMR spectra (but not of the spectra per se) and
calculation of the strain-energy index. Comparison of
the calculated with the experimental values allows
certain structures to be discarded from consideration.
The authors furnish examples of recognizing mole-
cules of class CHO comprising 10-13 skeletal atoms.

The CASE system?! is oriented primarily to the
recognition of the structure of natural compounds,
the spectra being interpreted with the participation of
the chemist, who detects the constitutional character-
istics of the substance under investigation by using
programs for the analysis of infrared spectra®®?’ and
C NMR spectra.® Selection of the most probable
isomers from those generated is done with the aid of
a program designed to predict the number of signals
within the *C NMR spectra.”® A special character-
istic of the approach utilized in these publications is
that the functional groups are detected from the
infrared spectra according to the rules specified for
each chemical group. A similar approach has been
used in developing the PAIRS system designed for
interpreting the infrared spectra of condensed* and
gaseous® phases. A language for description of the
interpretation rules for infrared spectra in the PAIRS
system has been developed and described.?

The SEAC system? is capable of recognizing the
structures of compounds containing C, H, N, O, Cl,
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Br, I and obeying certain constraints. Use is made of
a machine library comprising spectra—structure cor-
relations for the infrared and PMR spectra taken
separately, as well as fragments with combination
features. Spectra of each kind are interpreted by
special-purpose programs, the choice of which is
determined by the elemental constitution of the sub-
stance. Generation of structures is based on a vector-
division operation introduced by the authors. Some
structures (having no more than 10 skeletal atoms)
that have been thus recognized are given as examples.

The STRUCTURE system™® is capable of identi-
fying substances with C, H, N, O, S and halogen
constituents, from the infrared PMR and *C NMR
spectra. Use is made of a library comprising 32
microfragments. The program establishes sets of
microfragments which can constitute a moecule,
building various versions of the structures from each
of the sets. Finally, those structures are chosen which
are not inconsistent with the experimental data, and
the number of solutions is not high for a molecule
containing 10-12 skeletal atoms.

Various programs have been adapted to detection
of fragments from C NMR spectra®* or from a
combination of spectra. Thus the ASSIGNER
system*>* is intended for finding functional groups
from the infrared and C NMR spectra. Each type
of spectrum is provided with its own associated
library of fragments and their spectral features. The
fragments are encoded with the aid of a numerical
identifier or descriptor reflecting their elemental con-
stitution. The fragments selected on the basis of one
type of spectrum (for example, *C NMR) are subjec-
ted to validation against the infrared spectra. The
fragments are also divided into classes according to
the informational content of the spectral features.
Despite the fact that the number of fragments dis-
tinguished by the program is usually 1.5-2.5 times
that really comprised by a molecule, the real group-
ings can always be found among those provided by
the program.

Our own artificial intelligence system STREC
(STructure RECognition) has been described in
detail >** The empirical formula and infrared, ultra-
violet, PMR and mass spectra of a substance, as well
as a machine library of the spectra—structure cor-
relations are used as starting information in the
STREC system. Its own library of typical fragments
(LTF) has been produced for each type of spectrum,
the primary role being played by infrared spec-
troscopy. The infrared-library consists of an active
file used in making a structure-group analysis (SGA),
and a passive file used as a filter in validating the
candidate structures. First the SGA is made by using
the infrared spectrum. SGA logic equations are auto-
matically derived and solved, followed by generation
of the structural formulae from the selected sets of
fragments. In so doing, account is taken of the
non-equivalence of atoms having free valencies, and
the possibility of repeated occurrence of a fragment

within the structure. After that, all the isomers are
passed through a system of filters represented by the
fragment libraries of the types of spectra used. Upon
detection of a fragment within the structure, the
characteristic features of the fragment are compared
with the experimental spectra. Should the presence of
all of the fragments found in the structure be substan-
tiated by the spectra, then the structure is included in
the file of answers. Selection of the most probable
structures and elucidation of their spatial constitution
is done on the basis of the conformational analysis
and calculations of the infrared spectra.” The trial
operation of the system has shown that it is quite
capable of confidently coping with the identification
of compounds having 10-15 skeletal atoms.

As a result of further research we have developed
a dialogue system STREC-2%#7 capable of handling
large structures including as many as 40 skeletal
atoms, and identifying compounds from their in-
frared, PMR and C NMR spectra.

To improve the discrimination capability of the
system, each of the fragments from the LTF is
assigned, in addition to its valency and empirical
formula, the ranges of values of the spectral feature
in the infrared, PMR and *C NMR spectra. Such an
approach eliminates the necessity of having separate
special-purpose libraries for the SGA for each type of
spectrum. The features in infrared spectra are the
frequency ranges and half-widths of bands, as well as
the expected intensities on a five-value scale. Those of
the NMR spectra are the ranges for the chemical
shifts, spin—spin interaction constants and expected
multiplicities. Each fragment is assigned, in addition
to the spectral features, the descriptors—one for each
atom having free valencies. A descriptor indicates the
possibility for a given atom to add hetero-atoms,
aromatic rings, multiple bonds, hydrogen atoms. If
there is more than one free valency at a given atom,
the descriptor will show whether or not a multiple
bond can be formed. The possibility of occurrence of
a fragment within a cycle is also marked. Descriptors
enable quite accurate specification of the allowed
position of a fragment within a molecule, a possibility
which is used for eliminating structures failing to
satisfy these requirements. The fragments included in
the LTF can comprise as many as 15 skeletal atoms.
At the first stage, an SGA is made in a dialogue
mode, ensuring an intimate relationship between the
operator and the program. Data-exchange between
the operator and computer is done by use of a display
unit or a typewriter. The program interrogates the
researcher, providing him at the same time with
explanations as to the form in which the answers are
expected to be given. In the course of a dialogue the
empirical formula of a substance and all its available
spectra are introduced into the computer. The pro-
gram makes up and delivers to a display unit the logic
relationships (implications) which bring the fre-
quencies and chemical shifts in the experimental
spectra into correspondence with the fragments
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included in the LTF, the occurrence of these frag-
ments being not unlikely in the compound under
investigation. Using a priori knowledge relating to a
sample, an expert can introduce corrections into the
computer’s “reasoning’’: he can eliminate the library
fragments from the implications or add them thereto,
introduce any new (“‘chemical’’) fragments, alter the
possible sets of fragments found by the program, form
various sets by using his own judgement, and so on.

At the second stage, a set of fragments approved
by the expert is used for generating the structural
formulae of all the isomers having a given consti-
tution, with additional constraints imposed on the
structures, in a dialogue mode of operation. In so
doing, it is possible to preset both indispensable and
forbidden fragments (for both types of the fragments
it is allowed to have atoms common to the fragments
taken from the LTF and the new fragments derived
in the course of the SGA), as well as the maximum
multiplicity r,, of bonds formed when mathematically
synthesizing the structures. This last facility allows
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here that the program can easily handle images of
rather complex molecules, including bridged poly-
cyclic molecules.

A preferred structure is selected on the basis of
prediction of the number of signals and their multi-
plicities within the *C NMR spectrum, by a special-
ized program. Further discrimination between struc-
tures can be obtained by predicting the infrared
spectra of the candidates.

It is worth noting that the STREC-2 system can be
operated in the filtration mode for verifying the
conformity between the filter libraries and various
structural formulae suggested by the chemist himself.

The efficiency of the STREC-2 system has been
substantiated by the solution of a great number of
spectro-analytical problems, a substantial fraction of
which is represented by the problems of identifying
organophosphorus compounds on the basis of the
specialized infrared-LTF for phosphorus-containing
fragments. The following are examples of the struc-
tures recognized with aid of “prompting” on the part
of the chemist:

H O
Il
/ \ || OCH,CH4
s=cC C—CHy — P
\ ™~ OCH,CH
N— ¢/ cHs i
Il
H 0

suppression of the mathematical synthesis of struc-
tures comprising r > r,,, which offers indubitable
savings in machine time. If the minimal size of cycles
is preselected, generation of the strained structures
including small cycles can be averted, provided that
the chemist possesses the pertinent information.
The fragments (new, indispensable and forbidden)
are introduced into the computer by representing
their constitutional formulae on the screen of a video
display unit, in the form customary for the chemist.
Generation of isomers takes place with due account
taken of the descriptor requirements, thus avoiding
the handling of a lot of unnecessary structures.
The third stage is used to disclose the constitution
of the fragments included in the structural formulae
as “macroatoms”, and by screening of all the frag-
ments, taken from the filter library, through each of
the structures, the isomers can be checked for consist-
ency with the experimental spectra. Here, an addi-
tional filtration of the structures is done with a
specialized PMR-LTF including 270 fragments. The
filter library can be further filled up with other special
purpose LTF (infrared, *C NMR, ultraviolet, MS).
Drawings of the structural formulae which com-
pletely satisfy the machine knowledge and the con-
straints introduced and utilized in making the
identification, are printed out; it should be mentioned

FUNDAMENTALS OF THE THEORY OF SOLVING
QUALITATIVE PROBLEMS IN MOLECULAR
SPECTRAL ANALYSIS

As can be seen from the foregoing,
artificial-intelligence systems deal with qualitative
spectral problems of the following four types: (1)
elucidation of molecular structures, (2) interpretation
of spectra, (3) prediction of spectra from a given
structure, (4) derivation of information from system-
atized knowledge. These problems per se are the most
common types of problems in molecular spec-
troscopy and spectral analysis. That is why we have
made an attempt® to build an applied theory for
solving qualitative problems in molecular spectro-
scopy on the basis of the logical calculus of fuzzy
predicates. Within the framework of this theory,
spectrochemical knowledge is specified with the aid of
predicates.

Let us now consider some of these, taking infrared
spectroscopy as an example.

1. Predicates characterizing the infrared spectrum.
I(a, b, x,, y,, z; »—the spectrum comprises the mode
a vibration band, of chemical group b, with frequency
x,, intensity y,, half-width z,. L(a, b, x,, n)—the
spectrum comprises n bands of vibration mode a, of
chemical group b, within the frequency range
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specified by a fuzzy variable x,. The notion of
fuzziness will be discussed below.

Both the intensity and half-width are estimated
qualitatively by integers from 0 to 5, and the values
of the frequency by positive integers. Variable a has
the traditional notations (v,—stretching vibrations,
6,—deformation planar vibrations, and so on).

2. Predicates characterizing molecular constitution.
R, (r,)—the molecule comprises fragment r,. R,(r,,
ry, n;)y—the molecule comprises fragment r, and
fragment r, separated from r, by n, bonds. Ry(ry,
n;)—the molecule comprises n, structural elements
ry. Ry(rs, j)—there is a cycle of size j, which includes
fragment r;.

3. Predicates characterizing additional conditions.
T,(/)—the pure substance is in aggregate state /
(1—solid, 2—liquid, 3—gaseous). T,(m)—the pure
substance is dissolved in a solvent of type m
(1—basic, 2—acidic, 3—neutral).

4. Second order predicates used for specifying data
variations. Q,[P, s,(l}), s,(1,) . . . }—the values of vari-
ables, sy, s,, . . . described by predicate P are replaced
by new values /[, L, h,.... Qy[P, 5,(d)), $;(dy,
d;) ... }—the values of variables s,, s,, ... described
by predicate P are being changed, and the nature of
these changes is determined by the value of variables
d, d,, dy,...d;...(1—increasing, 2—decreasing,
3—disappearing, 4—split into d;,, components).

By using the system of predicates and ordinary
logic operations we can already formalize a large
portion of declarative knowledge. For example, the
phrase “compounds with a single double bond and
alkyl substituents (ALK) absorb within the range
1640-1680 cm~!” is associated with the expression

R,(C=C, ALK)— I, (v, C=C, 1640, 1680)

The expression
Q,\[R;, C=C, ALK(C=C)]
_—’QZ[II’ v, C=C’ X (4, 2)]

corresponds to the phrase “conjugation of two alkyl-
substituted C=C bonds results in the splitting of the
stretching vibration band into two lines™.
Empirical knowledge in the field of infrared spec-
troscopy has been ordered in the literature according
to the types of the structural fragments and modes of
vibrations.”’ In the theory above for solving qual-
itative problems, a more detailed data structuring has
been introduced. Proceeding from the nature of
knowledge it can be divided into facts (expressions
comprising constants) and regularities (expressions
comprising variables, even only one). Now let us
distinguish a class of general regularities which de-
scribe knowledge true for all the polyatomic mole-
cules or at least for many of them. The main frag-
ments having characteristic features (C—=C, C=C,
Ar, C=0 and so on) will be taken as the structural
units for the rest of the knowledge. Every major
fragment is specified as a whole, and then the sur-

rounding atoms are successively added to it, thus
forming fragments of the 1st, 2nd, 3rd and higher
levels, and so on, up to the boundaries of our
knowledge. The hierarchy of knowledge thus pro-
duced is represented by a graph in the form of a tree.
Let us call it a network of objective knowledge.
Specification of the network node includes data as
follows.

1. Number and structure of a fragment, list of
possible vibration modes and so on.

2. Regularities and facts common for a given
fragment.

3. Regularities and facts for every vibration mode.

A special characteristic of empirical knowledge in
spectroscopy, as presented in natural language, is its
fuzziness, which occurs, for example, in such phrases
as “the spectrum includes a rather intense band
at around 965cm~!”, or “alkyl-substituted C=C
double bonds absorb most often in the range
1640-1660 cm ™',

To describe the uncertainty of knowledge we will
employ a body of the fuzzy set theory.®

Let M be a set, and x an element or member of set
M, then fuzzy subset A of set M is defined as a set
of ordered pairs {[x, u,(x)]}, where p,(x) is a charac-
teristic assignment or membership function, which
varies within the range from 0 to 1, indicating the
extent or degree of membership of member x in a
subset A, For the first example above, u(965)=1.
There are boundaries, for example 955 and 975 cm .,
beyond which u(x) = 0. Assume that u(x) represents
a set of functions that are linear over narrow inter-
vals, and that to specify these functions it is sufficient
to have a pair of numbers which would show the
interval where u(x) = 1, and another pair of numbers
to indicate the minimal departure from the left and
right boundaries of that interval for u(x) to be zero.
The function can be symmetrical, or it can happen
that the region where 0 < u(x) < 1 is missing, and so
forth. The numbers carrying no information can be
discarded. For example, to write 1650, 1660 {10, 20}
means that in the range 1650-1660 cm~' function
u(x) = 1, whilst over the regions 1650-1640 cm~' and
1660-1680 cm~! u(x) is decreasing in a linear fashion
and reaches zero at the extreme points (1640 and
1680 cm™'); to write 965 {10} predetermines a func-
tion u(x) which is equal to 1 at x =965cm™!, and
decreases linearly to zero over the regions 965-955
and 965-975 cm~!.

Each n-place predicate symbol is assigned with
mapping M" into a set of values of the characteristic
membership function, which will be referred to here
as a truth function up, 0< up < 1.

Logic formula G and predicate symbol P are
assigned a set of exterior values of the truth function
e, 0< pe <1. An exterior value of function ue
reflects a quantification of knowledge (‘“‘often”,
“sometimes”, “in some cases” and the like). To find
the value of the truth function of an elementary
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(comprising no logic operations) formula we multiply
an exterior value of ue by the values of the truth
functions of the fuzzy constants and variables of this
formula.

Consider an elementary formula [0.8] 7, (v, C=C,
1640, 1660 {10}), which corresponds to the prop-
osition “where group C=—C is present in a molecule,
band v(C=C) is most often observed in the range
1640-1660cm~'>", In this case ue = 0.8, and if an
absorption frequency observed within the spectrum
equals 1665cm™!, then u(x) =0.5, whence the truth
value for the eclementary formula is u,=0.5 x
08=04.

Now, with reference to two formulae G and F,
define the fuzzy logic operations as follows:

G A F=MIN (G, F)
G v F=MAX (G, F)
G=1-G

GoF=G VvF
G~F=(GVvF)AGVEF)

It can be shown that, with few exceptions, the
formulae in classical predicate logic and in applied
theory have the same set of equivalent trans-
formations.

Here is an example of specifying knowledge in the
field of infrared spectroscopy.

The basic fragment C—=C is associated with the
zero hierarchical level. Consider group

H
N C=C/
/ \H

(TRS) related to the first level.

1. Possible vibration modes: stretching v(C=C);
stretching v(=CH), non-planar deformation
6(=CH), planar deformation dp(=CH).

2. Group TRS-ALK usually has the stretching
vibration band v(C=C) at 1665-1680 cm~!, with low
intensity: [0.8] R,(TRS, ALK)—/, (v, C=C, 1665,
1680, 1, 2).

3. TRS shows a single band v(=CH) in the region
3000-3040 cm~!: R,(TRS, ALK)—/, (v, =CH, 3000,
3040).

4. TRS gives absorption 6(=CH) in the range
965-990 cm~!, with intensity from medium to high:
Ry(TRS, ALK)—1, (6, =CH, 965, 990, 3, 5).

5. Addition of groups or atoms C=N, OH, O-
ALK, Cl, Br, I to an z-atom at TRS, has no influence

upon the position of &(=CH): R,(TRS,
CNvOHvO-LAK vClvBrvl, 2)-1,, =CH,
965, 990).

6. When TRS is conjugated with the group C=0,
we can observe a tiny shift of (—=CH) towards high
frequencies: R,(TRS, C=0)—1,(6, =CH, 970, 1000,
3, 5).

7. The group TRS generally gives rise to a dp
(=CH) planar vibration band of medium or high
intensity in the region 1290-1310 cm™!: [0.9]R,(TRS,
ALK)-I,(6p, =CH, 1290, 1310, 3, 5).

Let us consider declarative knowledge as a system
of axioms of an applied theory, and qualitative
problems as theorems. Now let us take it that the task
of theorem proving is to elucidate the question of a
certain formula G logically following from a given
set of formulae {F,,F,,...,F,}; in other words
to establish the wvalidity of a formula
(FiAF A ... AF)-G.

It has been proved by Church that there can be
found no general decision procedure to check the
validity of formulae, even of the first-order predicate
logic.®! However, it follows from the Herbrand
theorem® that if a formula is indeed valid, there can
be found a proof procedure for verifying its validity.
Practically, it is much more convenient to establish
non-validity than validity. To establish inconsistency
of a formula Fy AF, A ... AF,AG in an applied
logic calculus, it is necessary to prove that no such
interpretation exists for which the truth values of
formulae F,,F,,...F,, G are simultaneously non-
zero. Several methods for theorem proving are now
in existence, the most common of which are based on
the Robinson resolution principle.’!

Within the frame of the first-order predicate calcu-
lus, the notion of substitution is specified as a finite
set y of type y={f/x,,...1,/x,}, where x, is a
variable and ¢, a term, i.e., a variable or a constant.
A set of formulae {G, } is called a unifiable set if there
exists a substitution y such that G,, = G, = - - =G,
(the values of x, are replaced by ¢,).

In applied logic calculus x, and ¢, are terms such
that if x, is a constant, then ¢ is also a constant.
In the general case, x; and ¢, are sets of fuzzy sub-
sets, with the assignment functions {g,(r,)} and
{u, (x;)}. A substitution is then referred to as a finite
set of pairs of the type a = {(t,/x,), i, (t:)- 1, (1,)/
"‘n(xl )]a A {tn/xn’ [l‘x,. (tn) I“l,, (tn)/#x,, (xn)}}' A set Of
formulae G, is termed a unifiable set if there exists a
substitution a such that g, G,;=g,"Gyy= ... 8 Guo>
where g, represents non-zero coefficients which equal-
ize the truth values of the formula. A substitution is
called degenerate if only a single product
b, (8) 4, (1;) I8 zero.

For example, if we substitute frequency 1635{5} in
the formula [0.8] 7, (v, C=C, 1640{10}), then
w (1) p (1) = 0.5 (1635{5}), and the result will be [0.4]
I, (v, C=C, 1635{5}).

Suppose that {L,} and {M,} are two clauses
having no common variables, {/,} and {m,} are
subsets such that {{}<{L,}, {m}={M,} and for
{1} and {m,} there exists a substitution a such
that {m,}, and {/;}, are complementary. Given that,
a new clause, referred to as a resolvent, can be
inferred from the starting clauses: [{L,} — {/}],U

[{Mx} - {mx}]a-
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For example, if

{Li} = 11 (6, =CH, xl) A\ 12(6, =(:H, Xy, x2)

o~ oA = o

{M} =1,(6,—CH, 980) v R,(C=C);
{Il'} = Il (65 iHs x]),
{m;} =1,(o, = CH, 980); a = 980/x,

we obtain a resolvent I,(6,=CH, 980, x,)
v R (C=0).

A resolution is an inference rule which generates
resolvents from a set of clauses S. Let us designate as
D(S) an amalgamation of S with a set of all the
resolvents which can be .produced from S. Then
Dy(8) =S, D,,,(S)=DID,(S)}

If S is an arbitrary finite set of clauses, then S is
not satisfiable if, and only if, an empty clause occurs
in D,(S) for a certain n > 0.

To illustrate the solving of the interpretation prob-
lem for bands 970, 1313, 1670 and 3030 cm~! in an
infrared spectrum of a compound of TRS-ALK type,
convert into clauses expressions 2, 3, 6, 7 given in an
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1. [0.8]R, (TRS, ALK) v I, (v, C=C, 1665, 1680, 1,
2).

. R, (TRS, ALK) v I, (v, =CH, 3000, 3040).
R, (TRS C=0) v I, (6, =CH, 970, 1000, 3

. [0.9] R, (TRS, ALK) v I, (6p, =CH, 1290, i

3, 5).
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concerned we know both the molecular structure and
its spectrum. Assume that structural distinctions are
specified by type R predicates, and a spectrum by type
I, predicates. Unknown variables are g; and b, which
characterize the vibration mode and chemical group.
Now add a clause characterizing a molecular consti-
tution:

-D-':&N

» 3).
310,

5. R(TRS ALK).
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above, it is necessary to prove that clauses which
specify the spectrum cannot be satisfied:

T1,(a;, b,,1670,1) [I,(a,, by, 1670, 1)]
7l (a29 b29 30309 2) (Il (aZ, b21 30309 2]
1,(a,, by, 1312, 4) [I,(a, by, 1312, 4)]
1,(a,, bs, 970, 3) [1;(as, by, 970, 3)).

© %N o

Given in square brackets are the “answering”
clauses produced by negation of a starting clause.
These take no part in the resolving process; however,
the same substltutnons are used for them as those for
a set of clauses. Should an empty clause be obtained
as a result, this would mean that the “answering”’
clause includes the sought-for variables. By succes-
sively resolving (1), (6), (5) we arrive at an empty
clause; an answering clause includes the values of

variables a,, b, and a truth function y,:

10. [0.8] 7,(v, C=C, 1670, 1)

TAL ¥/1—C

By resolving (2), (7), (5)

-c [ 2 BN N

11. I,(v,=CH, 3030, 2
By resolving 4), (8), (5) we find:

A oman ¥

12. {0.54] I,(op,=CH, 1312, 4).

we obtain:

The value of the truth function 0.54 is obtained by
multiplying the exierior value [0.9] by [0.6], the latter
figure being found as a result of the substitution
(1312{5}/1310{5}).

Resolving of (3), (9), (5) can be effected only as a
result of a degenerate substitution, since C—=0 does

not classify with ALK:
13. [g,}1,(8,=CH, 960, 1100, 2, 5).
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A Sifiguiar substitution leads tc 'liupxﬁunctable
changes in the values of the truth functions.

Self-learning of declarative knowledge is effected
by solving interpretation problems, whereby facts
and regularities are verified, the values of the charac-
teristic membership functions are varied, and new
facts and regularities are revealed, resulting in the
declarative knowledge network being extended in
deptu
the specific features of classes of the problems being
solved.
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SYSTEM-ORIENTED PROBLEMS

When constructing a theory of solving qualitative
problems in molecular spectroscopy, in addition to
the content-oriented aspects of the problem (methods
of solving problems and formalization of knowledge),
consideration should alsc be given to system-oriented
matters, which will be treated below.

Let us treat problem solving as a process of
interaction (dialogue) between the operator and com-
puter. We will consider both the operator and the
computer as resolving systems (RS). Then the oper-
ator is solving problems on a conscious (reflexive)
level, in other words, the operator represents a
reflexive resolving system (RRS). A computer accom-
modating a collection of formalized knowledge is
solving problems on a formal level, thus representing
a formal resolving system (FRS).

So far as molecular spectroscopy is concerned, let
us distinguish between the following three levels of
knowledge, which differ in the manner of their gath-
ering and use.

The first level is object-oriented knowledge XK.
This includes spectral curves, external conditions,
spectral instrument specifications, experimental tech-
nique and the like.

The second level is conscious (reflexive) knowledge
K., possessed by the operator. This includes notions
and ideas, theories, methods for computing and
solving problems, known relationships and empirical
regularities.

The third level is formalized knowledge K;, used in
solving problems with the aid of a computer. Within
the frame of the applied theory under consideration, -
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K; includes data on the relationship between the
molecular structures and their spectral features,
presented in the form of expressions in applied logic
calculus, procedures (programs) of solving specific
problems, and declarative and procedural knowledge
ensuring communication between the RRSs and
FRSs.

Let us distinguish between the following categories
within knowledge: object, property, operation, re-
lationship.

We identify object 4, as an entity which can be
given a name, can be presented, perceived, utilized.
An object can be found in various states, each of
which is determined by a set of values of its properties
{H,}. Entities and properties of the object world are
reflected in the names, notions, representations of
reflexive and formal knowledge. On a reflexive level,
entities and their properties are generalized and
roughened. On a formal level, entities and properties
are presented by sets of variables and constants.

We define a change as a process of transition of an
entity from one state to another. The operation D,

will be identified as any action upon an entity which
results in a change in this entity.

Both objects and operations are in different re-
lationships with one another. These relationships can
be formal or informal. Now, let us define a system as
a set of concurrently considered sets of entities,
properties, operations, relationships, i.e., § = {{4,},
{H;}, {D,}, {R}}, and identify a procedure P as a
system wherein sets of operations and the re-
lationships between them have been specified, as well
as sets of relevant entities and their properties. An
operation can then be considered as a subsystem of
a procedure.

We define the domain of “molecular spectroscopy”
as a threefold set of numbers K = (X,, K;, K;). The
knowledge for each of the three knowledge levels can
be defined as a fourfold set K,=({4,}, {H}, {P.},
{R}), where {4,}, {H,}, {P;}, {R} are the sets of
entities, properties, procedures and relationships for
the ith member of the set {o,r,f}.

A problem in the realm of molecular spectroscopy
is identified as a triplet T = (K™, K**, K™), where K™
and K™ are initial and resultant states of the domain,
and K*'is an activated subset of knowledge, which
includes not only the members of sets {4,}, {H.},
{P.}, {R,}, the values of which in the initial state are
unknown, having been determined in the resultant
state, but also all the members of the above-discussed
sets necessary for solving the problem.

Interaction between the operator or expert (user)
and the computer is effected in the form of exchange
of messages, whereby each of the resolving systems
undergoes changes directed towards the solving of
the problem, i.e., transformation of K" into K™.

As a means of communication take a commu-
nication language of a formal resolving system
(CLF), and a limited subset of the expert’s profes-
sional language, i.e., a reflexive communication lan-

guage (RCL). From the communication languages let
us separate the following three types of propositions:
(@) narrative, which will be termed here informative
propositions, (b) question propositions, (¢) peremp-
tory, referred to here as imperatives.

As a basis for constructing a CLF we take the
language of an applied logic calculus (ALC) for fuzzy
predicates, discussed above. ALC syntax will be used
with the addition of the operators of a question mark
92>, imperative “!”, transition =, =, 3.

Operator “?”* defines which of the objects of the
CLF is under question, operator “!” defines which
actions must be accomplished and with which ob-
jects. The result of accomplishing the “?” operator is
an answer, and a report is the result of using operator
“"’

Questions can be direct or indirect. For example,
the expression (? 1650, 4, 2) (R, (C=C, ALK)-/, (v,
C=C, 1650, 4, 2) means a direct question: “whether
or not a narrow strong band with the frequency
1650 cm~! can be'considered as a result of the
presence of the group C—=C in a molecule?”. Expres-
sion (?x) I, (6, =CH, x) means an indirect question
of the second type: “what is the frequency of the
deformation vibrations of the group —CH?”. Ex-
pression (?Vy) I, (y, C=C, 1650, y, z) means an
indirect question of the second type: “whether or not
the stretching vibrations of the group C=C can have
any intensity ?”.

In the examples above, the correct answers are
presented by the informatives [R, (C=C, ALK) - I,
(v, C=C, 1650, 4, 2)] A R,(C=C, 2)—"yes, if C=C
is not far from the a-atom”; I; (6, =CH, 965) A R,
(=CH, ALK)—“deformation vibration frequency
for the group =—CH equals 965cm™!, if. the im-
mediate environment is of type ALK”; I, (y, C=C,
1650,V y, z) A R,(C=C, K)—*vibration of the group
C=C can have any intensity within the IR spectrum
depending upon how far the group C=C is from the
centre of symmetry”.

Now let us consider two types of imperatives—
imperatives of finding and imperatives of object. The
imperative of finding is equivalent, syntactically and
semantically, with the indirect questions of the first
type. An example of an imperative of object is the
expression !INTRPR (fi(a;, b;,, 690) A I,(a,, b,
760) A I (a;, b;, 830) A I (a,, b,, 965) A I)(as, bs,
1080) A I,(as, bg, 1450) A I,(ay, by, 1510) A I)(ay, b,
1600) A I,(ay, by, 1675) A I (ay,, byy, 3040) A R, (r,)]
—*“interpret an infrared spectrum including bands
690, 760, ...3040 cm~!, provided that the molecule
has the structure r,”. In a similar fashion we can
introduce imperatives of prediction, generation of
structural formulae, structure-group analysis, check-
ing, comparison and so forth.

As already mentioned, it is the informatives that
are the correct answers to a question or imperative,
i.e., narrative sentences in the communication lan-
guage of a formal resolving system CLF. The
informatives can be transferred from one resolving
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system to another (external level), or used for bring-
ing information to new questions and imperatives
(inner level in the FRS). Transmission of any expres-
sions can similarly be effected. Let U be an informa-
tive, question or imperative. Then the expressions
U= and =U mean “transmission of U from RRS
to FRS”, “receiving of U from RRS in FRS”, re-
spectively, and U3 and 33U mean “transmission
and receiving of U at the inner level of the FRS”.

An expression will be identified as a specification of
a process in a CLF if the expression is composed of
a set of expressions {U,} separated by the transition
operators (=, =, 3 or by enumeration symbols (:).

Specification of a process of solving a qualitative
probiem by using the CLF is identified as a problem
solving frame. An FRS contains standard declarative
frames for solving qualitative problems. When we
have to solve a problem in a non-standard sequence,
e.g., in the course of solving one problem we shift to
the solving of another problem and so forth, we are
thus making corrections in the declarative frame.

As an example, consider a declarative form for the
generation of structural formulae:

=[Ry, (r3,m) A ... ARy (ry,n,)] A [Ry (r,,r3) A ...
A RZg (r]g’ r2g )] A [RZ‘ ("4], r5|) A A RZ, (r4,’ rS,)] :;
IGENER =3 !|COMP [R, (r,)], [R2|(rll’ n)A....A
R, (r,,, ’2.)],[R2.(’4|s )AL A Rz, (ra,s7s,)1=R,(r,)

Data on the constituent atoms in the molecule, and
necessary and forbidden fragments are introduced
into the FRS, making generation of the structural
formulae and comparison of these with the starting
or initial conditions (imperatives !GENER and
ICOMP), the results being transferred to the FRS.

Of primary importance in the communication of
the resolving systems is the sense of a phrase and the
goals of those participating in the communication.
We assume that understanding is achieved between
an FRS and an RRS if every statement and message
delivered by a resolving system which displays in-
itiative, is brought into association, by the other
resolving system, with one of the possible goals, and
the correctness of such an association is substan-
tiated. Solution to a qualitative problem can be
considered as achievement of one of the goals or of
a series of goals of the resolving systems.

We now briefly characterize the procedures taking
place in a formal resolving system. In an applied
calculus of fuzzy predicates, information is presented
through a system of expressions, considered as
axioms, whilst the problems represent theorems. As
a method for solving theorems, we are using the
resolution procedure modified for use with clauses
formed by fuzzy predicates. A procedure realizing the
adopted method of theorem proof is a major basic
procedure in an FRS.

Each of the object imperatives is being realized as
a separate specialized procedure (or a series of pro-
cedures). Achievement of the objects of the resolving
systems, i.e., obtaining the results of solving quali-

tative problems, requires an FRS to ensure ordering,
and to provide for the utilization of specialized
procedures in conformity with the declarative frames
(standard frames or those formed by the RRS). To
that end, use is made of a procedure which will be
referred to here as a planner (PLAN).

As a separate procedure (or group of procedures),
self-learning algorithms for an FRS are also realized.

Still another group of procedures comprises those
for the transformation linguistic information (in the
explanatory presentation these are the operators =,
=), which ensure the translation of the phrases and
messages in the resolving systems, and mutual under-
standing between them.

The principles and concepts above provide suffi-
cient grounds for confidence that on the basis of our
theory we will manage to develop a self-learning arti-
ficial intelligence system capable of solving the most
varied spectro-analytical problems by a dialogue with
a researcher using a professionally-restricted natural
language.
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Summary—A survey is given of current developments in the determination of the transplutonium
elements, and of the properties useful in their analytical chemistry.

The recent development of the analytical chemistry of
the transplutonium elements (TPE) is mainly con-
nected with the rapid growth of nuclear energetics
and the increasing use of TPE. Two principal direc-
tions of progress can be noted. In the one, methods
of analysis with record low determination limits
have been established to solve problems in environ-
mental control and the determination of TPE in
various natural samples; these are mainly radiometric
methods used in conjunction with preliminary chem-
ical isolation and concentration. The other trend is
the working out of simple and reliable, precise and
selective techniques for determination of the elemen-
tal and nuclide composition of irradiated targets, and
technological solutions and products, on the basis of
various analytical methods.

Some problems of the analytical chemistry of TPE
have been systematized in monographs™? and
surveys.* This paper is a review of recently devel-
oped new methods of isolation and determination of
TPE, with special attention given to the methods
using various oxidation states of TPE.

SEPARATION METHODS

Modern analytical methods, such as radiometric,
neutron-activation, spectral, electrochemical and
others, particularly when used in combination with
computer data-processing, make it possible to di-
rectly determine individual isotopes of TPE in vari-
ous materials. Preliminary isolation, precon-
centration and separation from other elements is
required to solve numerous practical problems in the
determination of TPE. Extraction and chro-
matography, extraction-chromatography, precipi-
tation and co-precipitation, paper chromatography,
sublimation and electrophoresis are used for these
purposes. The best separation is obtained by using
the methods based on various oxidation states of
TPE.

Transplutonium elements are characterized by a
much larger number of oxidation states than the
analogous 4f elements—the lanthanides (Table 1). In

3

aqueous solutions most TPE are in the tervalent state
in the absence of oxidants or reductants. However,
Am, Cm, Bk and Cf may exist in higher oxidation
states, and Md can be rather easily reduced to Md?*.
The most stable state for No in aqueous solutions is
No?*. Recently the existence of Am(VII),® Cm(VI),®
Cf(V),” Cf(IV),® and Md(I)’ under different condi-
tions has been established.

The practical use of TPE in unusual oxidation
states for their isolation and determination depends
mainly on the stability of these oxidation states in
solution. The thermodynamic stability of MZ* ions in
aqueous solution is primarily defined by the direction
and completeness of the redox reactions of these ions
and by the solution components: water molecules,
H* and OH"~ ions. We have estimated the thermo-
dynamic stability of TPE ions of types M?*, M+,
M*+, MO?}* in aqueous solutions (Table 2). An ion
is deemed to be stable if at equilibrium it is the
predominant form of the element (i.e., at least 90%
of the element present is in that form). Under this
condition M?* jons will be stable if the oxidation
potential of the MZ+/M©-D* couple is less than
1.10 V in aqueous solutions (hence no reduction by
water) and the MZ-D+ jons will be stable if the
potential is more than 0.16 V ie., no oxidation by
water). Ions for which the oxidation potential of a
higher oxidation-state couple is higher than that for
a lower oxidation-state couple are stable to dis-
proportionation. Table 2 shows that MO;, M** (ex-
cept No’*) and MO?* ions are stable in dilute acid
solutions. The stability of M** and MOZ* increases
appreciably in solutions containing strongly complex-
ing anions, whereas marked complexation and in-
creased acidity will decrease the stability of MO ions
(which disproportionate noticeably) and M?* ions. In
order to increase the stability of the M?* ions it is
necessary to use some specific complexing agents
which give more stable complexes with M?* than
with M3+ ions. A study of these regularities allows us
to choose the “necessary” oxidation states of TPE for
their separation and determination, and find the
correct conditions for their use.
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Table 1. Oxidation states and standard redox potentials of TPE

Oxidation
states Am Cm Bk Cf Es Fm Md No Lr

+7 +

+6 +
+1.7

+5 +
+1.1

+4 + + + * +
+245 +3.1 +1.67 +3.1 +4.5

+3 @ @ ® @ @ ® @ + @
—-2.6 -38 —-28 —-1.7 -1.2 —0.65 —0.15 +1.45

+2 * t * + + * + ®

+1 +

@ The most stable oxidation state in aqueous solutions.
+ Relatively stable oxidation state.
+ Unstable oxidation state.

Redox potentials are in volts (vs. normal hydrogen electrode) and refer to vertically neighbouring couples of ions.

Table 2. Types of instability of the TPE ions in acidic aqueous solution (at 298 K)

Ion Am Cm Bk Cf Es Fm Md No
M2+ ox; d ox; d ox; d ox ox ox ox

M3+ red
M4+ red; d red; d red; d red; d red red red red
MO} ? ? ? ? ? ?
MOt red red ? ? ? ? ? ?

ox—oxidation by water;
red—reduction by water;

d—disproportionation (in the case of M?*-ions, with formation of M** and M);
?7—estimation of stability is impossible because of deficiency of data.

A number of methods for practical production and
stabilization of such states as Am(IV), Am(V),
Am(VI), Bk(1V), Fm(II) and Md(I) have been devel-
oped as a result of methodical studies of the proper-
ties of TPE in unusual oxidation states in solution,
and enlarge their field of application in analytical
practice and technology.

Using Am(V) is the most effective way to separate
americium from other TPE. Am(V) is usually pro-
duced in acid solutions in two stages: Am(III) is first
oxidized to Am(VI), which is then reduced to Am(V).
Persulphate ions and heating are most often used for
the oxidation, but lately more convenient oxidation
methods have been proposed: use of a mixture of
persulphate and silver ions at room temperature, and
electrochemical methods. In the latter Am(III) is
oxidized at a platinum anode at a potential of 2V,
in presence of phosphate ions in slightly acid
perchlorate medium. The Am(VI) is then easily re-
duced to Am(V) by decreasing the potential to
1.27 V.1 In practice there is no necessity to specially
reduce the Am(VI), since an extractant or a sorbent
can later function as a reducing agent.

The conditions for quantitative extraction
of Am(V) with 1-phenyl-3-methyl-4-benzoylpyra-
zolone-5 (PMBP),'! di(2-ethylhexyl)phosphoric acid
(HDEHP)? and ammonium pyrrolidinedithio-
carbamate (PDTC)' have been found. Table 3 shows

that Am(V) is extracted well by different extractants
at pH 5 and Fig. 1 shows that extraction of tervalent
actinide ions may be suppressed by complexing
agents such as acetate and potassium phosphotungs-
tate. Am(V) (both micro and macro amounts) can be
extracted by HDEHP from acetate buffer at pH 4-5,
with a distribution coefficient as high as 30. The
separation factor of Am from Cm by extraction of
Am(V) with PMBP or HDEHP is (3-6) x 10°.1214
Quinquevalent americium can be separated from
other actinides and lanthanides by extraction with
mixtures of picrolonic acid (PA) and sulphoxides
in methyl isobutyl ketone from nitric acid since
Am(V) is extracted significantly under these con-
ditions."

Sexivalent americium at concentrations 22 mg/ml
is extracted by solutions of HDEHP,'*'® TOPO,"
di(2,6-dimethyl-4-heptyl) phosphoric acid® and by
mixtures of HDEHP and TBP? or TOPO" in cy-
clohexane. Extraction with mixtures of PMBP with
TOPO? and of TTA with TOPO? in cyclohexane will
separate Am and Cm. The americium is first oxidized
to the sexivalent state, and during the extraction step
is reduced to the unextractable quinquevalent state;
curium and the other tervalent ions with high distri-
bution coefficients are transferred into the organic
phase (Fig. 2). The method provides quantitative
separation of americium and a high degree of its
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Table 3. Conditions for Am(V) separation from transplutonium elements
Distribution ratio
Aqueous phase Separation factor,
composition Organic phase composition Am(V) Me(III) Am(V)/Me(III)  Reference
0.01M NH,NO,, pH 5 0.06M NH, PDTC in
isopentanol-ethanol mixture 30 0.02 1.5 x 10 13
0.1M NHNO,, pH 5§
(acetate buffer
+ 0.001M PW*) 0.05M PMBP in isopentanol 12.7 0.002 6.4 x 10 12
0.1M NH,NO,, pH 5
(acetate buffer
+ 0.001M PW) 0.5M HDEHP in octane 30 0.01 3.0 x 10° 14
0.1M HCIO,
+0.01M H,PO, 0.05M PMBP + 0.025M TOPO
in cyclohexane 0.02 900 4.5 x 10% 22
0.1 M HNO, 0.16M PA in methyl
isobutyl ketone 0.26 194 7.3 x 10% 15

*PW = potassium phosphotungstate.
+Me(III)/Am(V).

purification from curium (separation factor > 10%
and fission products.? If radiometric determination is
used, electrochemical oxidation gives better precision
than persulphate oxidation does.

Recently the conditions for extraction of quad-
rivalent americium have been established for the first
time.* Am(IV) is extracted quantitatively by 3%
dioctylamine in dichloroethane from 0.5-1.0N sul-
phuric acid (Fig. 3). The presence of Am(IV) in the
organic phase was proved spectrophotometrically
(Fig. 4).

For the selective isolation of berkelium, a number
of methods for extraction of Bk(IV) have been
worked out. The most effective oxidant for berkelium
is a mixture of ammonium persulphate and silver

100~
Am(IO)
o
8o N\
60 Am(X)
£
S
40—
20
Am (II)
o ‘4
——,
0 l/l | Tt
1 2 3 4 S

pH

Fig. 1. Dependence of the extraction of Am(IIT) (Curves 1,3)

and Am(V) (Curve 2) by 0.5M HDEHP in octane from

acetic acid solutions (] and Q) and in the presence

of 1073M potassium phosphotungstate (ll and @) on
the pH."?

nitrate, which oxidizes Bk(III) to Bk(IV) at room
temperature in nitric or sulphuric acid media of
various concentrations® (Table 4). Electrochemical
oxidation or bromate or dichromate can also be used.
The conditions for extraction of Bk(IV) with
HDEHP** and its stripping from the organic phase
have been studied in detail.”’ TOPO and TBPO
solutions extract Bk(IV) quantitatively from 1-12M
nitric acid®® and TBP solutions extract it from 8-12M
nitric acid.? The extraction of Bk(IV) by TOPO from
sulphuric acid media is less effective and TBP prac-
tically does not extract it at all. The use of the high
molecular-weight amines to extract berkelium is most
promising.3®3 Bk(IV) is well extracted by 0.4M tri-

cm(nn

//
A
m(lll)/

2r / Cm{iN+ (NH4)25,08

Am sample containing
¢a.10°% of cm

log £

Am (V)

2 L I L J
-2

Llog [TOPO]

Fig. 2. Extraction of Am(V) and Cm(III) by a mixture of

0.05M PMBP and TOPO in cyclohexane.?? | —Cm(III) from

0.1M HNO,; 2—Cm(IIl) from 0.1M HNO, containing

5 mg/ml (NH,),S,0;; 3—Am, after oxidation, from 0.1M
HNO, containing 50 mg/ml (NH,),S,0,.
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Fig. 3. Extraction of americium by dioctylamine from
H,S0, solutions containing 107°M K,P,W,,04.%
1—107*M Am(V); 2—*'Am(IV); 3-10~*M Am(III).

T (%)
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Fig. 4. Solution absorption spectra of 107*M Am(III) and

Am(IV).?* 1—Am(III); 2—Am(IV) in 0.5M H,SO, contain-

ing 1072M K,;P,W;0¢;; 3—Am(IV) in the organic extract
(DOA in dichloroethane).

octylamine solution in carbon tetrachloride from
6-10M nitric acid (after oxidation by potassium
dichromate). Use of the silver nitrate and persulphate
mixture as oxidant before extraction with TOA
makes it possible to separate berkelium from cerium,
since in these conditions berkelium is reduced to the
tervalent state and remains in the aqueous phase.*® By
extraction of berkelium with 30% Aliquat solution

in carbon tetrachloride from 10-12M1 nitric acid after
oxidation with dichromate, a separation from the
other TPE and the lanthanides is achieved.’ In the
presence of heteropoly acid anions Bk(IV) is quan-
titatively extracted from nitric acid (Fig. 5) and
sulphuric acid (Fig. 6) by primary, secondary or
tertiary amines and quaternary ammonium bases.
Heteropoly anions not only stabilize the berkelium-
(IV) but also form part of the extracted species.”

One of the more efficient methods of TPE sepa-
ration is extraction chromatography. HDEHP is
most often used as the extractant on various sup-
ports. New methods for separation of americium and
curium'®* and selective isolation of Bk(IV)*** have
been worked out in this way. The separation factor
of Am(VI) from Cm is 200 and that of Cm from
Am is 100. If Am(V) is used the purification factor
from Cm is 5 x 10° but the purification factor for
Cm from Am is worse (~60).'* A mixture of TTA
(thenoyltrifluoracetone) and TBP has been used as a
stationary phase for the rapid separation of a com-
plex mixture including Am, Cm, Cf, U, Th and other
elements.*

The use of so-called solid sorbents (TVEX) in

80

40

ALIQUAT 336

% Bk(IM) in organic phase

20

THNO,1 M

Fig. 5. Dependence of the extraction of berkelium(IV) by
amines on the concentration of nitric acid containing
4 x 107°M K,(P,W;04.® 1—3% decylamine in chloro-
form; 2—3% dioctylamine in dichloroethane; 3—1% tri-
octylamine in CCl,; 4—5% Aliquat-336-S in CCl,.

Table 4. Methods of complete oxidation of Bk(III) to Bk(IV)

Method of oxidation Medium Conditions*
H,S0, 1-10M +17V

Electrochemical H,PO, 4 9M +15V
HCO, IM +18V

Ag* (1072M) + 85,03~ (0.1M) HNO, 0.5-10M 1t =1min
H,SO, 0.1-1M

KBro, (0.3M)
K,Cr,0, (0.2M)

HNO, 0.5-10M ©=1min
H,SO, 0.52M 7 =15min
HCI 0.5-2M t =15min
HNO; 1-10M 1t =15min, 90°C

*1 = reaction time.
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Fig. 6. Dependence of the extraction of berkelium(IV) by
amines on the concentration of sulphuric acid containing
4% 10—°M K, ,P,W,;0,,." 1—3% decylamine in chloro-
form; 2—3% dioctylamine in dichloroethane; 3—i% tri-
octylamine in CCl;; 4—5% Aliquat-336-S in CCl,.

extraction chromatography opens up new possi-
bilities. Such sorbents have good reproducibility of
properties and can be used repeatedly’™® because of
the firm fixation of the extractants which are intro-
duced into the sorbent during its synthesis. The
application of such sorbents for the separation of
TPE in unusual oxidation states has not been in-
vestigated up to now.

The behaviour of TPE in the higher oxidation
states during their sorption on organic mixtures and
inorganic sorbents has been insufficiently studied.
The separation of Am(V) and Cm(III) on a Dowex-
Al x 8 resin has been studied.* It was shown that the
separation coefficient of Am and Cm increases
strongly with increasing pH (from pH 2.5 to 3.2),
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decreasing temperature and increasing quantity of
resin. Anion-exchangers give selective isolation and
purification of berkelium(IV) (Fig. 7). The sepa-
ration of TPE in the tervalent state on ion-exchange
resins with aqueous organic solutions has given the
most interesting results.**? In aqueous alcohol solu-
tions and the presence of «-hydroxybutyric acid the
scparation factor of americium and curium on
Dowex-1 x 8 resin is ~6.4

Zirconium phosphate is the most widely used of the
inorganic sorbents which separate TPE. It has been
used to separate Am(IV),* Am(V)** and Am(VI)"
from Cm, and for selective isolation of Bk(IV) from
a mixture of actinide elements and fission products®
(Fig. 8).

To separate TPE in different oxidation states the
methods of precipitation and co-precipitation are
also useful. The co-precipitation of Am(III, V, VI)
with lanthanum, thorium and cerium fluorides or
bismuth and zirconium phosphates has been in-
vestigated.® All the precipitates studied, except
zirconium phosphate, fully carry down Am(III), and
Am(VI) remains in the solution. Am(V) is partially
carried down by lanthanum and thorium fluorides.
Am(V) can be separated from Am(III) and Am(IV)
in acetate solutions by co-precipitation with a pyr-
rolidinedithiocarbamate.'

For the separation of fermium from Cf and lan-
thanides an efficient method has been suggested
which is based on the co-crystallization of Fm,
reduced with Yb(II) in the presence of sodium chlo-
ride from aqueous ethanol solution. When practically
quantitative extraction of Fm is attained the degree
of purification from most accompanying elements
is 10>-10*% In the presence of bivalent europium,
MdJ(II) is reduced to Md(I) which can be co-
crystallized with potassium or sodium chlorides from
ethanol; the purification factor from the other acti-
nides and lanthanides reaches ~5 x 1025

Sorption of Bk(IV) on anion-exchanger Dowex-1 x 8

100 [Tq) : {b) [
O1M H3PO4— | 1M HNO3 | OSM HyPO,, PbO, : 1M HNO,
04M KBrO;
80 | l 49
: | &%
= |
= 253-254; I |
> 60 s |
= 249, 253-254
> : Bk |
S |
o |
2 40 | |
3 |
e |
| |
20ft | :
|
|
I L, Ll | ] Ll
02 6 2002 602 & 200 4
vV (ml)

Fig. 7. Separation of #Bk from ***Es by H,PO, solutions on an anion-exchanger in the presence
of an oxidant:® (a) 0.1M H,PO, + 0.4M KBrO;; (b) 0.5M H;PO,, Dowex-1 x 8 + PbO, (10:1), column
0.3 x3 cm.
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1M HNOy 1M HNO;4
Bk, Am,Cm, Bk, Am, Cm,
Pu, Ce, Eu, Ce,Eu
G, 2r, Nb, Ru, Al
Ru, Al
Cs Bk
Zr Ce
Nb
Ru Zr~P-S1+PbO,
Kpart)| » Z-P-St
Pu
Ce }D—1x<41—|=’bo2
1M HNO3 7M HNOs
Eu, Am,Cm
(>>99 %) Bk >> 90%
Al, Ru

Fig. 8. Scheme of Bk(IV) isolation with zirconium phos-
phate.

METHODS OF TPE DETERMINATION

As mentioned in the introduction, there have been
two trends in development of methods for TPE
determination: methods of determination of rela-
tively large amounts of TPE (~ several mg) with high
precision (0.05-0.1%), and methods with record low
detection limits (10~°-~10~° g) but much poorer pre-
cision (several per cent).

Gravimetric, coulometric and titrimetric methods
belong to the first group. They are used primarily for
the accurate determination of a bulk element in
metals, salts, oxides, and pure solutions, during pre-
cision studies. The coulometric methods are the most
intensively developed.

The coulometric methods for americium deter-
mination with high sensitivity and accuracy have
been developed on the basis of the reversible electro-
chemical couples Am(VI)/Am(V) and Am(V)/
Am(III) (Table 5).>®® The possibility of electro-
chemical oxidation of Am(III) to Am(IV) and
Am(VI) and the high stability of the higher oxidation
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states of americium under certain conditions underlie
these methods. Am(IV) has been established as stable
not only in 10~-15M phosphoric acid solutions but
also when formed by electrochemical oxidation of
Am(III) in 0.3-2.0M phosphoric acid in acetonitrile.*
The equipment available allows determination of
5-10 ug of americium with an error of 1-2%.

It is possible to determine 5-100 ug of americium
by coulometry of the Am(IV)/Am(III) couple in 0.1 M
perchloric acid in the presence of 6 x 1073M potas-
sium phosphotungstate.’? In this solution Am(III) is
completely oxidized to Am(IV) in 15 min at a poten-
tial of 1.7V, and the coulometric determination is
carried out by reducing Am(IV) to Am(IIT) at 1.17 V.
Am(IV) is very stable in potassium phosphotungstate
solution, so tenfold ratio of curium does not inter-
fere. Many elements oxidizable under these condi-
tions (Pu, Ce and others) also do not interfere, since
they are not reduced at a potential of 1.17 V. The
measurement error does not exceed 3% even in
the presence of 100-fold ratios (to Am) of other
metals. ¥

Coulometric determination of americium by means
of the Am(IV)/Am(III) couple can also be done in an
acetonitrile solution of phosphoric acid, in which
Am(III) is electrochemically oxidized rapidly and
reversibly to Am(IV). Microgram amounts of ameri-
cium can be determined with measurement error of
1-2%, for example, in 0.5M phosphoric acid in
acetonitrile.”

An indirect coulometric method of americium de-
termination with high accuracy has been suggested,*
based on displacement of Hg?* from its EDTA
complex by americium, with subsequent coulo-
metric determination of the mercury (reduction to
the metal). The determination takes 1 hr, and the
determination error for 0.3-0.7 mg of Am is only
0.1-0.2%. This method can be recommended only for
the standardization or analysis of pure solutions of
americium, since it has very poor selectivity; all the
lanthanides, the actinides in oxidation states +3 and
+4, many bivalent and tervalent cations (Pb?*, Zn?*,
Cd**, Cu?*, etc.) will give the displacement reaction
and thus interfere, and anions which form stable
complexes with Am®* will also interfere.

An analogous method has been used for the accu-
rate determination of ~ 100 ug of **Cm in nitric acid
solution.* In this case a known quantity of EDTA (in
excess) is added to the solution of curium in an

Table 5. Selective coulometric determination of americium

Oxidation  Detection Relative
Composition of time, limits, standard
Couple the solutions hr ug deviation, %
Am(VI)/Am(V) 2M H,PO, + 0.1M HCIO, 1.5 5 1.5
Am(IV)/Am(1II) 0.5M H,PO, in CH,CN 0.5 5 2
Am(IV)/Am(III) 0.1M HCIO, + 6 x 1073M PW* 0.25 6-70 3
Am(IV)/Am(III) 1-2M Na,CO, (pH 10) 0.5 5 2.5

*PW = potassium phosphotungstate.
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acetate buffer, and the uncomplexed EDTA is titrated
with Hg?* electrochemically generated from mercury
metal. The curium content is calculated from the
quantity of electricity needed for generation of the
Hg?*. The measurement error does not exceed 1%.

The reversible electrochemical Bk(IV)/Bk(III)
couple is theoretically suitable for the coulometric
determination of berkelium, but until recently at-
tempts to use it failed to show good results.’
However, a fairly precise method for coulometric
determination of several milligrams of berkelium
has now been worked out; the measurement error
is 1-2%.%

The TPE are most often determined by complex-
ometric titration. Americium and curium are known
to form very stable complexes with the complexones
usually used—EDTA and DTPA. By spec-
trophotometric EDTA titration with Xylenol Orange
as indicator it is possible to determine about 1 mg of
americium and curium in a sample, with an error of
about 1.4 ug.® Methods of determination of micro-
gram amounts of americium and curium by titration
with DTPA have been developed.®$! With poten-
tiometric indication of the end-point the mea-
surement error is ~2%; for spectrophotometric ti-
tration it is 0.5%.% In another version of this method,
an electrochemically generated complex of Fe(II)
with DTPA serves as titrant. This makes it poss-
ible to conduct the analysis with the help of an
automatic coulometric titrator.? The measurement
error of 20-200 ug of americium is 3-5%.%

The second group of methods, characterized by
high sensitivity, selectivity, and adequate rapidity, is
mainly used for the determination of TPE in various
natural and technological samples, and irradiated
targets. These methods are used to study TPE and for
many other purposes, and include the radiometric
methods.

Thanks to a considerable improvement in mea-
suring equipment and knowledge of the half-lives, the
radiometric methods of TPE determination now
achieve good precision. This is particularly the case
for the «-activity methods, in which the best mea-
surement characteristics (low detection limit, high

efficiency and small errors) are obtained with the
siticon semiconductor detectors and liquid scintil-
lators. An alpha-spectrometer with a semiconductor
detector (area 1-3cm?) can have an efficiency of
nearly 50% and a detection limit of 10~3Bq (in a
sample) (Table 6).°% As the energy resolution of
such detectors is 20-30keV, it is possible to deter-
mine americium and curium without a preliminary
separation. If a separation is required electrochemical
oxidation of the americium (instead of persulphate
oxidation) before extraction, makes the radiometric
determination more precise.!®

In the case of complex a-spectra, various mathe-
matical processing methods are used.*% The deter-
mination of one nuclide is impoverished by the
presence of another which has higher a-particle
energy and intensity. In some cases the method of a—y
coincidence is used. Such a method allows deter-
mination of up to 1% of **Am in a mixture with
MCm (detection limit 3 x107*% 2®Am by
a-activity), even in the presence of fission products
with y-activity.’” The method of «~y coincidence is
also used to measure the absolute a-activity of
nuclides, e.g., *'Am, with a very small error
(0.1-0.2%).9%%°

Recently, for the determination of a-active TPE
directly in solutions, an “immersed” Si(Li) detector
has become widely used.™”' Such a detector has a low
counting efficiency and is convenient for measuring
high a-activities. The presence of non-volatile macro
impurities in the solution usually prevents the prepa-
ration of samples with a thin layer for a-counting,
but practically does not effect measurement with an
“immersed” deiecior. In combination with a multi-
channel analyser the “immersed” detector makes
it possible to conduct an a-spectrometric analysis:
a determination of a-active nuclides in solutions
containing such mixtures as *Cm, **Cf, **Es,” or
H¥Am, ®Am, #*Cm, *Cm,™"! has been described.
The energy resolution of such an x-spectrometer is
usually 50-100 keV,™" and may even be 18-20 keV.™
Determination is possible in solutions containing
sodium nitrate up to 7M concentration.”

The problem of counting f-particles with low

Table 6. Radiometric determination of transuranium elements

Method Elements Main features
a—y Coincidence Am Up to 1073% Am by radioactivity in
presence of Cm and fission products
Liquid scintitlation Bk Measuring Bk in solutions of various
counting Pu, Am  compositions; detection limit ~0.1 Bg;
error ~0.1%
a-Spectrometry Am, Cm  Determination in solutions in the presence

(“immersed™ detectors)

7-Spectrometry with Am, fission
automatic spectrum products
processing

a-Spectrometry with Am,Cm

automatic spectrum
processing

of 5-10M salt back-ground;

detection limit 10 Bq

Solid and liquid samples 0.1-100 ml in
volume; determination time 10 min

Determination limit 10~? Bq
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energy arises in the analytical chemistry of TPE in
connection with analysis of samples containing **Bk.
As a rule, a proportional-flow counter (the counting
efficiency is 50~100%, background about 1cps) or a
liquid scintillator (LS) counter is used for this pur-
pose. The use of the LS method for *Bk deter-
mination is complicated by the fact that most sub-
stances quench the relatively weak scintillations
induced by the f-particles of *Bk.

A convenient method for determination of nuclides
which are spontaneously fissile is to measure the
neutron activity. The even mass-number isotopes of
curium and californium belong to the nuclides with
high neutron activity. The neutron-counting method
makes it possible to determine the content of the
nuclides in samples of various configurations without
destroying them. The influence of a-active nuclides
must be taken into account, however, since they can
give an additional flux of neutrons by (a, n) nuclear
reactions with light nuclides. Neutron-neutron coin-
cidence counters are the most useful. They exclude
the background from (a, n)-reactions and provide
identification of individual neutron-active nuclides
through the value of the average number of neutrons
per fission.”™ The determination of microgram
quantities of 2*Cm, with the help of these devices, has
been described for samples containing only this
nuclide™™ and for mixtures with #*Pu.” The error
measurement of neutron-active nuclides by this
method is 1-2%, and the detection limit for **Cm is
3ng. In the analysis of a mixture of neutron-active
nuclides rather precise results are obtained if the
specific neutron activity of all the nuclides is nearly
equal.”

Sensitive techniques for mass-spectrometric deter-
mination of TPE in samples of uranium, plutonium,
americium, curium, berkelium and californium have
been developed.”™ With a 0.1-10 ug sample, it is
possible to determine 0.01% of americium in curium,
and 0.5% of plutonium, americium and curium in
berkelium and californium. In this case the mea-
surement error is 10-20%, but for a higher content
of determinand the error can be reduced to 4-5%.
Am and Cm are simultaneously determined together
with La, Ce, Pr, Nd, Sm and Eu. With a 5-10 ug Am
sample, Cm and the lanthanides can be determined
at the 1073% level and in 0.1 ug of Bk, Cf can be
determined at the 0.03% level. The measurement
error is 10-20%."

A sensitive neutron-activation method for ber-
kelium determination in a mixture of curium and
californium has recently been worked out.”” Bk,
with half-life 3.32 hr and intense y-radiation, is pro-
duced during the irradiation of **Bk by thermal
neutrons. The sample is irradiated by thermal neu-
trons at a flux of 1 x 10 n.cm~2.sec~! for several
hours, and a short time later the intensity of the
989-keV y-line is measured on a y-spectrometer with
a semiconductor detector. The absolute measurement
error for berkelium in a 2 ug sample is 1.8 x 1074%,

The emission-spectrometry method for berkelium
determination is especially useful. Until recently the
only useful spectrographic method known for TPE
analysis was detection of americium by use of a
combustible cathode.”™ A new direct spectrographic
method of determination of microamounts of Am in
Cm, with a detection limit of 0.01% in a sample
containing up to 20 ug of curium, with a relative
standard deviation of 25%, has been developed. The
solid residue from evaporation of the sample solution
containing curium is excited in an alternating current
arc.”

The emission spectra of berkelium and californium
over the range 250-336 nm, excited in an alternating
current arc, have been investigated in detail. A semi-
quantitative method of berkelium determination in
solutions containing large amounts of curium, cerium
and other elements has been developed on the basis
of that study. The detection limit for berkelium is
3 x 10~® g over the concentration range 1-100 ug/ml.

CONCLUSIONS

A survey of the principal trends in the analytical
chemistry of the transplutonium elements in the last
five years shows that there have been considerable
advances in the field.

Some perspectives for further progress in modern
radiochemistry are as follows. First of all there is an
urgent need to investigate the chemical properties of
TPE in unusual oxidation states, and to study the
composition and structure of their complexes in
solution. It is also necessary to search for and use new
complexing media, such as carbonate solutions, to
stabilize Cm, Bk, Cf, and perhaps Es in higher
oxidation states. For extraction, it is attractive to use
multiphase systems, including aqueous ones, and to
study the kinetics of interphase equilibria. It may be
expected that such further studies in the chemical
properties of TPE in unusual oxidation states and the
application of new extractants and sorbents will
provide the basis for effective methods of isolation
and separation of radioactive elements and for more
reliable techniques for control work in the radio-
chemical industry.
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Summary—The possibilities of voltammetry as a source of information in biocelectrochemistry, electro-
chemistry, solid-state chemistry and analytical chemistry are reviewed. Attention is drawn to the use of
catalytic currents and adsorption, inverse voltammetry, and solid and modified electrodes. The review
mainly covers papers published in 1983 and 1984, especially those in the Soviet literature.

Analytical chemistry as a whole, and voltammetry in
particular, are connected with many fields of natural
science and technology.'? This makes it necessary to
consider two aspects of voltammetry: its development
as a technique in the context of progress in cognate
fields, and its application in various areas of science
and technology. Because of the wide range of these
topics, this review will be limited to the aspect of
voltammetry as a source of information on the
concentration and some properties of substances, the
fundamental problems of electrochemical theory and
methodology having been adequately dealt with in
books,* and those of mathematical methods and
instrumentation in reviews.%’

Orient and co-workers,*® from analysis of the
journals and the citation index of papers on analyt-
ical chemistry, have shown that more papers feature
electrochemical methods than any other topic,
owing to the rapid development of the theory,'®!
deeper understanding of the mechanism and kinetics
of electrode processes, development of instru-
mentation,'>! evolution of modified electrodes!®!
and substantial broadening of the fields of applica-
tion. This is because polarography and voltammetry
supply information inaccessible by other methods,
for example, in medicine, biochemistry and molecular
biology, monitoring of waters,"”* and investigation
of solids. %22

Electrochemical detectors? are important in vari-
ous rapidly developing hybrid analytical methods'
such as liquid chromatography and flow-injection
analysis. Comparison of the detection limits is often
in favour of voltammetry, and especially of stripping
voltammetry.?

In recent years several books on polaro-
graphy*'#1*# and voltammetry*'*'** have been
published. Analytical Chemistry publishes biennial
reviews!®1!¢ of dynamic electrochemical methods of
analysis. Specialist reviews cover voltammetric ana-
lysis of waters,'™” and polarographic and voltam-
metric methods used in biochemistry and molecular
biology.**? Use of inverse voltammetry (IV) for in-
vestigation of biologically active substances® and in
phase analysis and in the investigation of solids!>??!
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has been reviewed, and so has the use of organic
reagents in inverse voltammetry.> Several reviews are
devoted to new ideas* and prospects,*® advances,
electrodes,” feasibility of use of voltammetry in
inorganic®” and pharmaceutical® analysis, and speci-
ation of the physicochemical forms of metals in
solutions.' Nevertheless, a simple comparison of the
literature cited by Soviet and foreign authors shows
that there is a language and information barrier; as
a rule, most of the Soviet papers escape mention by
the foreign authors. This review will attempt to fill the
information gap and to make recent developments in
the Soviet Union more accessible to the rest of the
world. It will therefore mainly cite reviews and papers
of the last two years (1983—4) and touch only on the
trends which seem the most important and promis-
ing. It should be borne in mind, however, that the
choice made is arbitrary and in no way lays claim to
give a complete picture. Thus, many developments in
determination of the elements will not be discussed in
detail, and the reader will simply be referred to the
original papers.

KINETIC CURRENTS AND COMPLEX
FORMATION IN VOLTAMMETRY

Important contributions to the understanding of
the mechanism of electrode processes, including
chemical and adsorption stages, have been made by
Mairanovsky” and Turian.'* Mairanovsky has
shown, in particular, that protonation of adsorbed
metabisaccharin proceeds with the participation of
two protons simultaneously.*® He has also detected
an unusual effect of the nature of the cation on the
rate of protonation of double-charged anions,* and
was the first to investigate purely surface chemical
reactions and the influence of the electrode fieid on
their course.***® Further papers“* were devoted to
hydrogen catalytic waves and to the kinetics of
protonation of pachicarpine adsorbed on a dropping
mercury electrode (dme). The mechanism and
kinetics of protonation of aromatic aldehydes and
ketones,” and the solubility and adsorption of
acetophenone® have also been investigated.
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Turian* has summarized the results of in-
vestigations on the application of chemical reactions
in polarographic analysis. In recent papers Turian
and Ruvinsky have continued to develop the theory
of kinetic currents arising at the dme in solutions
of organic compounds,®® and their practical
applications.’*

Catalytic hydrogen-ion reduction-at the dme in
solutions of metal complexes with organic reagents
has been studied by several workers. >+

Two groups of processes, including the catalytic
reduction of hydrogen ions, can be distinguished,
depending on the oxidation state of the central ion.
In the first group (usually with central ions in ox-
idation state II) the preceding stage is protonation.
The second group, of electrochemical reactions oc-
curring at more negative potentials (mainly in alka-
line medium), is characteristic of complexes of transi-
tion metals and sulphur-containing ligands, and the
catalytic waves follow reduction of the central ion.*
The hydrogen evolution is catalysed by the adsorbed
complexes. This effect is exhibited on mercury, graph-
ite and carbon-paste electrodes.

Catalytic hydrogen currents can be used for deter-
mination of metal ions***® and organic compounds.*

Rhodium has been used as the central metal ion in a
comparison of the hydrogen catalytic currents ob-
tained in solutions of its complexes with a number of
polyfunctional ligands.® A review of determination
of platinum metals** dealt in particular with hydro-
gen catalytic currents obtained with buffered solu-
tions of the metal complexes with organic ligands
containing donor atoms capable of protonation.
The polarographic behaviour and adsorption of
1,10-phenanthroline and its metal complexes* and of
2,2"-bipyridyl metal complexes® have been in-
vestigated. 2,2"-Bipyridyl was used to determine
cobalt in the presence of large amounts of nickel.*®
The catalytic currents obtained with iodate ions in the
presence of unithiol and glutathione® and their use in
analysis have been examined. The anodic voltam-
metry of N-benzoylphenylhydroxylamine and its
analogues on solid electrodes, and the polarographic
behaviour of organic reagents and organic extracts of
their metal complexes have been reviewed.®
Ulakhovich and co-workers have examined the
extraction polarography (on mercury electrodes) and
voltammetry (on solid electrodes) of complexes of
metals and derivatives of dithio-acids,®*** and the
polarographic behaviour of Co(I1), Ni(II), Cu(II) and
Zn(IT) complexes with diethyldithiophosphoric acid,
2,2’-bipyridyl, 1,10-phenanthroline, «-aminopyridine
and ethylenediamine in dimethylformamide me-
dium.* They have also successfully used mixed-
ligand complexes in polarography® and voltammetry
with platinum and glassy-carbon electrodes®® to
study the extraction and determination of Mn(II),
Fe(II), Ni(IT)*% and Pb(II).” The extraction of alkyl-
substituted mercaptoquinolinates of metals by mol-
ten naphthalene has been used in the polarographic

determination of Pb(II), and Mg(II),”" and the thio-
oxinate complex of molybdenum has been employed

for layer-by-layer phase analysis of titanium alloys.”
These papers were preceded by a monograph™

summarizing the results in the field of the electro-
chemistry of metal chelates in non-aqueous media,
special attention being paid io the effect of the
oxidation state of the metal in complexes on the
mechanism of catalytic evolution of hydrogen, and to
the types of extraction polarography systems, and use
of extraction voltammetry in inorganic analysis.

VOLTAMMETRY IN BIOELECTROCHEMISTRY

Voltammetry is one of the few techniques which
can supply information on the changes in the struc-
ture and properties of macromolecules in their inter-
action with a charged surface,” which is of great
importance in living organisms. The methods of
voltammetry and polarography can be applied not
only to determination of the concentration of low
molecular-weight substances in solution® but also to
the structural analysis of macromolecules.”

Consideration has been given to the scope of
polarography in analytical biochemistry (analysis of
metabolites, coenzymes, metalloenzymes, proteins
and nucleic acids), as well as to the polarographic
determination of the electrochemical characteristics
of substances participating in electron transfer in the
respiration cycle and in photosynthesis,” the mech-
anism of electron transfer at active enzyme centres™
and through the adsorption layers of membranes.”
Kuznetsov and co-workers have investigated the con-
formational changes of proteins on stationary and
dropping mercury electrodes, by cyclic voltammetry.
They have shown’s” that egg albumin, in which in
the native state all the SS- and SH-groups are found
inside the globule, is flattened on the electrode surface
and have examined™ the effect of denaturation of
proteins containing coenzyme groups and metals, on
the course of electrode processes and on their in-

hibition by unfavourable orientation of the molecules
on the surface. Some natural cobalamins have been

investigated by polarographic and cyclic voltammetry
methods,”® and the feasibility of their
identification” and determination of impurities in
them has been demonstrated.

Electrochemical measurements are also used in the
study of immune reactions. The use of In(III) as a
label! and of differential pulse anodic stripping
voltammetry (DPASV) as the determination tech-
nique forms the basis for the development of non-
radiometric investigation methods.

Catalytic waves in solutions containing proteins
and metal ions, in particular Co(II) or Ni(II) (Brdicka
waves) are widely used for diagnosis in clinical work.
They are described in detail in a number of reviews,
e.g., that by Paleek.” The effect of the background
electrolyte composition has been studied and the role
of protein adsorption in the formation of these waves
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stressed. It has been shown that the Brdi¢ka current
decreases with decrease in the stability constants
of the complexes in the order: cysteine ethyl
ether > cysteine > cysteinamine or mercaptosucci-
nic acid > thioglycollic acid > 2-mercaptopropionic
acid. Alexander er al.® have suggested a new cata-
lytic protein reaction with considerably higher sensi-
tivity. A corresponding wave arises in the presence
of trans-dichloro-bis(N,N’-dimethylethylenediamine)
rhodium(II)  chloride.  Recently, automated
continuous-flow determination of serum albumin by
means of differential pulse polarography (DPP) has
been devised.®® However, the mechanism of these
catalytic reactions has not yet been fully elucidated.
For example, Shinagawa and Kakumoto,* from a
study of the emergence of hydrogen catalytic waves
for suspensions of a number of simple and complex
semiconductors, have come to the conclusion that the
reaction has a semiconductor nature.

Several papers and monographs devoted to bio-
electrochemistry are mentioned in the review by
Johnson et al.'® New information is being provided
by use of spectroelectrochemical and electro-
chemiluminescence methods,® of a combination of
electrochemical and ESR methods,® and of elec-
trodes with immobilized enzymes. !

INVERSE (STRIPPING) VOLTAMMETRY

This technique is a rapidly growing branch of
electroanalytical chemistry.*>'%!3¥ It can be used in
electrochemistry, where the polarization curves are a
source of information on the character of the inter-
actions in the system investigated, on the initial stages
of electrocrystallization, and on the kinetics of anodic
reactions. In analytical chemistry it is a very valuable
means of trace analysis, monitoring of natural
waters, and speciation of the forms of the elements
in them. In solid-state chemistry it is being used for
the investigation of solid-phase reactions, non-
stoichiometry and adsorbability. Unfortunately, this
field of electroanalytical chemistry deserves the com-
ment by Kissinger* (p. 5): “So much nomenclature, so
much jargon”. The most widely used term, *“stripping
voltammetry”, does not reflect all the present-day
variants of the method, inasmuch as the substance is
not always stripped from the surface of the electrode
in the process of measurement.'>?3%3! The term
“inverse” reflects the essence of the method more
exactly than does “stripping”, since the system re-
sponse (analytical signal) recorded is determined not
by the solution composition, but by that of the
electrode'® (p.13). Hence, we shall hereafter use the
term inverse voltametry (IV), distinguishing two
branches: IV of solutions!*'*#7 and IV of solids,'>%%#
and noting that in certain cases the electrochemical
concentration stage is not necessary.

IV has been applied to reactions of the following
types:'>!*#7 (1) anodic oxidation of metals, with and

without accompaningy chemical reactions or inter-
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action with the electrode surface; (2) formation and
dissolution of chemical compounds on the electrode
surface, including processes having adsorption stages;
(3) electrochemical transformations of solids and
adsorption processes on their surfaces.

Reactions of the first and second type form the
basis of IV of solutions; those of the third type open
up possibilities for the analysis and investigation of
solid compounds.

Inverse voltammetry of solutions

For the implementation of reactions of the first two
types use is made of stationary mercury-drop and
mercury-film electrodes and glassy-carbon or impreg-
nated graphite electrodes, including those coated with
mercury in situ.'*®® In certain cases the electrode
surface is modified by adsorption of a reagent in
situ®* either in advance, or as a result of a chemical
reaction.!®!! The diversity of reactions, electrodes and
measuring techniques makes it possible to establish a
rational procedure for analysis of materials of rather
complex composition without preliminary separation
and concentration of the components to be deter-
mined.”>"®* Two of the main problems in using the
reactions of the first type are (1) “delay” in (or even
the impossibility of)) deposition of an element on the
electrode surface, and (2) interaction of the deposited
elements to form solid solutions or intermetallic
compounds. Digital simulation of the discharge and
subsequent ionization of the analyte metals on the
electrode surface has been used to explore the con-
ditions (differences in electron work-functions for
the metal being deposited and the electrode, the
potential and duration of eiectrolysis, optimal
concentration range) for the formation of metal
deposits in different energy states and for catalysis by
adsorbed atoms.

The processes of formation and dissolution of the
metal nuclei have been examined,”*2 and deposition
and reduction of mercury salts described.”

The results of various investigations of the mutual
influence of metals deposited on an clectrode are
given in detail in a monograph'? and appropriate
papers.** Consideration has been given to using
formation of intermetallic compounds to develop an
analytical signal when the elements in the pure form
do not produce one, and to methods of eliminating
metal interaction (effect of a third element on carbon
electrodes coated with mercury in situ) whenever
these distort the analytical signal,'?

A number of papers have been devoted to the study
of the conditions for coating carbon (graphite) elec-
trodes with mercury in situ. Delays have been re-
vealed in the deposition of mercury on the electrode
surface.’? This leads to a change in time of analytical
signals registered in succession, and to a higher
detection limit for mercury itself. It has been shown
that the introduction of ions of electronegative ele-
ments into the solution catalyses the evolution of
mercury on a solid surface.’” Thus, graphite elec-
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trodes coated with mercury in situ by joint electro-
deposition of metals and mercury differ from other
mercury electrodes as regards the specific dynamics of
formation'? (p. 126). A preliminary deposition of
mercury on the electrode surface eliminates the
“delay” effect and reduces the interaction between
metals in the early stages of the electrolysis.'?

It has been found that the metal oxidation current
is directly proportional to the metal concentration
only if the ratio of concentration of added mercury
to concentration of determinand metal exceeds a
certain limiting value,!2%1%

Zebreva et al. have analysed the processes of
oxidation of the homogeneous and heterogeneous
amalgams formed during the joint discharge of
mercury and metal ions,®'® and have shown that
there is direct proportionality between the peak
oxidation current for the metal and the concentration
of its ions in the original solution. They also found
that formation of a heterogeneous amalgam leads to
greater sensitivity,” which is in agreement with the
ideas developed earlier® on the process of stripping
metals from the surface of a foreign solid electrode.

The feasibility has been shown of investigating the
mechanism and kinetics of electrode processes com-
plicated by chemical reactions, of determining the
composition and kinetics of transformation of short-
lived complex ions participating in the electrode
process, of investigating rapid subsequent chemical
reactions, and of detecting kinetic currents,'? and of
the speciation of the forms of metal ions in natural
waters,'?

Adsorption processes are used to concentrate cer-
tain elements and organic substances.'%3L10!1 Thijg
expands the field of application of IV to include some
elements that cannot be concentrated as the metal or
as insoluble compounds. On the other hand, the
adsorption of organic compounds allows deter-
mination of their concentration from measurement of
their oxidation or reduction currents!®'?? or tensa-
metric peaks.®3 A third possibility is to use an
indirect method of detecting various substances, in-
cluding non-electroactive ones, by registering the
decrease in signal from surface-active materials which
react with them. Use of adsorption concentration for
determination of inorganic components of solutions
with the help of organic reagents has been treated in
detail in reviews,’"'” monographs,’*® and pa-
pers.!?*1% Adsorption processes and electrochemical
transformations of biologically active compounds
have been employed for the investigation of their
state and conformational changes in the electrical

field of the electrode,?6-3¢7"1971% and of their concen-
tration in solution.®#'%-! Bjocatalytic concen-
tration has been used for the determination of lactate,
glucose and hypoxanthine.!?

Recently a new variant of IV has been suggested
which uses ion-induced adsorption!'*!¢ for deter-
mination of arsenic''*"5 and tellurium!'® in iodide
solutions.

It should be noted that in processes involving
adsorption of the reagent, the electrode surface
should be considered as modified in situ.

A further variant of IV is being developed, in which
an element is concentrated by means of a chemical
oxidation-reduction reaction on the electrode
surface!'” or by the usual electrochemical accumu-
lation of the metal,"’® and then the catalytic currents
arising in the presence of oxidants are registered.

Extraction and voltammetric determination of bis-
muth and antimony with preliminary chemical con-
centration in non-aqueous solutions has been de-
scribed by Toropova et al.''"*'2 Karbainov and
Mamaeva'?® are working on the IV of extracts, with
electrochemical  concentration. Tanaka and
Yoshida'* have suggested an original method of
concentrating cysteine as its complex with copper,
formed on a copper amalgam electrode.

Pulse voltammetry (and polarography) is the
theme of a thorough monograph by Kaplan.'s The
present state of alternating current (a.c.) voltammetry
is considered in a book by Kaplan et al.?* In recent
years Kaplan and co-workers have made a series of
investigations on the IV of selenium,'? tellurium,'®
arsenic,'”® cadmium'?”’ and thallium.'”® They have
used a.c. voltammetry with the hanging mercury-
drop electrode,'*!%® and a graphite electrode coated
with mercury in situ.''7

A multi-element consecutive IV analysis has been
described by Kaplin and Pichugina.'?

Such important questions as the preparation of
samples and the elimination of the influence of
organic substances and interfering elements on
the results of IV analysis have discussed, and
programmed electrolysis proposed.!*® Ultraviolet
irradiation has been used to deactivate dissolved
oxygen.'!

Inverse voltammetry in phase analysis and in-
vestigation of the defect structure of solids

One of the special features of modern electro-
analytical chemistry, and in particular of voltam-
metry, is the penetration of its methods into solid-
state chemistry. In the last decade or so noticeable
progress has been achieved in the electrochemical
investigation of the phase composition, oxidation
state of components, adsorbability, catalytic activity
and defect structure of solid substances.'221%13

Information is provided by the potentiodynamic
or i—E curves, recorded during the electrochemical
transformations of the compounds under investi-
gation or of the adsorption layers (mainly of oxygen)
on their surface. Various experimental techmniques
are used to investigate solid substances in the form
of single crystals, polycrystalline specimens, thin
films, or powders dispersed in carbon-paste electro-
active electrodes (CPEE) or deposited on their sur-
faces.!*?2 A connection between the character of
the electrochemical transformations and the types
of crystalline and defect structures has been noted in
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the investigation of several systems. The work in this
field has been dealt with in a review?® and a mono-
graph.!?

In recent years Zaharchuk and co-workers.
have studied the electrochemical behaviour of com-
pounds in the In-Sb-O system (Sb, « and B S$b,0;, «
and B Sb,0,, Sb0,;, Sb,05-xH,0, In,0;, InSHO,,
InSb) with a CPEE. Differences in the oxidation
potentials of amorphous and crystalline arsenic and
antimony and the reduction potentials of oxides in
various crystalline modifications have been revealed.
The techniques developed by these authors have been
used to investigate the phase and elemental com-
position of dielectric layers.’*® The electrochemical-
transformation potential spectra for antimony and
oxides of indium and antimony were recorded.'** The
elemental composition of the oxide layers has been
determined by IV of the etching solution. These
investigations enabled the authors to establish the
phase composition of films on semiconductors of
AUBY type.

A series of papers by Vidrevich and co-
workers'*> 45 showed the possibilities for the phase
analysis of powders and films of chalcogenide semi-
conductor compounds: CdS, ZnS, PbS, HgS, CuS,
Cu,S, Ag,S, Bi,S;. The peak potential of the electro-
chemical transformation depends on the nature of the
substance, whereas the magnitude of the current at
this potential depends on the quantity of the sub-
stance investigated. The composition of solid binary
solutions such as CdS-ZnS, CdS-PbS was deter-
mined by comparing the quantities of electricity used
for oxidation of the metals formed by preliminary
cathodic reduction of the solid solutions. It was
found possible to determine the nature, and in certain
cases the quantity, of impurities such as CuS, Cu,S,
Cu,_S, Ag,S, in CdS. A method was also worked out
for the electrochemical phase analysis of films and
powders of cadmium sulphide containing impurity
phases of cadmium cyanamide, sulphate and oxide.

Inverse voltammetry with a rotating disc electrode
has been used to examine corrosion in alloys.!*® A
phase analysis method for nickel-aluminium cata-
lysts has been developed by Matakova et al.,'*” who
used a CPEE containing the substance investigated.

The investigations begun by Kuzmina et al.' have
been reviewed.!2?! These authors designed a cell to be
laid on an electroplated surface, and suggested a new
electrochemical method for determining the thick-
ness, composition and protective properties of the
coating. They have also shown the possibility of
phase and elemental analysis of thermic alloys and
galvanic coatings.

Determination of composition of metal powders
with a pellet electrode and a Kuzmina-type cell has
also been investigated.!4!%

Recently'?>?® much attention has been paid to the
feasibility of using electrochemical transformations
of chemisorbed oxygen as a source of information on
the defect structure of solid substances. Two ap-
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proaches to this problem have been taken, differing
in the indicator signal used. In the first, use is made
of the reduction current of oxygen chemisorbed from
the gaseous phase or from solution (non-
electrochemically sorbed oxygen). This is called a
signal of the first kind and is usually observed at
potentials near to 0.0 V vs. a saturated silver chloride
electrode. The second uses electrochemical trans-
formation of the chemisorbed products of an anodic
reaction (electrochemically chemisorbed oxygen).
The corresponding cathodic and anodic currents are
recorded,'>%"3! and are called signals of the second
kind. The advantages of the second method are the
greater coverage of the surface by the adsorbate, the
considerably higher signals obtained, compared with
those of the first kind, and the possibility of more
precise adjustment of the “effective partial oxygen
pressure”, by presetting a certain potential or current.

The connection between the adsorption of oxygen
(and the corresponding reduction currents) and the
defect structure of compounds has been demon-
strated.’®>!* It was shown'® that the quantity of
electricity required for the reduction of chemisorbed
oxygen depends linearly on the logarithm of the
concentration of quasi-free electrons in specimens of
ZnO doped with Ga,0,. The increase in the reduction
current of oxygen chemisorbed in the course of
anodic polarization of V,0;_,, with increase in y,
leads to the same relation. In the reduction of V,0,
to V,0, the oxygen vacancy concentration increases,
and there is correspondingly a rise in the oxygen
chemisorption and a growth in the signal of the
second kind.'®?

The connection between signals of the second kind
and the thermodynamic characteristics of oxide com-
pounds has also been discussed.'® The values of
signals of the first and second kinds are also
influenced by the degree of perfection of the crystal
structure. It has been shown that the degree of
ordering of the structure by annealing is accompanied
by a drop in the signal of the second kind. This is
most clearly exhibited by vanadium oxide bronzes
with a wide region of homogeneity.”® The signals,
as expected, increase sharply at the homogeneity
boundary and decrease as a result of ordering of the
structure.

A number of papers'??*!%* record non-uniformity
in the energy of oxygen adsorption on the surface.
This non-uniformity is represented by current max-
ima on the potential vs. time curves recorded at
different electrode potentials. A significant cor-
relation has been shown to exist between signals of
the second kind and the catalytic activity of com-
pounds, an example being the system V,0,~Mo0O,.!*!

Thus, the signals due to electrochemical trans-
formations and chemisorbed layers may supply very
valuable, perhaps unique, information on the phase
composition, non-stoichiometry, crystal and defect
structure of solid substances.

Nevertheless, in view of the “infancy” of the
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method, the complexity of the signals and of the
materials under investigation, it is necessary to pro-
ceed very cautiously in interpreting the results. Evi-
dently what is required is further electrochemical
investigation of model materials, and the establish-
ment of unambiguous relationships between the re-
sults and the properties of the models.

INSTRUMENTATION

A wide range of instruments is commercially
available*'%!3>% for all variants of voltammetry. Com-
puterization of the systems has now reached a high
level of perfection, the use of computers has become
routine, and the number of new publications on the
subject is decreasing.!” Further developments,
mainly in the field of IV, are aimed at finding ways
of compensating the residual current,’**!” and im-
proving subtractive polarographs,'®®'* circulation
electrolytic cells,'® and solid electrodes with renew-
able surfaces.'®! New approaches, methods and de-
vices for enhancing quality control by IV are being
examined.'s2!5® In particular, attention is being paid
to voltammetry with stepwise potential scanning,'®
which greatly improves the response speed and the
signal-to-noise ratio, and reduces the limit of de-
tection by an order of magnitude.

New possibilities for enhancing selectivity and
signal resolution, shortening the analysis time and
increasing the amount of information obtained,
are provided by combination of chemometrics and
voltammetry.%” An analytical method can be chosen
rationally according to which gives the better resolu-
tion: chemical separation or signal separation by
means of mathematical information processing.’
Combined methods are being developed, such as
spectroelectrochemistry,'®!%® voltammetry in con-
junction with photoelectron spectroscopy or ESR
measurements,® and differential electrochemical
mass-spectrometry.'®

Electrodes

The electrodes currently used in voltammetry may
be subdivided into three groups: non-reactive,
modified, and those having protective membranes.
This subdivision is conventional, inasmuch as it is not
always possible to explain the mechanism of the
electrode process for a particular electrode. For ex-
ample, the glassy-carbon and impregnated-graphite
electrodes were traditionally considered to be non-
reactive, but in the process of mercury deposition in
the presence of Cd(II), TI(I) or Pb(II) they behave like
one modified by adsorbed atoms, and in solutions of
surface-active substances operate like one modified
by the surfactant. Nevertheless, for convenience of
discussion we shall use the subdivision above.

Non-reactive electrodes. The classical hanging mer-
cury drop electrode is being modified in construction.
Capillaries have been made of Teflon and

polyethylene-coated glass.'® Designs include forced
supply of mercury, and the static mercury electrode
can be operated in both dropping and stationary
modes.'” Various mercury film electrodes have been
compared.'® For the fabrication of solid electrodes
the most widely used materials are carbon-based:
glassy carbon, impregnated graphite, carbon paste,
pyrolytic graphite, and in certain cases ‘“carbo-
sitall”.'®!""! Requirements have been set forth for
strict adherence to the carbonization process for
fabrication of glassy carbon and the correct orien-
tation of pyrolytic graphite when it is used as an
electrode.'® The orientation must be such that the
exposed surface plane is paralle] to the graphite
layers, and this creates substantial difficulties in the
machining of the material. In this regard two
papers!"'™ are of interest: they recommend coating
glassy-carbon electrodes with a film of pyrolytic
graphite. Deposition of a film of graphite on a metal
substrate has also been suggested,'’ with a view to
obtaining an electrode with an energy-uniform sur-
face. Carbon-fibre electrodes are being used for in
vivo analysis.!7>1"¢ '

Doronin et al.'™ have shown that “carbositall” has
better metrological characteristics than glassy car-
bon. Electrodes made of spectroscopic graphite and
impregnated with wax,'®® a mixture of paraffin and
polyethylene,'? or epoxy resins'*!”” are widely used.
Carbon-paste electrodes are utilized for analysis of
solutions, but more often for the investigation and
phase analysis of solid compounds.'>?**?' A review has
recently been published on the voltammetric charac-
teristics of carbon electrodes.'”

Inverse voltammetry employs various film elec-
trodes, especially those coated with mercury in
situ,'*%  (ysually made of impregnated
graphite'*¥172 or glassy carbon).'*1%%

An important role is played by the treatment of the
electrode surface prior to measurements. Various
techniques have been proposed, such as grinding,
spalling, polishing, treatment with detergents, re-
newal of paste layers, etc.’6'6

Various methods of electrochemical regeneration
of the surface between measurements have also been
suggested. It has been shown'” that minimal back-
ground currents on a ‘“carbositall” electrode are
obtained after an anodic-cathodic polarization cycle
in perchloric acid medium, and that a preliminary
cathodic polarization at potentials at which hydrogen
is evolved reduces the capacitive current of the paste
electrode.!'™

Mercury electrodes of all types can be treated by
polarization at potentials several tens of mV more
negative than the potential for oxidation of
mercury'”® or by multiple linear voltage pulses.'®
More complex programmes of electrochemical sur-
face regeneration have been suggested,' depending
on the nature of the reactions and solutions used.

During its electrochemical preparation the elec-
trode surface may sometimes be modified by the
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carbon oxidation products.®*!® This may result in a
substantial increase in the sensitivity and resolution
of determination of hydrazine and its derivatives'®
and of copper.'® These authors recommend not to
polarize the electrode at potentials at which hydrogen
is evolved, which differs from the technique suggested
by Urbaniczky.!”™ The electrode reactions on elec-
trodes treated by various techniques have been in-
vestigated. '8

Detailed procedures have been given for preparing
glassy-carbon electrodes for voltammetry'® and
graphite electrodes for IV.!? Despite the great experi-
ence acquired in the use of various methods of
electrode regeneration, this problem cannot be con-
sidered to be fully solved.'361¥

Modified electrodes. Following the work by
Murray in the mid-seventies, there has been great
interest in electrodes with surfaces modified by chem-
ical reaction, adsorption, or formation of a polymer
film.'"¢ Unfortunately, no mention has been made
in Western literature of the first papers in this
field, 1818 describing the use of organic compounds
(Rhodamine C,"®® triphenylmethane dyes,'® nitroso-
naphthols®) for the determination of low concen-
trations of a number of elements. The organic reagent
was shown to be adsorbed on the surface of the
graphite electrode,'® which was therefore what would
now be called an electrode modified in situ. The
electrodes utilized by Monien and co-workers®%1!
evidently belong to the same group. Modified elec-
trodes are now widely used in electrocatalysis!®? and
are gaining recognition in voltammetric analy-
sis.!%!16 The electrode surfaces may be modified by
adsorbed metal atoms, %12 immobilized enzymes,'*
or membranes,'™ Membranes of various types are
used to protect the surface of non-reactive electrodes
from contamination by surface-active materials.!™

Flow-through electrochemical detectors

Electrochemical detectors are widely used in
flow-through analytical control systems,?!8195-202
on account of their selectivity, low detection limit
and low cost. Depending on the complexity of the
materials being analysed, electrochemical detectors
are used either after a chromatographic separation or
directly in flow-through systems. A wide range of
electrodes and methods is available.

Glassy-carbon electrodes, ™™ carbon-paste elec-
trodes,’”® modified electrodes,” porous electrodes,”
wall-jet electrodes,”® and wall-jet detectors of the
ring-disc type'® are all in use. Interference due to
organic substances is eliminated by protecting the
electrodes with  special membranes.'*? In
flow-injection analysis (FIA) rapid linear sweep and
cyclic sweep voltammetry has been used.' IV tech-
niques are also considered suitable for FIA, 195200202

Techniques have been suggested for subtracting the
background current in voltammetric detection in
FIA.® A new variant of subtractive anodic inverse

voltammetry for FIA, based on use of two identical
flow-through injection systems, has been described.??

CONCLUSION

The increasing number of publications devoted to
voltammetry testifies to the growing use of this
method. Its success has been due to advances in
cognate sciences: the deeper understanding of theor-
etical concepts in electrochemistry, e.g., those con-
cerning the mechanism and kinetics of electron trans-
fer, adsorption and electrocatalysis; the development
of computers and digital simulation of electrode
processes; the development of new methods for dis-
criminating between the useful signal and the back-
ground current. The feedback is also plain to see:
voltammetry provides acquisition of information on
the structure and properties of substances, for exam-
ple, in organic chemistry and biochemistry, on the
initial stages of electrodeposition, on electrocatalysis,
and on the phase composition and defect structure of
solid substances. There is also the possibility of
solving a number of analytical problems without the
need for time-consuming chemical separation and
concentration of the determinands. In return, mea-
surement automation, data processing, modified elec-
trodes and microelectrodes for in vivo analysis, and
chemometrics methods will all contribute to the
further progress of voltammetry.
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Summary—A review is given of the literature on the analysis of complex mixtures of organic compounds
and a procedure proposed for the separation and identification of the components of such mixtures.
Retention data obtained with several chromatographic columns are combined with information from mass
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and Fourier-transform infrared spectra and identifications made with the aid of a computer.
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determination of the composition of a mixture of
volatile compounds evolved from a sample into its
environment is known as “head-space” analysis. This
method is extensively used in studies of natural

THERMODYNAMIC APPROACH TO
CLASSIFICATION OF HEAD-SPACE ANALYSIS

From texts on the topic'” two variants of head-
space analysis can be distinguished.*

The first is realized when the sample is a system in
thermodynamic equilibrium. We are then dealing
with vapour-phase analysis, since the vapour of each
component is in direci coniact with its condensed
(liquid or solid) phase present in the sample. The
vapour phase can then be analysed under either
equilibrium or non-equilibrium conditions.*® In sys-
tems in thermodynamic equilibrium the composition
of the vapour phase over a sample depends on the
partition coefficients, concentration and structure of
the components, and on the temperature and pres-
sure, but is independent of ihe rass of the analysed
sample.

The second variant is the determination of volatile
compounds in samples that do not form systems in
thermodynamic equilibrium. All biological samples,
from micro-organisms to higher animals and plants,
natural foods, ammal and insect glands, various parts
of plants, etc., produce volatile substances. The study
of phyiocides and pheromones, as weil as some
ecological problems, is realized under thermo-
dynamically non-equilibrium conditions, and so is
the determination of volatile substances in urban air.
In such circumstances the volatile compounds are not
in contact with a condensed liquid or solid phase of
the corresponding composition in the sample taken.
Moreover they are frequently the products of chem-
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sample and changing with time, and the material
under investigation may not contain the analytes, but
only their precursors. Thus when analysing the vol-
atiles from such a non-equilibrium system we obtain
the qualitative and quantitative composition of the
mixture of components over the sample, but cannot
judge the amount of these substances in the sample
itself.

Hence there are ai least three distinguishing fea-
tures of the head-space analysis of these non-
equilibrium systems: the dependence of the results on
the mass of the sample and on the time needed to
prepare the sample for analysis, and the absence of
direct proportionality between the amounts of the
volatile substances in the gas phase and their content
in the specimen.

It is clear that the head-space analysis of the
non-equilibrium systems requires a special meth-
odology.

The head-space analysis of complex mixtures of
volatile organic substances of biogenic origin gener-
ally includes four stages: concentration,
chromatographic (GC) separation, biological tests
(organoleptic in the case of foods), and identification.

OAC
By

The development of a general methodology for the
analysis of complex mixtures of organic substances’
opens the possibility of solving most efficiently the
problems related to determination of environmental
pollution, key components of food flavour, pher-
omones, efc.

In the early 70s work was started in the USSR on
use of computers for identification in trace chemical
analysis of natural organic substances.’'° The main
ideas proposed retain their significance despite the
great progress in development of instrumental
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1. A complex mixture of natural organic com-
pounds should be separated into classes or fractions,
because even the most modern chromatographic sys-
tems do not provide complete separation into the
individual components, because of the large number
of components that may be present and their wide
range of concentrations. Further, substances in a
natural mixture belong to different classes, so it is
impossible to avoid overlapping of chromatographic
zones, i.e., to get one chromatographic peak for each
particular compound. It is therefore logical to sepa-
rate the mixture into fractions that will reduce to the
minimum the overlaps in the subsequent analyses.
Each of the fractions has to be analysed on 3 or 4
columns of different polarity. The choice of fractions
for a detailed study is made by biological testing, for
example, or by a sensory method in odour in-
vestigation.

2. To establish the structure of the components in
the mixture it is necessary to use a wide variety of
information, including the sorption characteristics,
because no single technique, such as gas-
chromatography (GC) coupled with a detector or
with mass spectrometry (GC-MS) or Fourier-
transform infrared spectrometry (GC-FTIR), can
supply enough information for complete inter-
pretation of the composition of complex natural
mixtures.

3. It is necessary to study the mathematical inter-
relation of the sorption characteristics with the struc-
ture of the individual compounds, and to use this in
working out computerized identification programs,
since deciphering complex natural mixtures only by
use of reference substances is impossible because of
the enormous number of standards required and the
instability of many of them.

CURRENT EQUIPMENT FOR
SEPARATION AND IDENTIFICATION

There are three methods combining ““on line” the
processes of separation of mixtures of organic
substances and of obtaining data for identification:
gas chromatography with a set of detectors (GC),
gas chromatography/mass spectrometry (GC-MS),
and the system combining a gas chromatograph
with a Fourier-transform infrared spectrometer
(GC-FTIR).

In all these systems the organic compounds are
separated in either packed or capillary columns,
which must be easy to prepare reproducibly and
stable over long periods of operation. The retention
parameters should be reproducible to within 1-2%.
The column material should be glass or fused silica
to minimize the decomposition and adsorption of the
sample. A low carrier-gas flow-rate in capillary col-
umns allows them to be combined directly with mass
spectrometric and infrared detection. On the other
hand, the low capacity of ordinary capillary columns
with a stationary phase 0.2-0.3 um thick is one of the

reasons for the lower sensitivity of the GC-MS and
GC-FTIR systems. The development of thick-film
capillary columns with an immobilized phase 1.0-5.0
um thick has considerably increased the poteniial of
these methods. Such columns have been described by
Grob!! and Ettre.?

Stable and reproducible capillary and packed columns

Thanks to a specially designed apparatus'® it is now
possible to use the high-pressure static method to
prepare reproducible glass capillary columns capable
of sustaining reliable operation for up to 7 years, with
retention indices constant within 1-2%. For in-
stance,' the following columns have been prepared
by simultaneous application of the stationary phase
and the salt: PEG-40M + Na,PO,, Triton X-305 +
Na,PO,, PEG-40M + KF. By the same technique
with application of a plasticizer, reproducible col-
umns of OV-101, OV-25, SP-2300, OV-17 and OV-
225 have been obtained."

These capillary columns are convenient for the
analysis of organic substances in natural mixtures.
An example is given in Fig. 1, where chromatograms
of two types of aroma'® are shown. Chromatograms
of the volatile nitrogen bases of Antarctic krill'” are
shown in Fig. 2.

Gas chromatography

Gas-liquid chromatography with suitable de-
tectors has high selectivity and sensitivity, for exam-
ple, as low as 1076 g for the photoionization de-
tector, and 107 g for thermionic and
electron-capture detectors. Specific detectors are
available for detection of compounds containing N,
P, S, or halogen atoms. Their sensitivity to such
compounds is several orders better than for hydro-
carbons. By use of GC with a high-sensitivity de-
tector, the sorption and structure characteristics of a
substance can be obtained simultaneously. The sorp-
tion characteristics on a number of columns of
different polarity are used for elucidation of the
structure of substances.

GC-MS. Gas chromatography/mass spectrometry
instruments make it possible to obtain a molecular
fragmentation picture that is specific for every sub-
stance analysed. Mass spectra always contain infor-
mation on the structure of molecules, though it is not
SO easy to interpret this information.'® New GC-MS
systems include fast-scanning instruments capable of
rapid change of operational mode from 70-eV elec-
tron impact (EI) to chemical ionization (CI). The CI
spectra always show a high abundance of the molec-
ular ion. The combination of EI and CI mass spectra
for a molecule gives valuable information on the
molecular structure and provides identification at
ppm concentration levels and below. The system has
a high rate (several hundred per run) of primary
spectra output. The treatment of these spectra be-
comes a serious problem. For effective use of gas
chromatograph/mass spectrometers expensive com-
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Fig. 1. Chromatograms for the components of natural broth and meat aroma.”™ Glass capillary column
50 m x 0.25 mm coated with OV-101; temperature programme 40° for 2 min and then 4°/min to 250°.
1, 2-Methylfuran; 2, 2,3-pentanedione; 3, hexanal; 4, vinyl-tert-butyl sulphide; 5, 2-methylfuran-3-thiol;
6, heptanal; 7, furanol; 8, benzaldehyde; 9, 2-methylthiophen-3-one; 10, diethyl sulphide; 11, 2-pentyl-
furan; 12, 2-methyl-3-mercaptopropan-1-ol; 13, 4-methyl-1-oxa-2-thiolane; 14; phenylacetaldehyde; 15,
2-acetylthiophene; tert-butyl n-butyl sulphide; 16, 3-acetylthiophene; isobutyl butyl sulphide; 17, 18,
3,5-dimethyl-1,2,4-trithiolane; 19, methyl butyl disulphide; 20, 2,6-dimethyl-1-0x0-3-thiane; 21, 2-methyl-
furyl 3-methyl disulphide; 22, 2,6-dimethyl-1,4-dithiane; 23, 2-methylacetylthiophene; 24, bis(2-methyl-
furyl) disulphide; 25, bis[3-(2-methylpropan-1-ol)] disulphide.

puters with special programs are needed.>'® For
identification, the mass spectrum of the fragmen-
tation products of the molecule is compared with the
spectra of standard substances available in a refer-
ence library. However, the experimental spectra fre-
quently differ from those in the library; this is related
to the change in the ratio of mass spectral line
intensities because of the distortions in the analysis of
complex mixtures in the dynamic mode (in flow), on
account of fast recording of the spectrum and of
“memory” effects in the instrument, since we are
dealing with concentrations differing by severai or-
ders of magnitude. Thus, the fragment-ion peak
heights cannot be determined with good accuracy
and that complicates the identification.

There are also several limitations imposed by struc-
tural factors. For instance, it is sometimes impossible
to establish from the mass spectra the structure of
substituted aromatics, cis and trans isomers, posi-
tional isomers, or homologues with a long carbon
chain. It is therefore usual to utilize subsidiary chem-
ical reactions in determination of the structure of
substances in natural mixtures by GC-MS. In turn it
is then necessary to take into account and investigate
the artifacts accompanying almost every chemical
transformation. These problems are widely discussed
in the literature.>!8-20

The application of relative retention parameters to
identification from mass spectral data has been sub-
stantiated.?! ’

GC-FTIR. The GC-FTIR systems seem to be
quite promising. The first such system was demon-
strated by Low and Freeman® but for a long time the
low sensitivity prevented its wide use in head-space
analysis. It took more than 10 years to improve the
system. In the last few years, several reports on
identification of components in complex mixtures
of volatile organic compounds with the use of
a new generation of GC-FTIR systems have ap-
peared.'®232¢ The performance of the system depends
to a large extent on the efficiency of the glass or
fused-silica capillary column and on the thickness of
its immobilized stationary phase coating. Substances
eluted from the column by the carrier gas reach a
gold-plated light-pipe cell made of a capillary re-
stricted by salt windows and having a volume of
0.1-0.6 ul. The temperature in the light-pipe during
spectral measurements is maintained at 200-250°.
The spectrum output for every peak is produced
within 0.3-0.5 sec by summation of 6-12 inter-
ferograms. At the outlet of the light-pipe the sub-
stance is detected with a flame-ionization or other
suitable detector. Thus, the GC-FTIR system deliv-
ers the infrared spectra for all the substances eluted
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Fig. 2. Chromatogram of volatile nitrogen bases from the Antarctic krill E. superba Dana* on a glass

capillary column coated with PEG-40M KF (40 m x 0.28 mm). Temperature programme 4°/min from 80°

to 160°. 1, Pyridine; 2, N-ethylpyrrole; 3, 2-picoline; 4, methylpyrazine; S, tributylamine; 6,

2,5-dimethylpyrazine; 7, 2,3-dimethylpyrazine; 8, 2-methoxy-3-methylpyrazine; 9, 4-ethylpyridine; 10,
trimethylpyrazine; 11, tetramethylpyrazine.

from the column (calculated by computer®), and also
the chromatogram recorded with an ordinary GC-
detector.

The GC-FTIR system makes it possible to deter-
mine the structural features of a molecule, such as the
functional groups present, double bonds and
cis—trans isomerism. It also distinguishes between the
isomers producing identical mass spectra and having
close retention indices, as has been shown by analysis
of a mixture of five butyl butanoates: 2-butyl iso-
butanoate, 2-butyl n-butanoate, n-butyl n-butanoate,
isobutyl n-butanoate, and isobutyl isobutanoate.?
An important property of the method is that the
substances analysed do not undergo destruction, and

may be determined by other techniques, including
mass spectrometry. ‘

A major restraint on identification of substances by
GC-FTIR is the shortage of data in the libraries of
infrared spectra for organic substances in the gas
phase at 200-250°. The banks of data usually contain
the infrared spectra for substances in the liquid phase
at room temperature, from which the gas-phase
spectrum may differ considerably, complicating the
identification. Nevertheless, GC-FTIR appears to be
the most promising system for the present; its de-
tection limits are rapidly decreasing and the spectra
libraries are widening.

Ettre*® used “on

the fly” GC-FTIR for
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identification of components in a petroleum sample
preliminarily separated into groups of substances by
liquid chromatography. He managed to identify 75%
of the few hundred components by their infrared

spectra. Note that in this case there was an unlimited
amount of sample available and a large spectrum

library for hydrocarbons in the gas-phase.

For head-space analysis, however, even systems as
informative as GS-MS and GC-FTIR are still not
sensitive enough, and cannot identify all the natural
material components which can be detected by gas
chromatography. Only the components present at
concentrations above about 10--10~° g/ml are de-
termined, and the results of application of these
systems to trace analysis of organic compounds in
natural mixtures are rather modest. The upper de-
tection limit in GC-FTIR is set by the capacity of the
capillary column and the lower one by the sensitivity
of the detector, which is proportional to the molar
extinction coefficient. Thus, for example, only 15%
of 200 flavour components of the African fruits
cherimoya and guava were identified in this way;
the components present at 1 ng/g concentration
or lower did not produce interpretable infrared
spectra 282

Specialists in GC-FTIR believe that the instru-
ments are very convenient for the routine analysis of
flavour components, especially in the case of sus-
pected adulteration of natural extracts™® as well as
for detection of the functional groups of the key
odour components.

Because a GC-FTIR system can be combined with
a mass spectrometer, it is interesting to compare the
performance of these systems. For example, in the
analysis of hazardous-waste soil by fused-silica capil-
lary GC-FTIR and GC-MS systems operated in
parallel,” of the 44 major peaks obtained by sepa-
ration on identical columns, 28 were identified, 15
predicted and 1 unidentified by GC-FTIR, the corre-
sponding numbers being 13, 23 and 8 for GC-MS. It
is seen that GC-FTIR is superior in identification
power.

Wilkins et al*® compared the results for
identification of volatile components of mint oil and
of an industrially produced lacquer thinner, using the
GC-FTIR-MS system “on-the-fly”. The mixtures of
volatiles, after separation on a capillary column,
contained 30 major components each. Mass spectra
were recorded both in EI mode at 50 eV and after CI
(with methane) at 12 V. The MS library contained
32000 substances. All data-processing was done by
computer. For the mint oil, the isomers which could
not be distinguished by MS were fairly identified by
infrared, for example, the barely separable a- and
B-pinenes, d-isomentone and /-mentone. However,
if the content of a substance in the mixture was
less than 0.5%, its infrared spectrum could not be
interpreted. All 30 mint components were identified.
In the analysis of the lacquer thinner only 18 out
of 30 volatile compounds were identified, and the

presence of certain functional groups or structural
fragments was deduced for 10 of the rest.

SORPTION-STRUCTURE CORRELATIONS AND
THEIR APPLICATION TO IDENTIFICATION

In our opinion, too little attention is still being paid
to the possibilities for identifying compounds in
complex natural mixtures by means of the sorption
parameters (Fig. 3), which have been successfully
used in the analysis of isomeric unsaturated hydro-
carbons,” of saturated, unsaturated and polycyclic
hydrocarbons,” and of odour components.'®*> The
sorption—structure characteristics are especially use-
ful for determination of aliphatic compounds in
natural mixtures.

In homologous series, there are regular changes in
the retention parameters with increasing carbon
chain-length, depending on the nature of the func-
tional groups, the sorbent and the conditions of
analysis. Methods of computer-identification from
gas chromatographic data without use of standards
have been developed.'®*

Identification without use of standards uses a
specially selected system of either packed or capillary
columns for a particular mixture of substances hav-
ing similar functional groups or structural fragments,
to provide optimal separation and make it possible to
express mathematically the dependence of the reten-
tion indices on the structures of the substances and
their physico-chemical properties. The identification
is done by computer with a special program.>1®*

Productive use of the method depends on knowl-
edge of the sorption thermodynamics for the sub-
stances under consideration, on stationary phases of
different structure. Studies on this have been made
for some years.>>*

Universal equation for calculation of sorption charac-
teristics of homologues

As a result of a series of studies®®**? on the
thermodynamics of sorption, a general type of math-
ematical dependence of the retention index values
on the carbon number in a homologous series was
found to exist. For the first time, universal equations
are available which permits the sorption charac-
teristics to be calculated with good accuracy for all
the homologues, including the first members of a

series; #1434
logm D
I=A+Bm+C 1
+ Sm + m—2rro1 D
AG = —2.3RT[a +Bm + yl—"’i—m

¢ Tp

s i logE
tmoiro1 T 83| @

where /is a retention index or may be log V,, or log
t’, m is the homologue’s carbon number, AG is the
partial free energy of sorption, 4, B, C, D, a, f, 7, ¢
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Fig. 3. Set of analytical data to be used in identification of organic substances in natural mixtures.

I—retention index; V,—specific retention volume; G—partial free energy of sorption; 8/, ,,,.,—difference

in retention indices of substance and standard; 67/6T—temperature dependence of the retention index;
AQ—thermodynamic equivalent of A7

are coefficients in the equations, p is the density of the
stationary phase and T is the absolute temperature of
the column.

Thus, instead of the eight known correlation
equations*>* used in calculation of retention indices
for the members of homologous series, we have now
one general equation (1) based on the principle of
non-additive change in the sorption energy of homo-
logues with increasing chain length. The equation
takes account of the non-linear nature of the van der
Waals energy change in a homologous series on
chromatography. Under the conditions of gas-liquid
chromatography, the validity of the equation has
been affirmed for 74 homologous series and 10 sta-
tionary phases of different polarity.

The gas-solid chromatography retention indices
and thin-layer chromatography R;-values for homo-
logues also obey equation (1), and so do the loga-
rithms of the partition coefficients for the distribution
of homologues between water and organic solvents.*

The sorption characteristics are calculated by
equation (1) with an accuracy sufficient for
identification purposes, but accuracy can be im-
proved by increasing that of experimental deter-
mination of the retention values. Equation (1) is
convenient for computer-assisted identification of
aliphatic compounds.

GC [computer identification algorithm

In spite of the large number of studies on the use
of computers in chromatography there are only a few

reports on automated identification of organic sub-
stances in a mixture.**®! In these, samples containing
generally not more than 20 known compounds were
analysed. With such a small number of components,
complete separation of the mixture was achieved by
using only one (or sometimes two) gas chro-
matographic columns. In analysis of complex multi-
component mixtures, such as those of volatile sub-
stances of biogenic nature, it is impossible to obtain
complete resolution on any of the existing types of
GC-columns, either packed or capillary, and such
examples were not considered earlier from the view-
point of computer-identification. The programming
of the recognition process was based on the idea of
library comparison of GC retention parameters,
which is suitable in a search for known compounds
in comparatively simple mixtures, e.g., analysis of the
amino-acid composition of peptides.”” In addition,
the early methods of computer-identification dealt, as
a rule, with the retention parameters for only one
column, with a chosen stationary phase. This infor-
mation is not sufficient for the analysis of natural
mixtures containing several hundred chemical com-
pounds of different classes, the retention parameters
of which frequently coincide. Hence, none of the
algorithms suggested earlier’™¢ for mathematical
identification has been applied to deciphering the
composition of natural mixtures of substances.

The first methodological approach to identification
of natural mixutres of substances was based on
chromatographic separation of organic compounds
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with the same type of functional group, with a system
of 3 or 4 columns of different polarity which provided
maximum resolution of components with minimum
overlap of the chromatographic zones.®® Later it was
shown®® that the reliability of identification in-
creases under these conditions. The universal expres-
sion (1) and the thermodynamic criterion®®* deter-
mining the nature of the functional group and the
number of carbon atoms in a homologue, are incor-
porated in the computer programs designed for
identification of aliphatic compounds without use of
standards. A flow-sheet for computer-identification
of odour components from GC data is shown in
Fig. 4. According to the scheme, the GC retention

indices for the sample are determined on 3 or 4
columns of different polarity, and input to the com-
puter, which utilizes the linear equation to determine
the thermodynamic criterion characterizing a func-
tional group (or molecular fragment) and the number
of carbon atoms in a homologue, the hyperbolic
equation for the dependence of the retention index on
the boiling point of the substance, and the general
equation (1) describing the dependence of the index
value on the number of carbon atoms. The computer
memory needed in deciphering the composition of
odour components is noi less than 16 kbytes. The
computer displays the components identified, and
their retention indices, boiling points and expected

PUT of initial data

[ INPUT of coefficients of equations

]

Calculation of retention parameters

log m
Z°=a+8m+ y 9 £

1 2 3
5
| .
I
6 8
INPUT of the tabular
values of Z°for the
compounds_not
“m YTm-2ZrvoT1 Selonging 1o the
homologous series
7
no
k=P?
yes 9

Calculation of permitted errors in
determination of the parameter 2
in mixture

18

Change of the
87 - values

10
]L Identification: 1Z2°~ZI< B’j

11

Control of identification according to
GC-analysis of separated fractions

l 12

Control of identification according to
the thermodynamic criterion

13

into

Division of the substances revealed in a mixture
identified” and ‘‘conventionally identified”

l 14

| Account of the gquantitative data

! 15

Farmatian of the data file for non-~identified peaks Z"

.

Ure all peaks,identified?

Can 87 be changed?

20

Printing of results

19

Calculation of 7,

n
bp from 2 |

Fig. 4. Schematic representation of a computer program for investigation of composition of complex
mixtures by use of GC-data. D—parameter indicating method of identification: D = 0—without a
standard; D = l—use of table of standards; Z° and Z—retention indices of standard and compound
sought, respectively; 6’—permitted error in determination of Z in a mixture; m—homologue carbon
number; k—number of the homologous series k = 1,2,..., P; T, ,—boiling point calculated from the
retention index Z for a non-identified peak on a non-polar column; «, g, y, £—coefficients of the equations.
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number of carbon atoms, and the probable type of
functional group for tentatively identified com-
pounds.

The GC/computer method is limited by the need to
use chemical reactions for extraction and concen-
tration of organic substances with identical func-
tional groups, and to the difficulties in identification
of isomeric derivatives of aromatic and heterocyclic
compounds. In this case the computer performs
identification by comparison of the retention indices
on 3 or 4 columns with the standard values. For
example, in the GC/computer identification of
sulphur-containing components of meat flavourings,
37 compounds were identified,”® but isomeric S-
substituted furans and thiophenes were also found.
The problem was successfully solved only by gas
chromatography/mass spectrometry of derivatives of
the furans and thiophenes, a subtraction operation
on the mass spectra before and after the derivative
formation, and comparison of the results with the
library values of 7 and A/ In this way, 8 compounds
from the furan and thiophene series were identified
and certain information on the structure of some
heterocyclic substances was additionally obtained.®
This example shows the complexity of identification
of odour components.

Identification by GC [computer technique

This technique of GC/computer identification has
been successfully used for interpretation of the
odours of meat,** salmon, krill,”” bread,®® sherry,®
and volatile compounds from the Maillard reaction
simulating meat and chicken flavour.*

The correctness of the GC/computer identification
of odour components was verified for the carbonyl

compounds in a concentrate of natural meat
flavour.® The analysis was done by three methods
simultaneously wviz. by chromatography of free
organic bases under GLC conditions, separation of
their 2,4-dinitrophenylhydrazones by liquid chro-
matography with refractometric detection, and gas
chromatography/mass spectrometry. The fair agree-
ment between the results obtained shows the
GC/computer-identification method to be quite re-
liable for determination of aliphatic compounds. A
second example, for determination of sulphur-
containing compounds by two methods,” is given in
Table 1.

The study of food flavour components has pro-
duced some practical results. Flavour additives imi-
tating the natural aromas have been created for
sturgeon and salmon caviare, salmon fillet,’ and
meat.”%07! The cause of odour production appear-
ing on storage of casein and its co-precipitate has
been determined.”” Volatile amines were shown to
be a taxonomic sign of micro-organisms.” The
production of nitrogenous bases during sherry fer-
mentation has been estimated.”® A procedure for
determination of chocolate compositions has been
suggested,” and it has been shown that the com-
position of bread flavour components depends on the
methods of baking and dough making.”

SCHEME FOR HEAD SPACE ANALYSIS OF NATURAL
SYSTEMS NOT IN THERMODYNAMIC EQUILIBRIUM

In conclusion we propose the following system for
determination of the composition of trace organic
substances in complex mixtures. A concentrate from
the sample is separated into fractions or classes,

Table 1. Substances identified in the vapour of a meat flavour composition made from autolysine™

Analytical Analytical
No. Compound procedure No. Compound procedure
ALIPHATICS 22 1,2-Dithiane GC
1 Hydrogen sulphide GC 23  3,6-Dimethyl-1,2-dithiane GCMS
4 Lp thiol GC 24 Thiophene GCMS
- ropanethiol 25 2-Methylthiophene GC,MS
5 2-Methylpropanethiol GC 26 2.F Ithioph GCMS
6 2,3-Dithiabutane GCMS -rormyithiophene ;
T Taret: ’ 27  3-Methyl-2-formylthiophene GCMS
7 2,3-Dithiapentane GCMS h .
L 28 Dimethylformylthiophene MS
8 3,4-Dithiahexane GCMS -
P 29  3-Acetylthiophene GCMS
9 3,4-Dithiaheptane GC N
. o 30 Methylacetylthiophene MS
10  2,7-Dimethyl-4,5-dithiaoctane GC 31 2-Methylthiophen-3-thiol MS
11  3,5-Dithiaheptane GC yitniop
12 2,4,6-Trimethyl-3,5-dithiaheptane GC FURANS
13 4-Ethyl-3,5-dithiaheptane GC 32  2-Methylfuran-3-thiol GCMS
14  2,4-Dimethyl-3-thiapentane GC 33 Methylfuranthiol MS
15 3-Mercaptobutan-2-one MS 34 Furylmercaptan GC,MS
16 4-Mercaptopentan-3-one MS 35 2-Methyldihydrofuran-3-thiol MS
17  3-Mercaptopentan-2-one MS 36 Furyl methyl sulphide GC,MS
18 2-Thiapentanal GC,MS 37 2-Furyl methyl disulphide MS
38  3-(2-Methylfuryl) methyl disulphide MS
CYCLICS 39 Bis[-3-(2-methylfuryl)ldisulphide GCMS
19 1,3-Dithiolane GC 40  Bis-(2-methylfuryl)disulphide MS
20 2-Methyl-1,3-dithiolane GC 41 Bis(furyl) disulphide MS
21 2-Methylthiophen-3-one MS 42  12-Methyldihydrofuryl)disulphide MS
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which are analysed with a GC-FTIR-MS system.
The components are separated on 3 or 4 capillary
columns. The data for identified and tentatively
identified compounds are obtained by use of a special
computer program operating with sorption-structure
correlations and simulating the experimenter’s rea-
soning. The data obtained from the sorption charac-
teristics are juxtaposed by the computer with the data
obtained from spectra-structure correlations on the
basis of infrared and MS characteristics. The meth-
odology of identification by use of infrared spectra is
rapidly developing and can be utilized in the creation
of the *“artificial intelligence” programs™ for
identification by gas-phase infrared spectra and chro-
matography.

The list of components of the mixture, with
specified reliability of the identification, and pre-
dicted physicochemical properties and structure for
tentatively identified substances, is obtained after
computer processing of the whole of the data from
the GC-FTIR-MS system. For complete
identification of minor components in the mixture,
the system has to give recommendations for an
optimal version of the analysis, involving subsidiary
chemical and physical methods. The major difficulties
in implementation of the scheme consist in obtaining
the necessary data library and in working out the
“artificial intelligence” algorithm.
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Summary—The processes of substance evaporation and atom ionization under different conditions of
spark discharge or laser radiation are considered. It is shown that the dependence of the relative sensitivity
coefficients on the properties of an element can be presented as the product of two exponents with
parameters proportional to the atomization energies and first ionization potentials of the element.
Differences in matrix composition and conditions influencing a sample in the ion source are considered
by means of introducing two fitting parameters—atomization and ionization “temperatures”—into these
exponents. Experiments carried out with the help of mass-spectrometers with spark and laser ion sources
have corroborated the validity of the suggested quasi-equilibrium model and shown the possibility of
its application for the improvement of the accuracy of analysis without use of standards as well as for
checking the stability of experimental conditions in the process of analysis with standard samples.

Mass-spectrometry with spark' and laser-plasma'’#

ion-sources is more and more widely used in anal-
ytical practice. Many authors have studied the mech-
anisms of ion and ion-beam formation, with two
main objectives.

(1) A purely scientific one—to study the laws of ion
formation and detection in the important group of
physical methods of analysis.

(2) A practical one—to improve the precision and
accuracy of the methods and, in particular to find
quantitative methods that do not require use of
standards. Solution of this problem could give mass-
spectrometry extraordinary advantages over other
methods of inorganic analysis.

Attempts to work out “standardless” (absolute)
methods on the basis of purely empirical expressions
have been made in spark-source mass-spectrometry
for more than 20 years, though without any success
(as shown in a critical review of the literature'.
In laser-source mass-spectrometry a very simpli-
fied qualitative model of ion-formation has been
advanced,!" which led the authors to the conclusion
that at an energy flux ¢ =2 x 10° W/cm? the rela-
tive sensitivity coefficients (RSC) for all elements
would be equal to unity, but this approach has been
criticised.'? It has been found that the RSC values
depend on the interaction conditions as well as on the
sample matrix composition.

In the general case the task of determining the
composition of the ion-beam by calculation from the
sample composition and the interaction conditions is
extremely difficult, since several complex, inter-
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connected and not fully studied processes occur
simultaneously in the vacuum spark discharge or
laser-plasma cloud. If a solution to the problem could
be found either by mathematical analysis or by means
of computer modelling, it would be possible to apply
it only to substances with similar chemical com-
position. If, as happens in the majority of cases, the
matrix composition is not known with enough pre-
cision, it is necessary to solve the even more compli-
cated inverse problem of determination of the sample
composition from the mass-spectrum. At present no
real progress seems to have been made in this field.

Thus, to create a complete enough theory of spark-
source and laser-plasma mass-spectrometry it is nec-
essary to exert a great deal of effort. This paper puts
forward what we think is sufficiently well-founded,
semi-empirical model allowing more systematic fur-
ther investigation of ion-formation mechanisms as
well as direct calculation of the RSC values from the
experimental results with a precision acceptable for
quantitative analysis.

| PHYSICAL ASPECTS OF ATOMIZATION,
IONIZATION AND RECOMBINATION
IN PLASMA SOURCES

Many papers and some reviews on the physics of
spark discharge in a vacuum'>" and on the effect of
laser radiation on a sample®'® have recently been
published. In our work we have used the results of
these investigations, as well as a number of assump-
tions.
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(1) We have assumed that when a sample is subjec-
ted to a spark discharge or laser radiation some
similar processes occur and the parameters of the
plasma formed are similar.'*!¢

(2) We have conditionally divided the process of
mass-spectrum formation into a number of stages:'s"’?
sample evaporation and atomization, atom ioniz-
ation, plasma expansion, ion-beam formation, mass-
analysis, ion-detection. In this paper we will discuss
the influence of the first three stages on the mass-
spectrum and the RSC values, since the influence of
the other stages can be assessed with the help of
appropriate mass-spectrometer calibration.!®

(3) To a first approximation we assume there is
thermodynamic equilibrium between the components
of the medium. Such an assumption was put forward
earlier for secondary-ion mass-spectrometry’ and
laser mass-spectrometry,” but was related only to the
ionization process. At the same time it was tacitly
assumed that the atomization and plasma-expansion
processes do not affect the RSC values.

When a spark discharge or laser radiation is
applied to a solid, one of two effects can result.

(1) There is no energy absorption by the vapour or
plasma. This occurs when the laser radiation flux
density ¢ is < 10°-~10°W/cm? (depending on the
target substance). For spark discharge this corre-
sponds to initiation of the breakdown stage, i.e., the
first few nanoseconds after the voltage applied to the
electrodes reaches the breakdown value.

(2) A sufficient amount of energy is absorbed by
the vapour. When a spark discharge is applied, strong
energy absorption by the vapour occurs shortly after
the beginning of the evaporation process. Plasma
appears in the interelectrode gap and electric break-
down occurs there. Similarly, with laser excitation the
change to energy-absorption by the vapour occurs
very rapadily.'s

Evaporation and atomization

The character of the evaporation depends on the
energy flux ¢ and the specific energy of sublimation
A. If the energy flux in a layer with thickness 4 is
equal to ¢, heat conduction will reduce it to ¢’ given by

, d d
€ _ed’_6d+dh 1
where d, is the thickness of the layer heated by heat
conduction, and d’ = d + d,, is the total thickness of
the warmup layer.

If the energy release time ¢ is small compared to the
expansion time f, of the absorbing layer,!* then
d,,=\/;z, where t,zd/\/z, and y is the thermal
diffusivity coefficient. If ¢ is long enough to establish
a stationary evaporation regime, 4, = x /u, where u is
the velocity of the evaporation front.

When a short (about 10 nsec) laser radiation
pulse with ¢ =10%-10"° W/cm? acts on metals,
d ~107%-10~% cm, and d, ~ 10~*-10~3 cm. Thus, the
heat conduction significantly decreases the energy

flux. For opaque dielectrics d ~ d, =~ 10~°cm and the
energy flux is decreased by only a factor of ~2.

The flow of atoms (j;) of a given element (i) from
unit area of sample surface (solid or molten) heated
by radiation can be determined according to the
Hertz—Knudsen relation:

Ji=my= A —mngy=(1 —n)wmxp(—,f;;) @
where v, = /kT [2am, is the mean thermal velocity of
the atoms, k is Boltzmann’s constant, m, is the atomic
weight of the given element, and n,, n;, ny are the
concentrations of the element in the condensed phase,
the vapour and the saturated vapour respectively, n
is the return ratio of vapour atoms (1 < 1), and B, is
the bond energy between atoms of the element in the
solid sample.

To satisfy relation (2) it is necessary that the
decrease in atom concentration in the condensed
phase near the evaporation surface is compensated by
the diffusion flow jp = D,Vn, where D, is the diffusion
coefficient and Vn, the gradient of the component
concentration in the condensed phase. From the
condition j =j, we obtain

B
DVn.=(—n)n, - 3
Vi = (1= n)ne, exp( kT) ©
A typical thickness for the layer of substance, rp,
from which atoms diffuse to the surface is given by

n D B,
=2k o T expl = 4
D= S A=, exP(kT) @

For molten alkali metals D, ~ 5 x 10~* exp(— A4,/kT),
where the activation energy of diffusion, 4,, is about
0.5 eV. Hence

Sx107%  (B—4, (5)
ST g, S\ kT

If we take into account that T < T, ~ (0.1-0.2) B, (T,
is the critical temperature for the given substance),
and at T ~ T, the value of v; is ~10*cm/sec, we
obtain from (5) 7, <107°cm. This parameter is
comparable with the absorption depth 4 of laser
radiation in metals and opaque dielectrics, as well as
with the depth of sample warm-up by electrons in a
spark discharge.! If d’ <rp and ¢’ < A the heated
layer will partially evaporate, and the evaporation
will be selective with regard to the sample elements,
and dependent on their binding energies [see
equation (2)].

The concentration of atoms of element i in the
vapour phase, »;, will be related to its concentration
in the sample (n,) by the expression

n; ~ n exp(—B,/kT) ©

If d’ > rp (a large depth of warm-up in metals by
heat conduction, or large depth of absorption in
dielectrics) the selectivity of transfer of atoms of
different elements to the plasma is reduced. This
effect can be taken into account by introducing into
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equation (6) the atomization temperature 7, instead
of the real temperature of the process (T), and in
general T, > T.

When the energy flux is big enough but does not
exceed the specific sublimation energy, the liquid
layer may be ejected in the form of drops. Boiling of
the liquid phase (in the stationary evaporation re-
gime) is also possible. In both cases the evaporation
area S,, increases significantly and correspondingly
the effective thickness of the evaporating liquid layer
decreases: d,, = V/S,, where V is the heated layer
volume. If 4., < rp the selectivity of evaporation of
different elements will be maintained.

If the energy flux ¢’ exceeds the specific sublimation
energy A, the temperature of the heated layer will
exceed the critical temperature and all the com-
ponents of the layer will evaporate without discrimi-
nation. Formally this means that 7,—co.

During transfer to the vapour energy-absorption
regime the character of the evaporation and atom-
ization process will change. The flow of energy onto
the surface will decrease owing to the energy absorp-
tion by the plasma and the pressure will increase
owing to the additional heating of the expanding
vapour. All this will lead to the evaporation velocity
being lower than that when the vapour does not
absorb the laser energy, and hence to increased
selectivity for different elements if the energy flux
does not exceed A.

Ionization of atoms

In the regime without absorption of energy by the
vapour, the degree of ionization of the vapour can be
approximately determined from the Saha—Langmuir
equation for surface ionization:

nl g (¥—¢
n® g kT ©

where n! and n! are the numbers of singly-charged
ions and atoms of the given element in unit volume
of vapour, g} and g? are the statistical weights of the
singly-charged ions and atoms of the ith element,
respectively, ¢! is its first ionization potential, v is the
electron work function for the sample surface, and T
is the absolute temperature of this surface. When the
vapour absorbs laser energy, however, the resulting
heating of the plasma leads to additional ionization.
In the initial moment (before expansion) the plasma
is in local thermodynamic equilibrium owing to its
high initial density, and the ion distribution in the
plasma according to degree of ionization is deter-
mined by the Saha equation:?

nan*t gt H
=g AT °"P('7£i) @

where 4 =6.06 x 108 cm~>. eV~*? and gZand g~ "
are the statistical weights of the ions with charges z
and (z — 1) respectively.

Let us note that only that part of the sample
substance which has evaporated immediately during

the radiation process experiences strong additional
ionization. According to our estimates, laser pulses
with g = 10%-10" W/cm? and a duration of about
10 nsec will make about 10% of an irradiated metal
surface evaporate, and about 50% of the irradiated
surface of a highly absorptive dielectric. Strong sam-
ple evaporation after the spark discharge pulse is over
is also possible in the vacuum spark method.” The
portion of substance evaporating after the pulse is
over is weakly ionized, its ionization being described
by equation (6), as for the case of heating without
energy absorption by the vapour.

Recombination of ions with electrons during plasma
expansion

In the process of expansion, at a certain moment
of time ¢, the typical relaxation time will exceed the
typical ionization times. In this case the thermo-
dynamic equilibrium distribution between degrees of
ionization will be violated,”? and the equilibrium
recombination will change to a slower non-
equilibrium state which will continue till the moment
t, when recombination ceases (freezing of the ioniz-
ation state).

If the degree of plasma ionization at ¢, is less than
1, recombination during expansion will not change
the relative concentration of ions of different ele-
ments until the system is frozen. The recombination
coefficient b, is given by

nlz?

bz = bo Wz’ (8)

where b, = 8.75 x 107% ¢m®.eV*?.sec™!.

For ions with charge z=1 the recombination
coefficient does not depend on the specific properties
of elements. In this case n? ~ n,, and the final degree
of ionization is

ntin, ~ exp(— %l;) ®

If the degree of ionization at ¢ is > 1, the process of
recombination will depend on the relation between
the initia] plasma radius R, and the characteristic
separation distance for recombination of electrons
with ions with charge z, which is /, = v, /b, where v,
is the thermal velocity of the ions. If R, is higher than
the characteristic length of recombination for doubly
charged ions /,, but smaller than the characteristic
length for singly-charged ions /;, then the majority of
the ions will be singly-charged. In this case the
dependence of the degree of ionization on the first
ionization potential is weaker and this can be taken
into account by introducing into equation (9) the
temperature of ionization 7T, instead of the actual
temperature T, T; being > 7. In the limiting case, if
in the process of expansion all the multi-charged ions
have recombined with electrons to form singly-
charged ions but the recombination of singly-charged
ions with electrons is negligible, the dependence of
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the singly-charged ion function on the ionization
potential ceases, which is equivalent to 7;— co.

Dependence of the RSC values on the main parameters
of the elements to be determined and on the experi-
mental conditions

Summing up the discussion above, we come to the
conclusion that there are some general laws appli-
cable to different matrices and experimental condi-
tions. First, if we neglect energy losses during expan-
sion, the final state of the plasma after the expansion
is over is determined mainly by the energy flux and
the mass of the heated substance, irrespective of the
method of heating. Secondly, the relative sensitivity
coefficients are proportional to the exponents of
the atomization energies and the first ionization
potentials:

B, ¢!
~ - —-=L 10
RSC, exp( kTA) exp( le) (10)
When an internal standard is used, equation (9) can
be written in the form

B—B gl
RSC,-=exp(— ,kT ")exp(‘ﬁ‘kT:ﬁ”) an
A

If the atomization and ionization are equilibrium
processes that are in equilibrium with one other and
recombination does not change the relation between
the concentrations of singly-charged ions of different
elements, then 7, =T,=T.

In other cases, for example, when the diffusion rate
is low, in a liquid medium, or there is non-equilibrium
recombination, and so on, the parameters T, and T;
turn out to be higher than temperatures which could
be detected in reality if the processes were in equi-
librium. Under certain conditions already discussed
above, the value of T, or T; tends towards infinity.
In the particular case when T, = T, = oo the condi-
tions for analysis without use of standards, with
RSC =1 for all elements, are realized. It is this
particular case that corresponds to the data reported
by Bykovskii et al.!!

EXPERIMENTAL

To check the model, experiments with spark and laser
ion-sources have been conducted for inorganic and organic
samples containing elements which vary in atomization
energy, ionization potential and atomic weight.

An SM-602 spark-source mass-spectrometer (Thomson
CSF, France) and a lazer EMAL-2 mass-spectrometer
(“Electron”, USSR) were used. The international geological
standard GM, into which from 35 to 300 ppm of lutetium
had been introduced (as the nitrate), was analysed with the
spark-source mass-spectrometer by the counter-electrode
technique* under the following conditions:

vacuum gap breakdown voltage—5SkV
pulse length—50 usec (frequency 1 MHz)
frequency of pulse repetition—100 Hz.

Experiments with the laser ion-source have been done on
a model sample, with dried rat liver as matrix, doped with
the oxides of Li, Al, V, Cr, Mn, Fe, Co, Cu, Zn, Zr, Cd, Cs,
Ce and Pb in concentrations corresponding to 0.1-10 g of

the element per kg of matrix, very much greater than the
natural content in the matrix. The biological samples were
analysed directly in the mass-spectrometer without pre-
liminary ashing. Experimental conditions for the laser mass-
spectrometer were:

radiation wavelength—1060 nm
frequency of pulse repetition—25 Hz
diameter of the spot on the target—50-100 um.

The radiation flux was changed by use of neutral filters
within the limits 3 x 10°~7 x 10° W/cm? and controlled by
an IMO-2M power meter.

The samples for use with both mass-spectrometers were
homogenized and pressed as described earlier.'

The mass-spectra were recorded on Ilford Q2 photo-
plates, and the intensities of the mass-spectrum lines were
evaluated by Hull’s method.”

The selectivity of the ion-beam formation, mass division
and ion detection were individually assessed by means of the
instrument calibration.'®

The RSC values were determined with respect to the
internal standard: lutetium has been used as the standard for
GM and carbon for the rat liver. The results were processed
by computer. For the set of RSC values determined in each
experiment, the system of equations:

- 1_ 41
A I

was solved to obtain the atomization temperature T, and
ionization temperature T, by the method of least squares.

The atomization energy of the pure compounds of the
elements added to the samples was used as the binding
energy B,.

RESULTS

The dependence of the RSC values on the ioniz-
ation potentials and atomization energies, calculated
for one of the experiments with the spark-source
mass-spectrometer, is given in Fig. 1, and the corre-
sponding relations for experiments with laser ion-
sources at different power densities are shown in
Fig. 2.
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Fig. 1. The dependence of the RSC values on

(B,/kT,) + (¢} /kT;) for spark-source mass-spectrometry:
(@) experimental points; (—) the best approximation by the
proposed model.
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Fig. 2. The dependence of the RSC wvalues on

(B,/kT,) + (¢! /kT}) in laser mass-spectrometry at different

values of the laser radiation flux: (@) experimental points;
(—) the best approximation by the proposed model.

Table 1 presents the values of T, and T; deter-
mined by analysis with the spark ion-source, with one
standard under similar experimental conditions on
different days, and with the laser ion-source at

different values of the power density of laser radiation
on the sample surface. The mean deviations of the
(RSC,), values calculated by means of equation (12),
from the experimental (RSC,),,, values, were calcu-
lated by means of the expression

] (13)

where » is the number of elements being determined
here.

The mean deviations of the experimental RSC
values from unity were calculated by the expression

] (14)

el §
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and are given for comparison.

DISCUSSION

It is clear from Figs. 1 and 2 that the proposed
model approximates the RSC values in all the experi-
ments quite well. From Table 1 it follows that the
mean relative systematic error of the analysis without
standards, calculated by means of equation (13), is
reduced to 7-30%, which is comparable with the
precision of the determination of the RSC values
(about 20%). In contrast, if it is assumed that the
RSC values are all equal to unity, the mean error for
the same set of results will be very much greater. This
is the case for g >2 x 10°W/em® with the laser
ion-source, given as optimal in the paper by
Bykovskii et al.!!

For both ion-sources 7, and T; are higher than
the real temperatures of the molten sample™ (by
about 1eV) and the initial plasma temperature's
(5000-15000 K). The reasons for this overestimation
have already been discussed.

From the experiments on the effect of different
laser radiation intensities on biological samples it is
clear that at low intensities (g = 3 x 105%-10° W/cm?)
the RSC values are dependent on the atomization
energies B, and the values of T, and T, change with
q (Fig. 3). The effect of g on T, differs from that
known for metals, where increase in g leads to
stronger plasma heating and correspondingly to
higher ionization temperature growth.!* In our opin-
ion, the dependence observed here can be explained
by considering the possible contribution of the evap-
oration of sample after the laser pulse is over. Owing
to its relatively weak absorption in the plasma, part
of the radiation energy heats the sample to the
depth 4’, which, as mentioned earlier, can be much
bigger than the thickness of the layer evaporated
during the pulse. Perhaps one of the specific features
of dried and pressed biological samples is that at
q <10° W/jcm? this additionally heated layer of the
sample practically does not evaporate, but at higher
g the energy flux (¢) in it becomes comparable with
the sublimation energy or exceeds it. This part of the
substance is then additionally evaporated and ion-
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Table 1. The values of T, and T, and the mean deviations of the RSC experimental

values from those calculated

for laser and spark ion-sources

Power Mean deviations
Type of density
source  (g), W/em* T,,10°K T, 10°K Equation (13) Equation (14)
Spark — 65 60 1.21 1.46
— 66 56 1.19 1.51
— 54 47 1.16 1.48
— 55 48 1.22 1.55
Laser 3 x 108 20 613 1.19 2.68
5 x 108 170 900 1.12 1.17
8 x 108 540 5800 1.07 1.07
1 x10° 960 1300 1.11 1.15
2% 10° 179 53 1.26 2.38
5x10° 1700 27 1.26 4,77
7 x 10° 89 20 1.30 10.91

ized, though rather weakly, since the evaporation
occurs after the laser pulse is over. If the contribution
of such a weakly ionized plasma is considerable, this
will lead to the dependence of the RSC value on the
ionization potentials.

To calculate the RSC values by means of the
proposed model it is necessary to determine 7, and
T, according to three elements—used as internal
standards. These can be the main components of the
sample (when analysing rocks and minerals it is
usually easy to obtain the necessary data on their
contents by chemical analysis, i.e., by independent
methods) or elements specially introduced into the
sample. The solution of the equation system (12)
forms a plane with the co-ordinates In RSC, B, ¢'.
To make the plane formed by the values for three
elements approximate most closely the results of the
experiment, it is necessary that the values B;, ¢!
corresponding to these 3 elements, on the plane B, ¢,
are located at the corners of a triangle with maximum
area. The concentrations of the remaining elements
can then be found without the use of other standards.
For example, in the case illustrated in Fig. 1, we can
choose silicon, caesium and lutetium as internal
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Fig. 3. The dependence of T, ( ) and T;(——--) on the
laser radiation flux.

standards. In this case the A, is 1.25, which is not
much worse than the value obtained when the de-
pendence In RSC =1(B,, ¢!) is formed by means of
all 21 points, as done in Fig. 1.

CONCLUSION

At present it is impossible to build a complete
theory of the spark-source and laser mass-
spectrometry which wouid allow us to determine the
RSC values needed for analysis without standards.

This paper shows the possibility of a universal
approach to investigation of the mechanisms of ion
formation in the plasma of the spark vacuum dis-
charge and in the laser plasma. The calculations and
experiments performed allow us to put forward a
quasi-equilibrium model based on a semiempirical
description of the mechanisms of atomization and
jonization, with the use of two parameters—the
temperatures of atomization and ionization. Such an
approach is a new step compared to the previous
purely empirical approach. It allows us (a) to con-
sider the influence of the composition of the sample
matrix and the conditions for the spark discharge or
laser radiation; () to offer a method of calculating
the RSC according to the results of a calculation
based on the data for at least three elements used as
internal standards; (c¢) on this basis to work out
methods of quantitative analysis without use of
standards (with errors of less than 30%) by means of
spark-source and laser mass-spectrometry.
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Summary—A review is given of developments over the last two decades in the determination of platinum

metals by catalytic kinetic methods.

The application of kinetic methods of trace anal-
ysis,? particularly the catalytic variants, is now well
established. The advantages include high sensitivity,
simple instrumentation and simplicity,* all of which
attract the interest of workers in the field of the
analytical chemistry of platinum metals, where it is
frequently necessary to analyse samples for very small
amounts of these metals. The platinum metals and
their compounds are also an attractive subject for the
development of sensitive, and in some cases selective,
methods for their determination, owing to the wide
range of their chemical reactions.

Numerous examples have been published of meth-
ods for the determination of micro and submicro
quantities of platinum metals, based on their catalytic
action in various indicator reactions. To keep within
reasonable limits a discussion of the voluminous
literature on catalytic methods for the determination
of platinum metals,®*® this paper will deal only with
methods that use mainly homogeneous catalytic reac-
tions in solution. Methods based on the measurement
of luminescence during a catalysed reaction, or on the
measurement of a catalytic polarographic wave, will
not be discussed here.

Even so, we do not pretend to give a full coverage
of the literature on these methods, since in many
papers the main emphasis is on the indicator reaction
or its kinetics and mechanism, and not on the appli-
cation, but important papers and reviews are referred
to where appropriate. The main attention is given to
the publications that have appeared in the past 20
years, since a practically complete bibliography of
earlier papers has been given elsewhere.!

PLATINUM METAL COMPOUNDS AND IONS IN
HOMOGENEOUS CATALYTIC REACTIONS

The catalytic properties of transition metal com-
pounds and ions in homogeneous reactions are usu-
ally associated with their repeated interaction with a
component of the indicator reaction, bringing about
a change in the reaction mechanism, manifested as a
corresponding change in the reaction rate.'*!° Such

69

an interaction may involve formation of an active
intermediate between the catalyst and one of the
reacting components, further transformation of
which leads to the formation of reaction products
and release of the catalysts.

The indicator reactions used for platinum metal
determinations are almost always redox reactions and
the catalysis mechanism usually involves cycling of
the platinum metal between two oxidation states, and
occasionally formation of intermediates between the
reaction components and the catalyst in different
oxidation states. Other types of reaction are seldom
used, and will not be discussed here.

The solution chemistry of the platinum metal ions
is essentially the chemistry of their co-ordination
compounds, including polynuclear species.>’ It is
characteristic of the platinum metals (especially os-
mium and ruthenium) that they exhibit different
oxidation states, and it is usually the interaction of a
platinum metal complex with a complex of a transi-
tion metal to form a reaction intermediate which
makes the catalytic reaction possible.

A necessary (but not sufficient) requirement for
involvement of a platinum metal complex in such a
system is that its standard redox potential (EZ,)
should lie between those (ES and E?) of the com-
ponents of the indicator reaction

Ox, + Red,—»Red, + Ox, 1)

Tables 1 and 2 list the standard potentials for the
redox pairs used in the most common indicator
reactions, and for some platinum metals. In con-
nection with Table 2 it should be pointed out that the
standard potentials for platinum metal bromide com-
plexes are close to those for the chloride complexes.
The potentials of the corresponding Me**/Me*+
redox pairs in perchloric and sulphuric acid media
seem, judging from the source literature data,’ to
range from 0.90 to 1.40V.

The values listed in Tables 1 and 2 suggest that
many of the platinum metals should be able to
catalyse the various oxidation-reduction systems
shown in Table 1, i.e., to increase the reaction rate.
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Table 1. Oxidation potentials of redox reactions for indicator reactions used in the determination
of platinum metals in solution!'!'?

Oxidant Reductant*

Reaction E°, vV Reaction E°, V
BrO; + 6H* + 6¢ - —»Br~ + 3H,0 1.45 2Hg?* + 2¢~ —+Hgi* 0.907
HBrO + H* 4+ 2¢~—+Br~ + H,0 1.34 Cl, +2¢~->2Cl~ 1.36
10; + 2H* + 2¢~—105 + H,0 1.38 Cu(IIl) + e~ =Cu(Il) 1.1
107 + 6H* + 6e - =1~ + 3H,0 1.38 MnO; + 8H* + 5¢ - ->Mn(I) + 4H,0 1.51
HCIO, + 3H* +4¢->Cl- +2H,0 1.56 I, +2e~=2I" 0.62
H,0, + 2H* 4+ 2¢~—2H,0 1.77 H,AsO, +2H* + 2¢~—HAsO, + 2H,0  0.56
NO;j +3H* +2¢~--HNO,+H, 0 0.94 C¢H,0, + 2H* + 2¢ - —-C¢H,(OH), 0.68
Ce(IV) + e ~—Ce(III) 1.44 Fe(III) + e~ —Fe(Il) 0.77

(in H,SO,)

Mn(III) + e~ —»Mn(II) 1.51
VO; +4H* + e~ -VO3* +2H,0 1.0-1.3

*For many organic compounds used as reductants in indicator reactions, oxidation potentials are
unknown. But it seems that oxidation potentials for benzidine derivatives are near 0.76 V.

The rate of a redox reaction between an oxidant and
a reductant of like charge is likely to be low owing
to electrostatic hindrance, but can be increased by a
catalyst which can form an intermediate of opposite
charge with one of the redox-system components or
can serve as a bridge in a ternary oxidant—catalyst—
reductant intermediate. It has been found™'* that
platinum metals readily form such intermediate com-
plexes, in which electron or atom transfer can occur.
The retention of OH~ groups in the co-ordination
sphere of the catalyst (even in an acidic medium),
which is characteristic of platinum metal complexes,
contributes to the formation of suitable intermediates
since the OH~ groups can serve as bridging ions or
favour the approach of other interacting species
through hydrogen-bond formation.

Platinum metal complexes can also increase the
rate of an indicator reaction by removing the kinetic
hindrance that may arise when the indicator reaction
half-cells involve different numbers of electrons. The
complexes of elements such as osmium and ruthe-
nium, which exhibit several different oxidation states,
are able to take part in processes involving the
transfer of different numbers of electrons, e.g., to
interact alternately with a one-electron oxidant and
a two-electron reductant. The reaction between
cerium(IV) and arsenic(III) is one of the best-known
indicator reactions: osmium and ruthenium catalyse

Table 2. Oxidation potentials for redox-pairs of some
platinum metal compounds™!!

Reaction E°, V
Acid medium
RuClZ~ + e~ —RuCl}- 1.2
OsClZ~ + e~ —0sCLE~ 0.85
RhO?** +2H* + ¢ —»Rh’* + H,0 1.40
IrCLZ- + e~ —IrC13- 0.93
PdCL:~ + 2¢ ~—PdCLZ- + 2C1- 1.30
PtCli- + 2~ —PtCl3~ + 2CI- 0.708
Alkaline medium
RuO; + e~ —+RuO}- 0.595
RuOQ, + e~ ~RuO; 1.00
HOsO; +2¢~ + H*-+0s02" + H,0 0.30

this reaction by being alternately oxidized by
cerium(IV), in two one-electron steps, and reduced by
arsenic(IIl) in a 2-electron step.'*?

A very different mechanism involving platinum
metal compounds depends on the possibility of re-
ducing their ions to the metal with a strong reductant
and utilizing the high catalytic activity of the colloidal
metal thus produced. The reduction step may
precede® or accompany the indicator reaction. The
number of such reactions, involving reductants such
as formic acid (determination of platinum'), tetra-
hydroborate (determination of osmium?), hypophos-
phite (determination of palladium®?) and tin(II)
chloride (determination of palladium?) is small.
Since these reactions are not entirely homogeneous,
the reproducibility of the results depends on achiev-
ing complete reduction of the platinum metal to be
determined. This fact and the low selectivity of the
methods limits the use of such reactions.

The oxidation of tin(II) chloride by iron(IIl)
stands, to some extent, by itself among the indicator
reactions used for determining platinum metals. The
catalytic activity of platinum metal complexes in this
reaction may be accounted for by the possibility of
the formation of readily oxidizable complexes be-
tween the platinum metal and complex chloro-tin(II)
anions.’ '

INDICATOR REACTIONS FOR CATALYTIC
DETERMINATION OF PLATINUM METALS

Though many catalytic methods have been devel-
oped for the determination of platinum metals in
solution, the number proposed for each of the plat-
inum elements is very different, being largest for
osmium and ruthenium, smaller for iridium, and very
small for rhodium and paliadium, and only one
homogeneous catalytic reaction has been proposed
for the determination of platinum. Tables 3-5 list the
main indicator reactions used for determination of
osmium, ruthenium and iridium; Table 6 lists those
for rhodium, palladium and platinum. Most of the
oxidants [cerium(IV), oxyhalogen compounds, hy-
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Table 3. Indicator reactions® for the determination of osmium

Detection Interfering

Reaction limit, ng/ml platinum metals References
Ce(IV) + As(IID) 2.5% 1073 Rut 17-22, 28
Ce(IV) + Sb(III) 4x 1074 Ir, Pt, Pd 28

BrO; +1- 4 x 10~ 29, 30
BrO; + p-phenetidine 28 %1073 Ru 31

BrO; + As(IT) 10~%-10-¢ — 32-35
BrOj + azo-dyes 36

Clo; +1- 10-3 — 30-37
107 +1- 10-* - 30

10; + As(I1D) 6x 107 Ru 30, 38
107 +1- 10-* — 30

105 + As(1II) 10-* Ru 30

H, O, + oxyaminobenzosulphonic acid 0.53 ? 39
H,0,+1I- 10-$ Ru 30, 40
H,0, + p-phenylenediamine 4x10°* Ru 41

HNO; + a-naphthylamine 2x 1073 Rut 42, 45
Fe(IIl) + Sn(Il) 10-? Pt, Ru 46

Fe(II) + Ag(I) 4x 1074 Ruy, Ir, Pt, Pd, Rh 47
K,[Fe(CN)s] + NaBH, 1.7x 1073 Ru 24

*In Tables 3-6 only the reagents for the indicator reactions are shown, because the products of many

reactions are unknown.

+Under some conditions these reactions become specific.

drogen peroxide] and reductants [iodide, arsenic(III),
aromatic amines] are also widely used in indicator
reactions for the catalytic determination of other
transition metals.'"” For instance, the oxidation of
manganese(II) by hypobromite was used earlier to
determine copper(II)! and proposed later as an indi-
cator reaction for the determination of iridium(IV)
and rhodium(III).”>™® Some indicator reactions for
the determination of platinum metals were known
long ago, but more recent studies have made it
possible to improve them considerably. Examples

include the determination of osmium and ruthenium
by use of the arsenic(III)-cerium(IV)® and a-naphth-
ylamine-nitrate**** reactions.

Particular attention should be given to methods
based on new indicator reactions. For example, the
oxidation of arsenite by halate ions has turned out to
be very interesting: the oxidation by bromate is
specific for the determination of osmium,*** and the
oxidation of arsenic(III) by iodate or periodate is
used for determining osmium®** and ruthenium.’ In
these reactions, the detection limits are very low

Table 4. Indicator reactions for the determination of ruthenium

Limit of Interfering

detection, platinum
Indicator reaction ugiml elements Reference
Ce(IV) + As(III) 2x10-? Ir, Os* 18, 28
Ce(IV) + Hg(D) 103 * 43
Ce(IV) + diphenylamine S5x 1073 —
Ce(IV) + Sb(III) 4x10™* I, Pt, Pd 49
Mn(III) + Hg(l) 103 I 49
Mn(III) + p-anisidine 1073 — 49, 50
Mn(III) 4+ p-quinone 1073 — 51
10; + o-dianisidine 10-3 Ir, Pd 52
10; + Fe(phen)*+ 5x10°  — 53
10; + Methyl Red 5x10°¢  Ir 54
10; + Tropaeolin-00 2x 107 — 55
105 + As(IID) 5% 1077 — 56
10; + diphenylamine 5x10°% Ir, Os 57
10; + Cu(ll) 4x107* — 58
BrO; + Ce(IlI) + CH,(COOH), 5% 10— 59
BrO; + Mn(II) + CH,(COOH), S5x107  — 59
H,0, +1- $5x107*  Os 60
H,0, + benzidine 2x10-  Os 61
H,0, + Direct Blue (1074%) 62, 63
NH,VO; + N-methyldiphenyl-4-sulphonic acid 4x10} 64
HNO; + a-naphthylamine 5x10°2 Os 43-45
Fe(II) + Sn(I) 1.7 x 1072 Os, Pt 65
Fe(III) + S,0%" 2x10°2 7 66
Ag(l) + Fe(Il) 4 %102 Os, I, Pt, Pd, Ru 47

*See text for comment on the selectivity of this method.
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Table 5. Indicator reactions for the determination of iridium

Limit of Interfering

determination,  platinum
Indicator reaction ugiml elements Reference
Ce(IV) + As(I1I) 2x 1073 Os, Ru* 18, 67
Ce(IV) + H,O 10-2 Rh 68
Ce(IV) + Hg(D) 103 Rut 69
Ce(IV) + diphenylamine 102 Ru 70
Ce(IV) + Sb(III) 4 %1073 — 67
Mn(III) + Hg(l) 10-3 Ru 49, 71
10; + o-dianisidine 10-% Ru, Pd 9
10; + Direct Blue (10-4%) ? 63
10; + murexide 2x 1074 Ruy, Os 72
BrO~ + Cu(Il) 5% 10~* Rh 74
BrO~ + Mn(il) 10—+ Ru 73
NH,VO, + N-methyldiphenyl-4-sulphonic acid 2x 107+ Ru 75

*This reaction is specific for iridium if followed fluorometrically.
tSee text for comment on the selectivity of this method.

Table 6. Indicator reactions for the determination of rhodium, palladium and platinum

Limit of Interfering
Element determination, platinum
Indicator reaction determined ugimi elements  Reference
10; + Cu(Il) Rh 104 — 76
BrO; + Cu(Il) Rh 2x 1073 — 77
BrO~ + Mn(Il) Rh 10— Ir, Pd 78
Ce(IV) + Hg(l) Pd 9x 1073 Ir, Ru 79
Mn(II) + Cl1- Pd 10-3 — 80
I, + Ny Pd 102 — 81
NaH,PO, + Toluidine Blue Pd ? ? 25
NaH,PO, + phenosafranine Pd ? ? 26
As(III) + Sn(Il) Pd 27
NaH,PO, + Ni(Il) Pd 4x 10~ osl;t“k';‘“’ 82
Fe(I1I) + Sn(1I) Pt 2.5 x 1072 Os, Ru 83

(107-10~%ug/ml), and they are fairly tolerant
towards other metals.

Many new methods have been based on indicator
reactions involving components that had not been
used before; some of these have been proposed for the
determination of osmium, ruthenium and iridium.
For instance, the catalytic action of platinum metals
on the oxidation of mercury(I),”% diphenylamine,”
antimony(III)*%” and even water®® by cerium(IV) has
been used as the basis of analytical procedures.
Copper(II) has been employed as reductant in indi-
cator reactions with periodate or hypobromite as
oxidant, where the reaction producing stable
coloured copper(I11) complexes is catalysed by ruthe-
nium(IILIV), iridium(IV) and (very important) rho-
dium(III) compounds. These are the only homo-
geneous reactions for the determination of rhodium
which are very sensitive and selective.

New oxidants have also been proposed, in particu-
lar manganese(III) in sulphuric acid medium #-*!71%
The determination of ruthenium(IV) by its catalytic
action on the oxidation of p-anisidine or of p-

*Here and elsewhere, the two oxidation states within the
brackets are those involved in the catalysed reaction.

quinone by manganese(I11)*-*' tolerates the presence
of the other platinum metals.

An advantage of these and other oxidations by
manganese(I1I) is the extremely low rate of the un-
catalysed process, which allows omission of a blank
run. The oxidation of chloride by manganese(III),
catalysed by palladium(Il) and used for its deter-
mination,” is easy and has good reproducibility.
Manganese(III) serves as the indicator species in
these reactions: the rate of the reaction is determined
from the decrease in its absorbance.

A new selective indicator reaction involving chlo-
rite ions as oxidant has been proposed for deter-
mining osmium(VIII).**¥

A new catalytic determination of ruthenium(III)
and ruthenium(IV) makes use of Belousov—Zhabo-
tinskii oscillating chemical reactions involving bro-
mate, cerium(IILIV)* and malonic acid, or bromate,
manganese(IL,III) and malonic acid. These reactions
produce periodic changes in the concentration ratio
of the oxidized and reduced metal ion species and in
the concentrations of bromide and some inter-
mediates. These changes are followed potentiometri-
cally, photometrically or by some other instrumental
method. Ruthenium(I1L,IV) sulphate complexes cata-
lyse some of the oscillating reaction stages, resulting
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in a shorter induction period and higher oscillation
frequency. The method compares favourably with
others in terms of its sensitivity (detection limit =
5ng/ml), and gives relative errors of <5%.

LIMITATIONS AND POSSIBILITIES OF
CATALYTIC METHODS FOR DETERMINATION
OF PLATINUM METALS

Tables 3-6 indicate the very low detection limit in
catalytic methods for the determinations of platinum
metals; they can be as low as 107-107¢ ug/ml. Such
a sensitivity can only be attained when certain experi-
mental conditions, which are necessary for obtaining
the most catalytically active form of the element to be
determined, are fulfilled. Whereas the co-existence in
solution of co-ordination complexes of platinum
metals such as osmium and ruthenium in different
oxidation states and with different combinations of
ligands is to some extent an advantage, it can also
make it more difficult to control the experimental
conditions, since the catalytic activities of the various
complexes of one and the same metal co-existing in
the solution to be analysed may be different. To
establish the conditions for the highest reproduci-
bility of a catalytic method for the determination of
a platinum metal, it is important to know precisely
which complex ion is most catalytically active. In-
vestigations of the catalytic properties of platinum
metal complexes at microgram and submicrogram
levels in solution have shown complexes of Os-
(VII}-Os(VI) and Ru(VIID)-Ru(VI),'*** and the
oxo and hydroxo complexes of Ir(IV)-Ir(III) and
Rh(IV)-Rh(II[)*¥7 to have highest activity in alka-

line solution. In acid solution, the higher oxidation

states of the platinum metals are unstable.

It has also been found that the catalytic activity of
osmium, ruthenium, iridium and rhodium complexes
in solution increases with increasing number of hy-
droxo groups in the inner co-ordination sphere of
the compounds,**¥ which should be taken into
account in determining the optimum analysis con-
ditions. On the other hand, the presence of hydroxo
groups in the complex restricts the upper limit of the
concentrations which can be determined, since hydro-
lysis and condensation to yield polynuclear species
occurs at quite low concentrations of the platinum
metals, 6450

Since the catalytic activity can vary from one
co-ordination compound to another of the same
central metal ion, measurements of rates of catalysed
reactions can be used to investigate the nature of the
different complex species. This approach is especially
useful in investigation of equilibria in aqueous solu-
tions of platinum metals in the predominance region
of their mononuclear forms, since polynuclear com-
pounds of these metals are formed at concentrations
as low as 10~° M,"%% at which the application of
most other methods of investigation is no longer
possible. Catalytic methods made possible the first

characterization of mononuclear osmium, ruthenium
and iridium species in aqueous mineral acid and
alkali solutions,®%%-%1 and this led to recommen-
dations concerning the standardization of solutions
of these elements, and establishment of conditions for
their determinations,*® with highest sensitivity and
good reproducibility.

One of the disadvantage of kinetic methods of
analysis is considered to be their poor selectivity. It
should be pointed out that a number of quite specific
indicator reactions have been proposed in recent
years for determining osmium,”*>* ruthenium**!*
and palladium.*® However, most of the indicator
reactions which are convenient to use are catalysed by
several platinum metals, and the methods based on
them are not selective enough. In such a case the
investigator may attempt to improve the tolerance for
(a) other platinum metals and (b) other elements
generally. The usual approach is to separate the noble
metals as a group from other metals in the sample
and then to use conditions that increase the selectivity
for the platinum metals in particular. The selectivity
may be improved by including further separation of
the platinum metals or exploiting the peculiarities of
the kinetics of the catalytic reaction and differences in
the chemical properties of the catalytically active
substances. For example, osmium and ruthenium are
usually determined after selective distillation of their
tetroxides. The indicator reaction involving oxidation
of x-naphthylamine by nitrate may then be used for
the determination of both ions.”® Alternatively, the
same reaction can be used to determine osmium and
ruthenium without prior separation; a differential
method is used, based on the difference in the de-
pendence of the catalytic reaction rates on the reduc-
tant concentration.***> An earlier similar differential
method for the determination of osmium and ruthe-
nium was based on their catalysis of the oxidation of
arsenite by cerium(IV).?

The same approach to increasing the selectivity
may be adopted in the determination of other plat-
inum metals, though in this case there are usually
more than two of them present in the solution to be
analysed. Most commonly, to determine one plat-
inum metal in the presence of another that catalyses
the same reaction, use is made of the fact that the
highest catalytic activity of each will be obtained
under different conditions. Thus there are indicator
reactions which are catalysed by several of the plat-
inum metals but can, nevertheless, be made selective.
For example, the oxidation of copper(I) by per-
iodate may be made specific for determination of
ruthenium or rhodium since their catalytic activities
show different pH-dependence: catalysis by ruthe-
nium(IV) is most effective at pH 12.5 and that by
rhodium(III) at pH 8.0.%7¢ In the oxidation of di-
phenylamine by cerium(IV), which is an indicator
reaction for the determination of iridium or ruthe-
nium, the catalytic action of ruthenium(IV) com-
pounds is retained at higher acid concentrations,
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whereas iridium(IV) compounds completely lose
their catalytic activity under these conditions, allow-
ing determination of the ruthenium.*

The determination of iridium in a mixture of
platinum metals in solution is rather a knotty prob-
lem. Such solutions usually contain much less iridium
than other metals, and a completely specific indicator
reaction for this element is not yet known. The
oxidation of mercury(I) by cerium(IV), which is very
simple to use and has good reproducibility, tolerates
all the noble metals except ruthenium, and practically
all the commonly occurring metals. This indicator
reaction has been applied to the determination of
iridium after its separation by paper chromato-
graphy.’” It has been found recently that this reac-
tion may prove to be specific for the determination of
iridium if ruthenium(IV) is converted into inactive
nitroso complexes by pretreating the solutions to be
analysed,* or if the iridium is determined in
perchloric acid medium.”

CONCLUSIONS

The material considered in this paper shows that
catalytic methods are now available for determining
all the platinum metals in solution. As follows from
Table 7, however, the number of homogeneous indi-
cator reactions for the determination of each element
is very different. The sensitivity of the methods is
extremely high, with detection limits as low as
10--10~% ug/ml. For each element (except plat-
inum), specific indicator reactions are available. The
application of catalytic methods directly to the anal-
ysis of “real” samples makes it possible to reduce the
amount of sample required compared with that re-
quired for other methods and in many cases the
procedures can be automated. Continuous progress
in this field faces some problems, but the most
important needs, in our opinion, are as follows.

1. Search for indicator reactions and development
of selective methods for the determination of plat-
inum, palladium and rhodium at trace levels.

2. Wider use of modern instrumental methods to
allow the range of indicator reactions to be widened
and their sensitivity to be increased.

3. Systematic search for activators®®* to increase
the sensitivity of the catalytic methods for deter-
mining platinum metals.

Table 7. A summary of the catalytic methods
for the platinum metals based on homo-
geneous indicator reactions

Determination
Element No. of methods limit, ug/m/
Ru 23 5x 1077
Rh 2 104
Pd 4 10-?
Os 17 6 x 107
Ir 11 10—}
Pt 1 2.5% 1072

4. Investigation of the catalytic properties of plat-
inum metal compounds in other types of reaction
besides redox reactions.
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Summary—Quantum chemical structure calculations for metal co-ordination compounds with various
organic ligands allow choice of generalized parameters of chelate electronic structures, to form a basis
for systematization and prediction of analytical properties. The extent of the co-ordinative saturation of
a metal is measured as the sum of the covalent bonding energies of the two-centre metal interactions with
the ligand atoms. The concept of “valence state of the ligand” is considered and characterized by the
energy sum of the covalent components of two-centre interactions in the ligand. It is shown that the ligand
structure can be correlated with the complex stability and this provides a new mechanism for assessing
the influence of substituents in ligands. The calculated data make it possible to predict compound stability
in solutions and synergic action, and therefore such analytical properties as sensitivity and selectivity. For
the azo dyes as an example, it is shown that quantum chemical calculations can explain many of the
experimental data on the use of azo dyes in photometry, and suggest directions of search for new analytical
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reagents.

The search for new analytical reagents and new
reactions for simultaneous determination of trace
components, especially metals, is at the centre
of analytical chemistry. Problems not yet solved
include group concentration and separation of trace
components, separation of traces from macro-
components, and development of methods for multi-
component analysis, especially photometric pro-
cedures. To resolve these problems it is necessary to
utilize all our knowledge about the structure of
compounds and their formation reactions. The study
of co-ordination compounds, their properties and
formation reactions is therefore very important for
analytical chemical research.

This paper gives the results of our quantum chem-
ical calculations of the structure and properties of
various reagents and their co-ordination compounds
with metals. The quantitative parameters of the com-
plex electronic structures determined have enabled us
to model qualitatively or semiquantitatively some
analytical properties of the compounds.

STABILITY OF METAL CO-ORDINATION
COMPOUNDS IN SOLUTION AND SELECTIVITY
OF COMPLEX FORMATION

Theoretical calculations of the thermodynamic
complex-formation energy in the gas phase and in

*Author for correspondence.

1The absolute values of the calculated energies depend on
the parameters used in the semi-empirical methods.
Thus, the energy values given here should be used only
for comparison purposes.

m

solutions are not yet possible.'? The main approach
(mathematical model), to prediction of complex
stability (formation constants) in solutions is the
use of semi-empirical dependences between some
ligand properties and complex physical properties
such as spectral characteristics and stability constant
values.>® A special case of this approach is the
use of the free-energy linearity principle to predict
the effect of different substituents in a ligand on the
values of the stability constants, as shown, e.g., by
Ovchinnikov et al.,’ but the semi-empirical equations
published allow only prediction of stability constants
for one metal and a narrow class of ligands.

The work described in this paper was an attempt
to establish a relationship between the parameters of
the electronic structure and the stability constant of
the co-ordination compound, and the related anal-
ytical properties. The quantum chemical calculations
were done in approximation of CNDQ/2 with the
parameter chosen by Clack et al.” Compound struc-
ture analysis was done in terms of charge distribution
and the energy of two-centre interactions. The ener-
gies of the covalent contribution to two-centre inter-
actions (covalent-part energies, CPE)t are the most
interesting for compound stability analysis.®

Donor atoms

The effect of ligand donor atoms on the stability
of co-ordination compounds has been considered
many times. It is well known that the stability of
heavy metal compounds increases in a set of
ligands containing different donor atoms, in the
order O < N < S. However, this is not always true,
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Table 1. The values of donor-atom charges (g, ) and metal-donor-atom two-centre interaction
energies (E, y, arbitrary units) in Co(II), Ni(II) and Cu(II) complexes

Donor Co(II) Ni(IT) Cu(Il)
atom
Complex* X) —qx —Ecox —qx —Enix —4x —Ecux
N 005 0982 004 1054  — —
M(py)(H,0); o 0.8 0825 0.8 0865  — —
N 004 0984 003 1042  — —
M(py), (H,0), 0 0.9 0785 018 0825 = — —
N 003 0923 002 0978  — —
M(py)(H;0), ) 020 0732 019 0768  — —_
N 007 0967 006 1024  — —
M(phen)(H,0), 0 018 0810 018 0848  — -
N 006 0942 005 099 007 1038
M(phen);(H,0), 0 0.8 0764 018 0789 020 0812
0 032 0926 032 0966 033 1006
M(acac) (H,0), Opo 017 0807 016 088 018  0.869
o 030 0878 030 0919 031, 095
M(acac),(H,0), Opo 015 0770 014 0813 016 0852
0 030 0895 029 0937 030 0976
M(dbm), (H,0), Owo 017 0633 017 065 017  0.683
o 038 1000 037 1043 038 1076
M(oxine)(H,0), N 004 0981 004 1036 006 1085
Owo 017 079 017 080 018 0870
o 035 1017 038 0963 040  099%
M(oxine),(H,0), N 008 1061 000 0997 002 104
Owo 018 0743 015 0781 017 079
S 015 1411 014 1479 016  1.547
Mthiox) (H,0), N 003 0941 003 0992 005 1047
Owo 017 0766 017 0780 018 0832
S 019 1318 018 1384 020 1450
M(thiox),(H,0), N 000 0871 000 0922 002 0964
Ouo 016 0653 016 061 017 0727
M(dtp), S 020 1327 020 1327 020 1458
M(dtc), s 009 1249 006 1364 012 1296

Phen—1,10-phenanthroline, acac—acetylacetone anion, dbm—dibenzoylmethane anion,
oxine—8-hydroxyquinoline anion, thiox—8-mercaptoquinoline anion, py——pyridine, dtp—
dimethyldithiophosphoric acid anion, dtc—diethyldithiocarbamic acid anion. The energies
of ML,(H,0), complexes, where L is a bidentate ligand, were calculated by modelling
the square-plane co-ordination of two bidentate ligands with a trans-axial arrangement of

two water molecules.

especially for IVth series transition metals with oxi-
dation state + II. In Pearson’s well-known classifi-
cation they are assigned to an intermediate group.
Calculated charges on the ligand donor atoms and
the CPE of the metal-donor-atom bonds are listed in
Table 1. The CPE values may give a quantitative
measure of preference for bond formation between a
metal and one or other donor atom. The charges on
the donor atoms are less useful, and do not correlate
with metal-complex stability. The CPE values give
interesting information. The following conclusions
may be drawn.

(1) In the metal series Co(II), Ni(II), Cu(ll), for a
given type of complex, the CPE (absolute value)
increases in most cases. This agrees with the experi-
mental stability constants.

(2) Analysis of the relative stability of complexes
of the ML,(H,0),, type shows that the individual
bond formation energies are not additive, because of
ligand interactions. In most cases, increasing the
number of ligands, by replacing water molecules in
the inner sphere of complexes, leads to an energy

decrease in the metal bonds with all the donor atoms.
Other examples, illustrating the role of co-ordinated
water molecules in the energy of complex formation
are given in an earlier paper.’ ]

(3) The comparison of CPE values for M—O and
M-N bonds in M(oxine)(H,0), and M(oxine),-
(H,0), complexes shows that in the first complex
the metal-oxygen bonds are more favourable for
Co(I) and Ni(II), whereas in the dioxinates the
metal-nitrogen bonds are more favourable for all
metals. Also, the metal-oxygen bond in the mono-
oxinate is more favourable than, e.g., the metal-
nitrogen bonds in the mono- and bis-phenanthroline
complexes. Thus, the preference of a metal for inter-
actions with donor atoms (such as nitrogen and
oxygen) depends on the composition and structure
of the ligand, and also on the specific composition of
the metal co-ordination sphere. The most stable bond
is metal-sulphur in all the examples considered.
Many examples have been given previously.! These
showed that, although metal-donor atom inter-
actions make the main contribution to the energy
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Table 2. The sum values of metal-ligand atom two-centre interaction
energies (CPE, arbitrary units) as metal free valence indices in complexes

Metal (M) M(dtp), M(dtc), M(oxine), M(thiox), M(acac),
Co —6.234 —5.460 —5.424 —5.834 —4.560
Ni —6.124 —6.040 —5.606 —6.030 —4.698
Cu —6.956 —5.748 —5.780 —6.256 —4.854

of the metal-ligand bond, the interaction of metal
atoms with other ligand atoms close to the metal
may change the order of complex stability. For
example, for Ni(II) complexes with dithioacetyl-
acetone (dtacac), dimethyldithiocarbamate (dtc), di-
methyldithiophosphate (dtp) and maleonitriledithiol
(mnt) the order of CPE values for the metal-donor-
atom bond is

Ni(mnt);~ > Ni(dtacac), > Ni(dtc), > Ni(dtp),
The order for the metal-ligand interaction energy is
Ni(mnt)?~ > Ni(dtp), > Ni(dtc), > Ni(dtacac),.

This order of complex stability may be explained’ by
spatial tension in the Ni(dtc), and Ni(dtp), four-
membered chelate rings, which results in low-energy
metal-sulphur interaction, being compensated by
the abundance of trans-annular interactions. The
latter make the Ni(dtc), and Ni(dtp), complexes,
which have four-membered rings, more stable than
Ni(dtacac),, which has a six-membered chelate ring.

Co-ordinative saturation

“Free valence” as an index of reaction ability has
been used in quantum organic chemistry for many
years. It was introduced to allow comparison of
co-ordinative saturation of various atoms in mole-
cules. The atom which has the largest sum of the
bond orders with neighbouring atoms is less able to
form additional bonds. Evidently such an index
would be useful in analysis of the properties of
co-ordination compounds. It is well known that some
ligands form inert stable complexes in which the
metal has a low co-ordination number. Compounds
such as bis(dithiocarbamato)M(II), bis(dithiophos-
phato)M(II), and others, form stable compounds
which show no tendency to oligomer or stable adduct
formation. On the other hand, compounds such as
bis(acetylacetonato)M(II) (with M =Fe, Co, Ni)
exist either as oligomers or as adducts, such as
M(acac), - 2L (L = monodentate ligand) or M(acac),L
(L = bidentate ligand). This illustrates the fact that

two bidentate anions of acetylacetone do not saturate
the metal co-ordination sphere; hence the ease of
formation of compounds in which the metal co-
ordination number increases to six. Thus any quan-
titatively calculated criterion for metal co-ordinative
saturation should be able to make predictions about
adduct formation. Table 2 gives CPE values for
metal-atom bonds with all ligand atoms, which may
be used as the free valence index of a metal (FV). It
is evident from Table 2, that FV correlates with
complex stability, and that the higher the FV value,
the less is the possibility of the metal forming bonds
with additional ligands. The possibility of predicting
these properties is very important for analytical
chemistry, because it can explain the synergic action
of various active additives (amines, phosphine oxides
and others) in metal extraction.!®'? Unfortunately,
there are not enough data in the literature to allow
quantitative correlation of the suggested FV values
with the stability of ML,A or ML,A, compounds
(L = bidentate ligand, A = monodentate base). For a
qualitative correlation, we can compare Yordanov’s
order"® for the affinity of copper(II) bis-chelates (with
ligands containing various donor atoms) for attach-
ment of a molecule of base, with our calculated FV
indices. Yordanov’s order is

Cu(Q,) > Cu(O,N,) > Cu(N,)
> Cu(N;,S,) > Cu(S,) > Cu(Se,).

Table 3 gives the calculated FV values for a number
of bis-chelates having the same general structure but
differing in the type of donor atoms:

HC CHy
\ /
=X Y=g
H-—-Qé:ﬁ(M\ﬁzép—-H
/ \

HsC CHy

X,Y =0,NH, S
M (n} = Mn, Fe, Co, Ni,Cu

Table 3. The sum values of metal-ligand atom two-centre interaction energies (CPE, a.u.) as
metal free valence indices in complexes of the form

X Y X Yy X
Metal O O N N S

Y, X Y X Y X Y,
S O N O s N s

Mn —4.072 —4.880 - 5.056 —4.448 —4.576 —4.928
Fe —4.386 —5.292 —5.476 —4.802 —4.960 —5.336
Co —4.560 —5.500 —5.710 — — —

Ni —4.698 —5.686 -~5.930 —5.148 —5.356 —5.756
Cu —4.854 —5.874 —6.136 —5.324 —5.540 —5954
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Table 4. The covalent contribution (CPE) to the two-centre interaction energies in co-ordinated and free molecules of

pyridine and 4-aminopyridine

Bond*
number 1 2 3 4 5 6 7 8 ZAE
Compound
Py —1710 -1.750 -1.740 —-0950 —0.950 —0.950 — — —
Ni(py)(H,0)st —0.081 0.012 -0.014 -0.018 -0.003 —0.005 -—1.054 — —0.213
Co(py)(H,0) —0.082 0011 -0.013 -0.020 -0.003 —0.005 —0.997 — -0.219
4-NH, py -1700 -1770 —-1,700 -—1450 -—0.950 -—0.980 —0.980 — —
Ni(4-NH,py) (H,0), —0.087 0.016 —0.027 0.048 —0.019 -0.001 -0.006 —1.068 —0.200
Co(4-NH,py)(H,0) —0.088 0.016 —0.027 0.048 -0.021 -0.001 -0.006 —1.011 —0.206
*Bond numbers in reagents and complexes:
H H H H
54 H o 65
HE N—LM S N-2m
3 1 H/ 3 9
2 2

$The values of AE = Ef5/**8 — El4; calculated for each bond are shown.

The data of Table 3 agrees with Yordanov’s order
and enables us to generalize this order for Mn(II),
Fe(II) and Ni(II) complexes and in a number of cases
for Co(II) complexes.

Ligand valence state

Metal and reagent electron shells are rearranged
when a co-ordination compound is formed. The
energy of rearrangement of the metal electron shell,
i.e., the energy needed to change the oxidation state
of the metal atom or ions is called the “valence state
energy”. Transitions between valence states often
demand considerable promotion in energy. That is
why the metal valence-state energy is significant in
the energy balance for a compound. The question of
analogous values for polyatomic ligands has not been
raised in the literature. As far as we are aware,
quantitative analysis of energy promotion for ligand
transition in the valence state has not been discussed.
Two-centre interaction energies for pyridine and
4-aminopyridine, and for the corresponding metal
aqua complexes are listed in Table 4. These data give
a vivid picture of reagent destabilization on complex

formation. The destabilization energy is 20% of the
metal-ligand bond energy. It is most interesting to
follow the effect of hydrogen substitution on the
amino group on changing from pyridine to
4-aminopyridine. The data show that the 4-amino
group stabilizes the quinonoid form of the pyridine
ring. The destabilization energy of the reagent on its
conversion from the free state into the co-ordinated
one, was determined as the difference between the
two-centre interactions sums in the two states. For
both metals, the pyridine and 4-aminopyridine de-
stabilization energy difference is equal to 0.013 a.u.
(arbitrary units), and the metal-ligand bond energy
difference is 0.014 a.u. Thus, the influence of the
amino group is similar for the pyridine-ring nitrogen
donor properties, and for the ligand valence-state
stabilization.

Table 5 lists the two-centre interaction energies for
bis( f-diketonato)Ni(II). These data show that re-
placement of a methyl group in acetylacetone by
phenyl leads to ligand bond stabilization (AE; =
—0.24) which is higher by a factor of 10 than the
metal-ligand bond energy change (AEy,_o = —0.024).

Table 5. Two-centre interaction energies (arbitrary units) in Ni(II)
complexes with acetylacetone and dibenzoylmethane M(L)(H,0),

Bond
number
L 1 2

3 4 "
CH,(Me) —1.701 -—1.675 -1.338 —-0966 —4.714
C¢H,(Ph) —1.689 —1.672 —1413 -0972 -—4.774

*Li3=E +E,+E

RJ
il o
H-C? >M
— 0
R

AE,, = 4(Zt4, — ZV5,) = —0.24

AEy o = 4(E3H — EMe) = —0.024,
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Table 6. Two-centre interaction energies for Cu(dik),(am), type complexes in two con-
formations (I and II} and Cu(dik),(phen) and Ca(acac)(phen), (III) (acac—acetylacetone,
hfa—hexafluoroacetylacetone, py—pyridine, apy—4-aminopyridine, phen—1,10-phenanthro-

line)
aj hfa, a hfa acac hfa
acac, apy » apy + PY  [hen  phen
I I I I I II Cu(dik), (phen) Cu(acac)(phen),
—Eq o 0922 0916 0908 0.901 0.911 0.905 0.909 0.893 0.894 (0.913)
—E, n 0.839 0.842 0.858 0.861 0.850 0.853 0.967 0.986 0.989
—E., . 6.560 6.552 6.547 6.540 6.549 6.541 6.862 6.851 7.350
dik acac

am
am

am dik
I
am dik

From this point of view we considered the influence
of the radicals in complexes of the type

S
Ni(<s>c = NRy,.!

and showed that as in the above-mentioned example
with acetylacetone and dibenzoylmethane, the radical
substitution effect on complex stability should not be
caused by the change in electron density on the donor
atoms. The radical influence is primarily the valence-
state energy change of ligands and therefore deter-
mines the relative complex stability.

Thus, quantitative data on the ligand valence-state
energies give us a new understanding of the role of
substituents and ligand structure in determining the
complex-formation energy.

Mutual ligand influence and mixed-ligand complex
stability

Our data can also illustrate mutual influences
between ligands. Substitution of water molecules in
the metal inner sphere changes the energies of the
metal bonds with any other water molecules and
other ligands (Table 1). It is evident that the place of
a particular ligand in the complex stability order may
change with the inner sphere composition. Table 6
gives electron structure parameters for copper(Il)
compounds of the Cu(dik),(am), type, where dik is
acetylacetone or hexafluoroacetylacetone and am is
pyridine or 4-aminopyridine. The data for
Cu(dik)(phen), or Cu(dik),(phen) are also given,
where phen is 1,10-phenanthroline.

Complexes of the Cu(dik),(am), type were anal-
ysed in two conformations: (I) a coplanar arrange-
ment of the two chelate rings and a transaxial
arrangement of the two amine molecules; (II) a
non-coplanar arrangement of the chelate rings. From
these data, we may concluded the following.

(1) Irrespective of the diketone and amine, the
metal-ketone bond is more stable in conformation I,

/|

” i

N m

d

phem~_

and the metal-amine bond is less stable. Since the
conformational change is more substantial for metal
bonds with f-diketones, conformation I is more
stable.

(2) Metal bonds with f-diketones are more stable,
and bonds with amine molecules less stable in the
acetylacetone complexes than in the hexafluoro-
acetylacetone complexes.

(3) For a given f-diketone, 4-aminopyridine is
bonded more strongly than pyridine. The nature
of the p-diketone is very important, in that
4-aminopyridine is bonded more weakly with the
acetylacetone complex than pyridine is with the
hexafluorocetylacetone complex.

(4) The metal-nitrogen bond in mixed-ligand com-
plexes with phenanthroline is more stable than the
metal-nitrogen bond with pyridine and 4-amino-
pyridine monodentate ligands. This illustrates the
difference between ligand basicity (i.e., proton
affinity) and ability to make bonds with metals. In
the above-mentioned mixed-ligand complexes (MLC)
with monodentate amines, the amines form weaker
bonds with the metal than the B-diketone does. In
MLC with phenanthroline, the reverse is true.

There are data in the literature for formation of
transition-metal MLC, containing a f§-diketone and
various bidentate reagents. The energy characteristics
of a number of complexes are given in Table 7.
Comparison of the metal-ligand bond energies in
these complexes illustrates the bond polarization.'
For example, oxine forms more stable bonds with
nickel(IT) than acetylacetone does in the correspond-
ing homo-ligand (HLC) bis-chelates. The nickel(II)-
oxine bond is stabilized, and the nickel(II}-acetyl-
acetone bond destabilized, in MLC in comparison
with HLC.

These data are in accordance with the well-known
stabilities of homo- and mixed-ligand complexes with
B-diketones. Our approach allows prediction of the
relative complex stability from the f-diketone sub-
stituent properties.



82 A. T. PILIPENKO and

L. I. SAVRANSKY

Table 7. Metal-donor atom two-centre interaction energies in Ni(II)

complexes
Donor —Eyx

Complex Ligand atom  (arbitrary units)
. . (o) 0.963
Ni(oxine), (H,0), oxine N 0.997
Ni(acac),(H,0), acac (o) 0.919
. . . (o] 0.992
Ni(acac)(oxine)(H,0), oxine N 0.994
acac o 0.894

SPECTRAL CONTRAST

Let us consider the properties of azo dyes that
make them suitable as reagents for photometric
determination of metals. The difference between the
positions of the absorption bands of the free reagent
and the metal complex depends on the structure of
the complex and on the chemical equilibria of the
reagent in solution. The following groups of azo dyes
can be distinguished.

(1) Reagents that form complexes with metals with
the help of functional groups that are remote from
the azo groups. The metals are not bonded directly
with the nitrogen atoms of the azo groups in com-
plexes with such reagents. Examples of such reagents
and their photometric characteristics have been
given.!>!¢ To construct a reagent of this type, reagents
that form colourless complexes with many metals are
modified to give reagents that form coloured ones.
For example, the azo coupling reaction with salicylic
acid, pyrocatechol and other hydroxy- and carboxy
derivatives of benzene yields coloured reagents
that form coloured complexes with metals. Typical
reagents are:

HO
Stilbazo

The nature of the colour of the compound and the
spectral contrast on complexation has been consid-
ered in depth.!” Since metals are bonded with these
reagents either by two hydroxyl groups, or by hy-
droxyl and carboxyl groups, and are not connected
directly with the nitrogen atoms of the azo group, the
maximum possible colour contrast on reaction is
determined by the absorption maxima of the corre-
sponding acid-base forms,'® e.g.,

Amax = 395 — 410 nm

OH

OH

Examples'>'® show that the colour contrast in reac-
tions with such reagents is fully determined by the
acid-base properties of the reagent."”

(2) Chelate-forming reagents, in which the metals
are directly bonded with the nitrogen atoms of the
azo group.

This group of reagents is widely used in analytical
practice. From the point of view of the nature of the
absorption spectra, it is expedient to divide these
compounds into three subgroups.

(a) Hydroxyazo compounds in which hydroxy
groups are bonded only to benzene nuclei, e.g.,
2,2’-dihydroxyazobenzene and its numerous deriva-

tives
OH
@"z"@
HO

CH=—CH -

p-nitrobenzeneazopyrocatechol OH
OzN @N =N OH
OH
N— OH
phenylazosalicylic acid  ,“%%"
OH

(O)—n=n

oS, =

Amax =505 nm

e W—c

Amax = 592 nm
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and 4-(2-pyridylazo)resorcinol (PAR) achieve more contrast. For example, formation of the
PAR complex of Pd(Il) in sulphuric acid followed by

@N:N §:> OH extraction into an organic phase leads to a band shift

N of >200nm. In many similar spectrophotometric

procedures used for metal determination with this

HO group of reagents, the contrast has not been opti-

mized. This optimization of conditions has been
discussed in several papers.'*!%!® The peculiarity of
hydroxyazo compounds with hydroxy groups on the

naphthalene nucleus is the possibility of the azohy-
drazone tautomeric equilibrium in solution.

OH
OH 0
X HO H
o
N==N Q R—N=—N

(b) Hydroxyazo compounds in which hydroxy
groups are also (or only) bonded with naphthalene
nuclei, e.g., numerous mono- and bis-azo derivatives
of chromotropic acid

== R—N—N
SO4H N\ //
X = — OH,— COOH,— HsOzH,, The change from azo to hydrazo form is usually
— PO3H, accompanied by a large red shift of the absorption
band (see Table 8). From evidence in the literature,?
and 1-(2-pyridylazo)-2-naphthol confirmed by the calculations shown in Table 8, the

absorption spectra of these compounds in water and

OH other polar solvents show the presence of mainly the

N hydrazo form, but in less polar media it may be

O N=N‘© possible to see both the azo and hydrazo forms. The
comparison of the experimentally observed spectra of

two reagents, Eriochrome Black T (ECB-T) and

Calcon, with the calculated band position for the

.. . different forms of these reagents shows that it is
(c) Hydroxyazo compounds containing a nitro

group in the aromatic nucleus, ¢.g., compounds de-
rived from picramine

O,N OH x OH

HO
N=—N—R where R = or @e Y
x ’
X

ON

with different subsiiiuents X, Y, and Eriochrome

Black T possible to characterize and identify the forms of a
reagent in solution, and also shows the insufficiency
of traditional methods for characterizing acid-base
and tautomeric equilibria. From our research, we

NO,
OH 0 suggest that the equilibria of ECB-T aqueous solu-
tions are as follows (numbering as in Table 8)
O N=N O SO4H n = \% = VI = vil
H,R~ HR?*- HR?*-* R*-
O HO pH 5-6 7-9 10 0.1-1.0M NaOH
Amax 545nm  590-600nm 630 nm 530 nm

A characteristic feature of the compounds of sub-  If the reagent H;R can exist only as the single non-
groups 2a is that they exist in solution, mainly in azo  charged form or as the anions H,R~, HR?~ and R*-,
forms. Metal complex formation is usually character- it is impossible to understand the appearance of
ized by a considerable shift of the longest-wavelength  three new bands and not two between pH values 7
absorption maximum of the reagent, AA > 100nm. and 14. Each species is assumed to be characterized
By choice of certain reaction conditions, such as by its own absorbance maximum. The calculations
solvent and acid—base parameters, it is possible to  show that the species with 4_,, = 590-600 and 630 nm
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are doubly charged anions that differ in the degree of
preservation of the strong hydrogen bonds of hydro-
gen ions with the oxygen atoms of the hydroxyl
groups.?* Thus, the normal picture of an acid-base
equilibrium, in which only a single species with a
particular charge, is not correct. For example (see
Table 8) there are two forms of the anion HR?*~ for
Eriochrome Black T at pH 7-10. These forms differ
in the position of the maximum absorptivity. In the
scheme above and Table 8, the form VI differs from
form V by weakening of the hydrogen bond formed
by the oxygen atom of one of the reagent hydroxyl
groups. An analogous picture is observed for the
spectra of Calcon solutions. The new absorption
band at pH 10 cannot be explained by a normal
acid-base equilibrium. The forms I'V and V of Calcon
(see Table 8) are both HR?~ and differ, like the forms
V, VI of ECB-T, in the degree of preservation of
strong hydrogen bonds with the oxygen atoms of
hydroxyl groups. The most probable forms of Calcon
in water solutions appear to be:

1I = 1Y = Y = YI
H,R~ HR?*-* HR?-** R*-
pH 5-7 8-9 10 0.5-1.0M NaOH
Amne 520 nm 600 nm 650 nm 555 nm

The absorption maxima for metal complexes are
rather close to those of the hydrazo forms of the
reagent, which explains why reactions with reagents
present in the azo form in solution give the greatest
contrast. Subgroup 2a reagents exist in the azo form
in solution, and offer potentially the highest colour
contrast in reactions with metals. Reagents that have
a substituent -NO, group form a special group (2c),
since they differ in the nature of the chromophore
from hydroxyazo compounds.”” The presence of
the nitro group leads to additional intramolecular
charge-transfer bands.

CONCLUSIONS

The comparison of electron structure parameter
values with experimental stability-constant data
shows the potential for use of semi-empirical mathe-
matical models for quantitative description and

prediction of analytical properties. The lack of.

quantitative experimental data on compound stabi-
lity means that we have found only qualitative
correlations between the orders of relative stability
of compounds in solutions and electron structure
parameter values. Our research on the spectra of azo
dyes gives a key to the understanding of reagent
colour contrast.
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Summary—Progress in the synthesis and theoretical study of the S-azo derivatives of rhodanine,
thiorhodanine, 3-aminorhodanine, thiohydantoin, pseudothiohydantoin, thiopropiorhodanine, and sele-
noisorhodanine is discussed. Emphasis is placed on peculiarities in the interaction of this series of reagents
with noble metals and their practical application in analytical chemistry.

Azo compounds based on rhodanine, thiorhodanine,
and isorhodanine were synthesized for the first time
at the L'vov Medical Institute as potential medicinal
preparations. Their qualitative reactions with some
elements were also reported.!”

The S5-azo derivatives of rhodanine and its ana-
logues based on aromatic amines containing salt-
forming groups, the hydroxyl group in particular,
which have been synthesized by us, have proved to be
valuable analytical reagents for noble metals (NM).4¢
In contrast to the S-substituted derivatives of rho-
danine (e.g., p-dimethylaminobenzylidenerhodanine)
which have found application largely for the deter-
mination of gold and silver, the 5-azo compounds
react in acid and strongly acid media with all NM
except osmium. The reactions have high sensitivity
and selectivity. The 5-azo compounds of rhodanine
are also distinguished by their rather good solubility
and stability in strongly acid media.

Systematic study of the properties of the S-azo
derivatives of rhodanine has proved these reagents to
be quite promising in the analytical chemistry of NM,
including spectrophotometry, differential spectro-
photometry, precipitation, identification of chro-

matographic and electrophoretic zones, separation of
NM as coloured complexes, extractive enrichment,
and enrichment and separation on chelate sorbents
involving azorhodanine and azothiopropiorhoda-
nine. Owing to the exceptional ability of these re-
agents to react with NM in strongly acid media,
methods were developed for the first time for the
determination of NM as various acid complexes.
These not only enlarged the range of analytical
methods available but in some cases gave improved
analytical characteristics (sensitivity, selectivity, reac-
tion kinetics). This group of reagents also seemed
promising for the determination of non-ferrous and
heavy metals.

SYNTHESIS OF REAGENTS

A series of reagents was obtained, which are based
on the following heterocyclic azo compounds:
rhodanine, thiorhodanine, thiohydantoin, pseudo-
thiohydantoin, 3-aminorhodanine, N-substituted
3-aminorhodanine, selenoisorhodanine, and a six-
membered  analogue of rhodanine, thio-
propiorhodanine (Table 1).4%

[+] 1]
x> N
Ne — NH \C'-—N‘H
k s c==S§ k L=
rhodanine thiorhodanine
0 0,
Y
\c——r«ll-—r«m, \c-—n—nz CH
k s =S s L==S

N-substituted
3~aminorhodanine

3-aminorhodanine

0
O\C——rJ‘H T-NH
kﬂ’ =3 s,é:NH

thiohydantoin pseudothichydantoin
R S
S g
\t —NH E “NH
|
C==0 ) —
Sg’ s ,C s
lenoiso— thi o~
“Thodnine thodanine
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Table 1. 5-Azo derivatives of rhodanine and its analogues

Substituents in

No. diazocomponent Name of reagent

5-Azo derivatives of rhodanine

3 2 Ox_
Ne—nn

4 N=m—i1i=n

Sulphochlorophenolazorhodanine
Sulphonitrophenolazorhodanine
o-Phenolazorhodanine
Carboxysulphophenolazorhodanine
Disulphophenolazorhodanine
Picraminazorhodanine

2—OH, 3—SO,H, 5—Cl
2—OH, 3—SOH, 5—NO,
2—OH

2—OH, 3—COOH, 5—SO,H
2—OH, 3,5—SO,H

2—OH, 3,5—NO,

4—0OH p-Phenolazorhodanine
3—OH m-Phenolazorhodanine
2—COOH Carboxybenzenazorhodanine
2—SO;H o-Sulphobenzenazorhodanine
3—SOH m-Sulphobenzenazorhodanine
4—SO,H p-Sulphobenzenazorhodanine
4—NO, p-Nitrobenzenazorhodanine
2—AsO;H, Arsonobenzenazorhodanine

e
FRURNC-SomNoneEwN -

No substituents Benzenazorhodanine

5-Azo derivatives of thiorhodanine

3 2 s\
N¢—nn

4 N-———N—ks,c'—

S

16. 2—OH, 3—SO;H, 5-Cl Sulphochlorophenolazothiorhodanine
17. 2—COOH Carboxybenzenazothiorhodanine
18. 2—AsO;H, Arsonobenzenazothiorhodanine

5-Azo derivatives of 3-aminorhodanine

3
2 0\

4 N=—N

Sulphochlorophenolazo-3-aminorhodanine

19. 2—OH, 3—SO,H, 5—Cl
Sulphonitropheno-3-aminorhodanine

20. 2—OH, 3—SO,H, 5—NO,

2. 4-OH p-Phenol-3-aminorhodanine
22, 2—COOH Carboxybenzene-3-aminorhodanine
23. 3—SO;H m-Sulphobenzenazo-3-aminorhodanine

5-Azo derivatives of N-benzylidene-3-aminorhodanine

HO;8 OH o
\C —PII—N=CH
N=—=N s L=S§
2! 3

Cl
24, 23—H Sulphochiorophenol-N-(benzylidene)-3-aminorhodanine
25. 2—OH Sulphochlorophenol-N-(2"-hydroxybenzylidene)-3-aminorhodanine

Sulphochlorophenol-N-(2"-hydroxy-3’-methoxybenzylidene)-3-

26. 2'—OH, 3>—OCH,
aminorhodanine



5-Azo derivatives of rhodanine

Table 1—continued

Substituents in
No. diazocomponent Name of reagent

5-Azo derivatives of thiohydantoin

3 2 o
u
C_NH
4 O N-—N-J\,,C—s
]
27. 2—OH o-Phenolazothiohydantoin
28. 2—OH, 3—SO,H, 5—NO, Sulphonitrophenolazothiohydantoin

5-Azo derivatives of pseudothiohydantoin

c—er
O)—v=n— c=nm

5
29. 2—OH, 3—COOH, 5—SO,H Carboxysulphophenolpseudothiodantoin
30. 2—OH, 3—SO;H, 5—NO, Sulphonitrophenolazopseudothiohydantoin
31. 2—OH, 3,5SO;H Disulphophenolazopseudothiohydantoin
32. 2—OH, 3—SO;H, -—Ci Sulphochiorophenolazopseudothiohydantoin

s o2 o
= e —xn
O
5
33. No substituents Benzenazobenzenazorhodanine
34. 3—SO;H, 4—OH Sulphophenolazobenzenazorhodanine

5-Azo derivatives of thiopropiorhodanine

\_/ ﬁ
C\
N—N N|H
DS/

35. 2—OH, 3—SO,H, 5—CI Sulphochlorophenolazothiopropiorhodanine (thiorhodine)
35 2—OH, 3—8SO,H, 5—NO, Sulphonitrophenolazothiopropiorhodanine
37. 2—OH, 3—COOH S—SO,H Carboxysulphophenolazothiopropiorhodanine
38. 2—COOH Carboxybenzenazothiopropiorhodanine

5-Azo derivatives of selenoisorhodanine

3 2 S
X
\c——rofn
4 N=N——L s,c;-o
c

3. 2—COOH Carbcxyknzcnazcselenc:scrhcdm"=
40. 4—NO, p-Nitrobenzenazoselenoisorhodanine
41, 2—OH, 3—SO,H, 5—ClI Sulphochlorophenolazoselenoisorhodanine

42. 2—OH, 3—S0O,H, 5—NO, Sulphonitrophenolselenoisorhodanine

89
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Aromatic amines containing largely hydroxyl and
other salt-forming groups (—SO,H, —COOH,
—AsO,H,) were employed as diazo components.

The heterocyclic azo compounds were synthesized
as described elsewhere. Rhodanine was prepared by
condensation of monochloroacetic acid with ammo-
nium thiocyanate by heating.” Thiorhodanine was
prepared from rhodanine by replacing the carbonyl
group by thiocarbonyl by the action of P,S,.* Thio-
hydantoin was obtained by the reaction of potassium
thiocyanate with the hydrochloride of glycyl ethyl
ether. Pseudothiohydantoin was obtained by con-
densation of urea with monochloroacetic acid by
heating.® 3-Aminorhodanine was prepared by con-
densation of sodium monochloroacetate with hy-
drazine dithiocarbazinate.*'?

3-Aminobenzylidenerhodanine was prepared by
condensation of 3-aminorhodanine with benz-
aldehyde in acetic acid. Thiopropiorhodanine
(2,4-dithione-1,3-thiazane) was prepared by treating
propiorhodanine with P,S; in anhydrous dioxan.!!
Propiorhodanine (2-thione-4-oxo-1,3-thiazane) was
obtained by condensation of 2-chloroacetic acid with
freshly prepared ammonium dithiocarbamate, fol-
lowed by heating with acetic anhydride.’? Sele-
noisorhodanine (4-thione-1,3-selenazolid-2-one) was
obtained by the reaction of 1,3-selenazolidine-
2,4-dione with P,S; in anhydrous dioxan.!* The
1,3-selenazolidine-2-4-dione was synthesized by con-
densation of monochloroacetic acid with selenourea
by heating.

Azo compounds based on heterocyclic azo com-
ponents were synthesized by the action of the corre-
sponding diazotized amine on the heterocyclic com-
ponent under appropriate conditions for each
reaction (nature of solvent, reaction pH, duration
of the reaction). This provided the reagents in high
yield with the least possible amounts of by-products.
The conditions for the synthesis of azorhodanines
are as follows: pH 89, CH,COOH/ NaOH mix-
ture, 1-2 hr; those for azothiorhodanines: pH 5-7,
CH,COOH/NaOH or CH;COOH/NH; mixture,
1 hr; for azo-3-aminorhodanines: pH 8-10, C,H;OH/
CH,COOH/NaOH mixture; for azothiopropio-
rhodanines: pH 7.8, dimethylformamide/C,H;OH/
NaOH mixture, 30 min; for azothiohydantoins
and azopseudothiohydantoins: pH 10, NaHCO,,
1.2 hr; for azoselenoisorhodanines: pH 6-8, Na,PO,,
30 min; for bisazo compounds based on rhodanine:
pH 8-10, C;H,OH/CH,COOH/NaOH. The reac-
tivity of the heterocyclic components in the azo-
combination reactions with aromatic amines in-
creases in the series

The azo compounds based on p-nitroaniline, aniline,
and anthranilic acid were precipitated as diazonium
salts. Other reagents, besides those based on amino-
phenols and selenoisorhodanine, were isolated by
acidification with hydrochloric acid to pH 2-4. The
precipitates were filtered off, washed with water or
alcohol, and air-dried. The products obtained con-
tained 60-85% of the main compound, with the
remainder being water of crystallization and mineral
salts, which did not affect the analytical properties of
the reagents. Reprecipitation was occasionally used
for better purification, although it caused consid-
erable loss of the reagent. The synthesis of the
reagents in the presence of salts of some metals (Ca,
Pb) resulted in purer reaction products and higher
yields, but the solubility of the reagents decreased.
The azo compounds based on aminophenols and
selenoisorhodanine could not be isolated.
Acidification or salting-out resulted in tarry reaction
products.

The azo compounds obtained (Table 1) were
identified by chromatography, and electrophoresis
with various buffer systems,’ as well as by the typical
absorption spectra of the reagents (in concentrated
sulphuric acid and neutral and alkaline solutions) and
their metal complexes. The content of the main
product was established by potentiometric and high-
frequency titration with alkali, and spec-
trophotometric titration with metal salt solu-
tiOﬂS.5’6’l4’ls

PROPERTIES OF THE REAGENTS

5-Azo derivatives of rhodanine and thiorhodanine

The azo derivatives of rhodanine are yellow, or-
ange, or red-orange powders. The reagents contain-
ing salt-forming groups (besides carboxyl) are soluble
in water, dioxan, and dimethylformamide. The solu-
bility increases in alkaline and strongly acid media.
The reagents based on anthranilic acid, p-
nitroaniline, and aniline are soluble in alcohol and
acetone. The azothiorhodanine derivatives are deeper
in colour, more soluble in water, more stable in
alkaline and less stable in acid media, than the
corresponding azorhodanines. Neutral and acid solu-
tions of the reagents are stable for several days. The
solid reagents are stable for more than three
years. 451415

The state of the reagents in solution is one of the
essential factors that determine the reactivity, the
mechanism of complex-formation, and the nature of
their colour reactions with metals. When the pH is

S

[ \PTH < \C—NIH
~ |\ _c=c¢

s,C=s
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changed the reagents solutions sharply change their
colour, owing to dissociation of acidic groups or
protonation of basic groups, and various tautomeric
conversions. For the azo derivatives of rhodanine
which contain a hydroxyl group, several coloured
forms can be distinguished, e.g., red-orange (concen-
trated sulphuric acid), yellow (pH 14), orange (pH
4-8), red-orange (pH 8-10), and violet (pH 11). The
colour of the reagents with no hydroxyl groups
develops from lemon-yellow (acid and neutral media)
to yellow-orange (alkaline solutions) and red
(strongly alkaline solutions). For azothiorhodanines
with a hydroxyl group three coloured forms can be
distinguished, viz. dark-red (acid-neutral media), vio-
let (weakly alkaline media), and blue (strongly alka-
line media). The azothiorhodanines are unstable in
strongly acid media.

The data on potentiomeiric and high-frequency
titration, and analysis of the absorption spectra at the
pH values corresponding to the potential jumps
allowed us to establish pH-values and sequence for
ionization of the acid groups of the reagents.>6!4!5
The nature of the hetero-atom (O, S) affects the pK
of dissociation of the NH group. The NH group of
azothiorhodanines is titrated at lower pH values. At
the same time, the nature of substituents in the diazo
component affects the pX of the hydroxyl group on
the benzene ring. For example, for sulpho-
chlorophenolazorhodanine pKX = 10, while for picra-
minazorhodanine pK = 6. For most azorhodanines
PKyy < pKoy. However, in the case of disulpho-
phenolazorhodanine the NH and OH groups are
titrated simultaneously, while in picraminazo-
rhodanine, which contains two strong electron-
acceptor substituents, the hydroxyl group of the
benzene ring dissociates at lower pH the NH group.

Four types of tautomerism can be suggested for the
azo derivatives of rhodanine, viz.

0=C—NH

|
thione — thiol ——N==N s =8
HO——C——TH .
keto ~enol — N==N s =S
o==c¢C _NIH
azo- hydrazo —N=N g-C=$

hydroxyazo— quinonehydrazo

OH o
Csmrim Conm

the last arising when the benzene ring carries a
hydroxyl group.

For all 5-azo derivatives of rhodanine in concen-
trated sulphuric acid there is a shift of the long-

TAL #/1—G

wavelength absorption band (A4 70 nm) from that in
neutral solutions. According to calculated data' the
bathochromic shift is due to protonation of the
reagents. Since the hetero-atoms of the rhodanine
ring carry the largest negative charge, it is these atoms
that are protonated, and not the hydroxyl group of
the benzene ring or the nitrogen atom of the azo or
hydrazo group.

In neutral form the azo derivatives of rhodanine
exist largely as their azodiketo tautomers. Complex
formation shifts the equilibrium to the enolic form.
This is confirmed by the observed data on the number
of protons liberated in complex-formation between
copper and sulphochlorophenylazorhodanine (SC-
PAR). Formation of the 1:1 complex produces two
protons.® The concentration of the azothiol tautomer
is quite low. The only exception is picraminazo-
rhodanine, which has roughly equal content of the
diketo and thiol forms. For the reagents containing
a hydroxyl group the first bathochromic shift (pH
6-10) results from the transition of the azo form of
the reagent into the quinonehydrazo one. Strongly
alkaline media shift the thione—thiol equilibrium
to the side of the azothiol tautomer, which results
in the bathochromic shift of the long-wavelength
absorption band. The presence of electron-acceptor
substituents in the benzene ring shifts the thione-
thiol transition to lower pH (as is the case for
picraminazorhodanine and sulphonitrophenolazo-
rhodanine).

5-Azo compounds based on 3-aminorhodanine and its
N-substituted derivatives®

Like the S5-azo derivatives of rhodanine, the
reagents based on 3-aminorhodanine and N-benz-
ylidene-3-aminorhodanine are yellow, orange, or red

—

0=C_INI
—N==N S,C——SH
O=—=—=C—NH HO—C=N
—_— —— =
—N==N L=Ss N=N S’C=s
O=—=C-—NH

——NH —N

s,C=S

powders, depending on the substituents in the diazo
component. As regards stability in neutral media,
they closely resemble the corresponding azo deriva-
tives of rhodanine. At the same time, the reagents
based on 3-aminorhodanine are less stable in con-
centrated mineral acid, and concentrated alkaline
solutions. They are also characterized by poorer
solubility than the azorhodanines. The NH, and
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N=CH—CH; type substituents at position 3 of
rhodanine do not essentially affect the spectral fea-
tures. The same regularities in the influence of substit-
uents in the diazo component on the spectral features
and acid-base properties are observed for these re-
agents. The sequence of dissociation of the acid
groups is the same but there is an increase in the
acidity of the hydroxyl group of the benzene ring. For
example, for sulphochlorophenolazorhodanine
pKoy =8.5, while for sulpho-3-aminorhodanine
pKon = 7.0. The bathochromic effect in concentrated
sulphuric acid is less pronounced than for the 5-azo
derivatives of rhodanine.

5-Azo derivatives of thiohydantoin and pseudo-
thiohydantoin

These are the least studied reagents. They are
pale-yellow powders. In solution azothiohydantoins
and azopseudothiohydantoins are less deeply col-
oured than the azorhodanines. The solids are stable,
especially in salt form. In solution the reagents are
less stable than the azorhodanines and azo-3-
aminorhodanines. The sequence of ionization of the
acid groups is retained. In contrast to azorhodanines
and azo-3-aminorhodanines, the reagents in concen-
trated sulphuric acid solutions are pale in colour.

5-Bisazo derivatives of rhodanine

These are stable dark powders. The reagents con-
taining hydroxyl and sulpho groups are well soluble
in water, while those containing no such groups are
soluble in polar organic solvents and water—organic
solvent mixtures. The reagents sharply change colour
with change in pH. The presence of a second arylazo
group affects the state of the reagents in acid media.
While for azorhodanines protonation, accompanied
by deepening in colour (420-500 nm), is observed in
10-15M sulphuric acid, the rhodanine-based bisazo
compound is protonated even in 1-2M sulphuric
acid. The protonation of the bisazo compounds is
accompanied by a deeper change in colour
(420-560 nm). For the bisazo compounds thermo-
chromism is observed, i.e., a sharp deepening in
colour on heating in acid media.

5-Azo-derivatives of thiopropiorhodanine

These are powders, dark red in colour, well soluble
in water and water—organic solvent mixtures. As is
the case for azothiorhodanines, the substitution of
S for O in the heterocycle enhances the solubility of
the azo compounds obtained. The reagents are un-
stable in hydrochloric acid solutions. In neutral
and alkaline solutions the reagents are more deeply
coloured than the corresponding azorhodanines. For
azothiopropiorhodanines the sequence of dissoci-
ation of the NH and OH groups is reversed, i.e., the
OH group of the benzene ring dissociates at lower pH
values than the NH group. This may be caused by
both the difference in acid properties of the individual
azo components (for rhodanine pKyy = 5.8, for thio-

propiorhodanine pKyy =8.1), and by the different
nature of the tautomeric conversions. No deepening
in the reagent colour is observed for azothiopropio-
rhodanines in strongly acid media, in contrast
to azorhodanines and azo-3-aminorhodanines. The
yellow colour of the reagents in weakly acid media,
which is characteristic of the neutral form, is
unaffected even in concentrated sulphuric acid.
Surface-active compounds affect the colour of azo-
thiopropiorhodanines and the corresponding bisazo
compounds over a wide range of pH.

5-Azo derivatives of selenoisorhodanine

The reagents based on anthranilic acid and nitro-
aniline are brown powders, stable in the dry state, but
unstable in solution. Aminophenol-based azoseleno-
isorhodanines failed to be isolated in the solid state.
Changing the pH affects the colour of the reagent
solutions. The nature of the heteroatom (Se) en-
hances the acid properties of the selenoisorhodanines.
These reagents are protonated in more dilute solution
of acids, and the process is accompanied by greater
deepening in colour, compared to the azorhodanines.

INTERACTION WITH METAL IONS

5-Azorhodanines

The aminophenol-based reagents provide the most
sensitive and contrasting colour reactions. Three
regions for the interaction with metal ions can be
distinguished. Co, Ni, Cd, Pb, Zn, Ag, Cu give colour
reactions at pH 6-10, changing the colour from
orange (480 nm) to violet (530-550 nm). The molar
absorptivity (¢, . mole~!.cm~?) is about 2 x 10*.

Cu, Pd, and Ag give colour reactions at pH 1-6,
changing from yellow (430nm) to red-orange
(480-500 nm), € 1.5-3.0 x 10*. Noble metals (Pt, Pd,
Rh, Ir, Ru, Au, Ag) and mercury give colour reac-
tions in acid and strongly acid media (4500-530 nm;
€ 2-12 x 10%). The reactions in strongly acid media
are slow and need 30-50-fold excess of reagent.
Heating increases the reaction rate with NM but in
some cases reduces the yield. For example, platinum
gives a slow reaction (20 hr, ¢ 3.3 x 10*) with sul-
phochlorophenolazorhodanine in the presence of re-
ductants in 3M HCl and in HCI/H,SO, or
HCI/H,PO, mixtures (4 hr, ¢ =1.0 x 10°, for the
latter mixture).

Rhodium and iridium give colour reactions with
the azorhodanines in 10-15M H,PO, 2-7M H,SO,).
The presence of CH;COOH enhances the sensitivity,
Heating at 70° and 90°, respectively, increases the
reaction rate.

Gold reacts with azorhodanines in HCl media at
room temperature in 5-10 min. The presence of
H,SO, or H,PO, does not affect the sensitivity and
reaction rate, but presence of H,PQO, increases the
solubility of the complexes and extends the range of
acidity for maximum absorption.
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Like palladium, silver reacts differently in weakly
acid-neutral and in strongly acid media, to give
coloured compounds which differ in composition,
solubility, etc. In neutral and weakly acid solutions
palladium and silver give well soluble 1:1 complexes,
and only 2-3-fold excess of reagent is needed. The
best azorhodanines to use are those existing largely
as the diketo-tautomers in acid and neutral media,
e.g., sulphochlorophenolazorhodanine, o-phenolazo-
rhodanine, carboxyphenolazorhodanine (¢ 2 x 10*).
The reagents that produce comparable amounts of
the diketo and thiol forms in weakly acid solutions
usually give lower € (0.7 x 10%), e.g., picraminazo-
rhodanine, sulphonitrophenolazorhodanine. Accord-
ing to quantum chemical calculations'* high sensi-
tivity is expected for the reaction of silver with
benzeneazorhodanines which contain electron-donor
substituents in the benzene ring. The presence of the
o-hydroxy group improves the colour contrast,
owing to the hydroxyazoquinone-hydrazone tauto-
merism. In strongly acid media the reactions of Ag,
Pd, Rh, Ir, Ru and Pt are slow and need considerable
excess of reagent.

In strongly acid media the selectivity towards the
common non-ferrous metals is higher, and towards
the platinum-group metals lower, than in weakly
acid—neutral solutions.

Table 2 presents the characteristics of the reactions
of noble metals with sulphochlorophenolazo-
rhodanine and sulphochlorophenolazothiopropio-
rhodanine (thiorhodine), which have the best combi-
nation of analytical characteristics (solubility and
stability of individual reagents and their reaction
products, sensitivity and selectivity of determination)
of all the reagents of this type synthesized and studied
by us.

5-Azothiorhodanines

These reagents react with gold, platinum, and
palladium in 1-6N HCI, changing the colour from red
to blue-violet (¢ 2-5 x 10*). Silver reacts at pH 1.5
with low sensitivity. 5-Azothiorhodanines do not give
a colour reaction with rhodium and iridium.*

5-Azothiopropiorhodanines

These reagents do not react with rhodium and
iridium, but in acid and strongly acid media give
highly sensitive reactions with Pt, Pd, and Au, chang-
ing colour from yellow to red. The reactions for
platinum and gold are slow. Heating increases the
‘reaction rates, while decreasing the yields. The pres-
ence of HCI has an adverse effect on the reactions for
gold and platinum. An H,PO,(H,SO,)/CH,COOH
mixture is best for the reaction with platinum and
gold. The presence of reducing agents increases the
rate and yield of the reaction with platinum.5%

Silver reacts with azothiopropiorhodanines in neu-
tral (pH 5-9, A, 565 nm, AA 30 nm, € 1.5 x 10*) and
acid media (10M CH,COOH/2M H,PO, mixture,

Amex 535 nm, AA 75 nm, € 5.3 x 10*). The reaction with
azothiopropiorhodanines in acid media is of practical
interest. The formation of a coloured compound of
silver in strongly acid media was observed for the first
time with the azorhodanines.'”” The interaction of
silver with azothiopropiorhodanines has several
differences from that with azorhodanines, despite the
similarity in structure of the reagents. The azothio-
propiorhodanines give their most sensitive reaction
with silver in concentrated solutions of CH,COOH,
H,PO,, or their mixtures, whereas with the azorho-
danines silver not only gives no colour reaction in
CH,COOH, but even small amounts of this acid
mask the reaction. This difference appears to be due
to the azothiopropiorhodanine silver complexes be-
ing more stable than the azorhodanine complexes.
The reaction with the azothiopropiorhodanines is
also faster, being complete in 3-5min, and needs
only 2-3-fold excess of reagent, whereas a 20-50-
fold excess of azorhodanines is required. The
azothiopropiorhodanines are characterized by high
selectivity for silver with respect to copper and other
non-ferrous metals. 52

5-Azo derivatives of 3-aminorhodanine

For Pt, Pd, Au, and Ag the derivatives of
3-aminorhodanine have analytical characteristics
(sensitivity and contrast of colour reactions, colour-
development rate) close to those of the corresponding
azorhodanines. Like the azothiorhodanines and azo-
thiopropiorhodanines, they do not react with rho-
dium and iridium; this seems to result from the
instability of these compounds in strongly acid me-
dia, especially on heating, i.e., under the conditions
in which kinetically inert elements, such as rhodium
and iridium, undergo reaction.

Applications

A comparative study of the colour reactions of
metals with the azoderivatives of rhodanine and its
analogues has shown these reagents to be of practical
value, especially for the determination of noble
metals. The aminophenol-based azo compounds
are recognized as the best, and of these sulpho-
chlorophenolazorhodanine and sulphochlorophenol-
azothiopropiorhodanine (thiorhodine) prove to be
the most advantageous. The reactions of noble metals
with these reagents are highly sensitive (e 2-12 x 10%)
with good colour contrast, and take place in acid and
strongly acid media. The presence of a considerable
excess of alkali, alkaline-earth, and non-ferrous mei-
als does not interfere. Some platinum-group metals
can be determined in the presence of others, owing to
differences in the reaction rates, the conditions used
for the determination (concentration and nature of
the acid, acid-mixture composition), the spectral fea-
tures of the complexes, and the effect of auxiliary
ligands on the reactivity of the noble metals.
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REACTIONS OF YARIOUS OXY-ANION COMPLEXES
OF PLATINUM GROUP METALS WITH
AZORHODANINES AND AZOTHIOPROPIORHODANINES

Most methods for the determination of platinum-
group metals are applicable only to the chloro-
complexes. Analysis of systems containing platinum-
group metals in other forms involves, as a rule, the
additional step of converting the initial complexes
into the chloride ones. A study of the reactivity of the
complexes of platinum-group metals with the anions
of various oxy-acids (such as H,SO,, HCIO,, H,PO,,
CH,COOH), would be of significant practical value,
since it is these acids that are frequently employed in
different stages of manufacture and purification of
chemicals. A study of the reactivity of the dimeric
complexes of platinum-group metals involving metal-
to-metal bonds would also be of practical
significance. The oxygen-containing ligands in the
dimeric complexes seem to stabilize the metal-to-
metal bond.”” Such compounds manifest specific ther-
modynamic and kinetic properties. They are readily
aquated and prove more active than the chlorides in
substitution reactions. This provides new possibilities
for development of the analytical chemistry of the
platinum-group metals and their practical applica-
tion. These compounds are expected to display new
specific features of platinum-group metals.

The difficulties in the development of photometric
methods for the determination of platinum-group
metals in forms other than that of the chloride
complexes (e.g., the sulphate and phosphate forms)
are known to result from the easy hydrolysis of these
forms and the formation of non-reactive polymeric
forms in dilute acid solutions. The distinguishing
feature of azorhodanines and their analogues is their
highly sensitive colour reaction with noble metals in
strongly acid media, in which the easily hydrolysed
forms of the platinum-group metals retain their reac-
tivity.

The reactivity of the sulphate (Pt, Pd, Rh), phos-
phate (Pt, Pd, Rh, Ir), acetate (Rh), and nitrate (Pd)
complexes with sulphochlorophenolazorhodanine
and sulphochlorophenolazothiopropiorhodanine
(thiorhodine) has been studied (Table 2) along with
a spectrophotometric study of the behaviour of oxy-
anion complexes of platinum-group metals in various
media (effect of nature and concentration of the acid,
heating, reducing agents and organic solvents). These
studies have revealed the nature of the active forms
of the platinum-group metals, the factors defining
their yields, and suggested methods for stabilizing the
active forms, and in some cases for converting the
initial forms into the active ones,!’-1923.2428.

Platinum

The binuclear phosphate and sulphate complexes
of platinum(IIl), together with the chloride forms
react with sulphochlororphenolazorhodanine and
sulphochlorophenolazothiopropiorhodanine to give

intensely coloured compounds (A, 500-510 nm).
The nature of the ligand and the oxidation number
of the central atom of the initial complex affect the
kinetics, sensitivity and selectively of these colour
reactions. Platinum phosphate and sulphate com-
plexes interact with organic reagents in more acid
media and display higher kinetic activity. Reducing
agents show quite a distinctive effect on the colour
reactions of platinum complexes, sharply increasing
the rate of reaction between the chloride complexes
and organic reagents, whereas the colour reactions of
the sulphates and phosphates are practically
unaffected. The absorption spectra of the platinum
complexes with organic reagents are independent of
the initial form of the platinum. The colour reactions
of the dimeric complexes of platinum sulphate and
phosphate have similar properties. The complexes are
more soluble and more stable on heating. For the
chloride complexes heating even to only 40-50° de-
creases the yield of the coloured compound (although
the reaction rate increases), whereas for the sulphate
and phosphate complexes the reaction mixture can be
heated to 50-70° to reduce the reaction time from
4 hr to 30-60 min.

It has been shown that irrespective of the nature of
the ligand in the initial complex, reduction from
Pt(IV) to Pt(II) precedes the reaction with the organic

reagent. For the sulphate and phosphate complexes
of Pt(IIT) the Pt—Pt bond seems to break initially to

give Pt(II) and Pt(IV), and then the Pt(IV) is reduced
to Pt(I). Platinum sulphate and phosphate are re-
duced more quickly than the chlorides and with lower
concentration of the reducing agent. One of the
reasons for these considerable distinctions in reac-
tivity may lie in the difference in the rates and
conditions of reduction and activation of the initial
forms. The resemblance in the behaviour of the
platinum sulphate and phosphate complexes, and
in the features of their colour reactions with
sulphochlorophenolazorhodanine and sulphochloro-
phenolazothiopropiorhodanine results, evidently,
from the similar structure of the complexes.

The reactions of the binuclear sulphate and phos-
phate complexes of platinum are characterized by
high sensitivity and selectivity, and high kinetic activ-
ity. All this allows these reactions to be considered
most promising in the analytical chemistry of plat-
inum. The sulphate and phosphate forms have similar
selectivity to that of the chloride forms towards alkali
and alkaline-earth metals, but higher selectivity to-
wards Cu, Fe, and other transition metals, as well as
towards rhodium and iridium. The selectivity to-
wards silver and mercury is, however, higher for the
chloride forms. From a practical viewpoint it is
important that the conditions under which the sul-
phates and phosphates are stable and retain their
reactivity for a long period of time, have been
established and that analytical amounts of the kinet-
ically inert chloride complexes can be converted into
these more labile complexes.
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Palladium 713

The sulphate, phosphate, nitrate, and chloride
complexes of Pd(II) interact with sulphochloro-
phenolazorhodanine under roughly similar condi-
tions. Their spectrophotometric characteristics are
also similar. However, the kinetic activity of the
sulphate, phosphate, and nitrate complexes is higher
than that of the chloride complexes. The reaction
products of the sulphate, phosphate, and nitrate
complexes are more soluble than those derived from
the chloride complexes.

Iridium""%

The sulphate and phosphate complexes of iridium
are less active than the chloride complexes in reac-
tions with organic reagents, but on prolonged heating
react with sulphochlorophenolazorhodanine in
strong acid media.

Ruthenium

The sulphate, phosphate and chloride complexes
of ruthenium(IIl, IV) form coloured sulphochloro-
phenolazorhodanine complexes with similar spec-
trophotometric characteristics (A, 500 nm, ey
0.6 x 10*, €qua 4 cuycoomy 1.7 X 10*). The reactions
of ruthenium sulphate and phosphate complexes
with the reagent are preceded by transition into the
chloride form which has been characterized as
[Ru, OCl, ).

Irrespective of the nature of the ligand and the
oxidation state of ruthenium in the initial complex, it
is the aquochloro-complex of ruthenium(III) that
seems to react with the organic reagent. The condi-
tions for the colour reaction, the HCl/CH,COOH
medium used, and the reducing properties of the
reagent ensure the transition of the initial forms of
ruthenium into the active form.??

In the presence of an organic solvent, e.g.,
CH,COOH, the formation of the chloride form from
the initial phosphate or sulphate form proceeds in
more dilute hydrochloric acid solution, e.g., 0.5-2M
instead of 5-7M, because the organic solvent appears
to decrease the degree of hydrolysis of the chloride
form. The organic reagent plays the role of a sta-
bilizing additive. The reaction is also faster at the
lower HCl concentrations, and this enhances the
selectivity.

In the absence of chloride, ruthenium gives no
colour reactions with sulphochlorophenolazo-
rhodanine in H,SO, and H,PO, media, because of
formation of the non-reactive hydrolysed forms of
ruthenium. In the presence of chloride, however, the
colour reaction is selective and the presence of Os,
Hg, Ag, Ir, Rh, Pb, Bi, and some other metals can be
tolerated. The reaction products are stable and have
good solubility. The reaction can be used in spec-
trophotometric and differential-spectrophotometric
versions for the analysis of solutions containing the
individual forms of ruthenium alone or in mixtures.

This is important for analysis of the sulphate-
chloride solutions used in ruthenium production
technology, and in complex processing of copper—
nickel ores.

Rhodium*""%

The sulphate, phosphate and acetate complexes of
Rh(II) and Rh(III), and the chloride complexes of
Rh(IIT) react with sulphochlorophenolazorhodanine
to give coloured compounds all characterized by an
absorption maximum at 510 nm irrespective of the
nature of the ligand and the oxidation state of the
central atom in the initial complexes. The dependence
of the yield on the nature and concentration of the
acid used for the reaction and on the reagent concen-
tration is also similar for all these initial complex
forms, so presumably the active form of rhodium
involved is the same (Table 2). The only differences
lie in the kinetics and sensitivity of the reactions. The
binuclear acetate and sulphate complexes of Rh(II)
are more active in the ligand-substitution reaction,
the acetate complex being the most active. The rate
of formation of the coloured complex from Rh(II)
acetate is extremely high. The colour develops at
room temperature in 10~20 min and is characterized
by high sensitivity. The high kinetic activity of the
binuclear Rh(II) complexes, compared to the corre-
sponding Rh(III) complexes, is attributed to the
higher ability of Rh(II) to form labile aquo-
complexes which accelerate many processes, includ-
ing the ligand-substitution reactions.

In the case of the sulphate, phosphate, and chloride
complexes of Rh(III) it can be suggested that one of
the intermediate steps in formation of the sul-
phochlorophenolazorhodanine complex is transition
of the initial forms into the more reactive binuclear
acetate and acetate—sulphate complexes of Rh(II).
This suggestion is prompted by the fact that the
conditions for the colour reactions (7M H,S0,/6M
CH,COOH mixture, heating to 60-70°, excess of
reducing agent) are practically the same as those for
preparation of these binuclear complexes. Under
specific conditions the acetate and sulphate com-
plexes retain their reactivity towards sulphochloro-
phenolazorhodanine for a long period of time. The
high kinetic activity of the binuclear complexes,
especially the Rh(II) acetate complex, and the high
sensitivity of the colour reaction could form the basis
for new fast methods for determination of rhodium.

FIELDS OF APPLICATION OF AZO DERIVATIVES OF
RHODANINE AND ITS ANALOGUES

Spectrophotometry

Methods have been developed for the spec-
trophotometric determination of Pt [Pt(II) and Pt(IV)
chlorides, Pt(III) phosphates and sulphates], Rh
[Rh(III) chlorides, acetates, and phosphates, Rh(II)
acetates and sulphates], Ir [Ir(IV) chlorides}, Pd
[PA(II) chlorides, sulphates, phosphates and nitrates],
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Au and Ag with sulphochlorophenolazorhodanine.
Thiorhodine has been used for the determination of
Pt [Pt(IV) chlorides, Pt(III) phosphates and sul-
phates], and silver (Table 3). The methods for the
photometric determination of noble metals with these
two reagents are characterized by high sensitivity and
selectivity, possibility of the direct determination of
platinum-group metals when these are present as
their different complexes with mineral acid anions (or
acetate) in the presence of other metals, and high
speed of determination. These methods have found
application for the analysis of natural and industrial
samples. Lead can be determined with thiorhodine,
and mercury with p-hydroxy-3-aminorhodanine.

References
20,21,30

Differential spectrophotometry

Sample
Electrolytes, ores,

ceolith-based

catalysts

The use of organic acids, acetic acid in particular,
in the reactions of platinum with thiorhodine in-
creases the solubility of the reagent and reaction
products, as well as the stability of the solutions as
a function of time. The high kinetic activity of the
sulphate and phosphate complexes of platinum, and
the possibility of activating the chloride complexes
with ascorbic acid or copper salts,? provides fast and
direct differential-photometric methods for the deter-
mination of platinum with thiorhodine in
H,SO, + CH,COOH medium. Combination of the
photometric and differential-photometric versions al-
lows determination of platinum with thiorhodine
over a Pt range of 0.04-20 ug/ml.

Ruthenium can be determined with sulphochioro-
phenolazorhodanine in HCl + CH;COOH medium
over an Ru range of 0.2—40 ug/ml by combination of
photometric and differential-photometric methods.
The methods are versatile since both different ruthe-
nium complexes (e.g. the sulphates and chlorides) can
be determined individually or as their sum, under
identical conditions. These methods have found ap-
plication for the analysis of alloys, composites, etc.
(Table 3). Silver can similarly be determined at pH
1.5-5, over the range 0.2-60 ug/ml. The selectivity
for silver can be enhanced by extraction of the
Ag—sulphochlorophenolazorhodanine—tributyl phos-
phate system from 0.1 HNO, with cyclohexa-
none.**

A differential-photometric method can be used for
determination of rhodium in alloys with p-
sulphobenzenazorhodanine in H,S0,+ CH,COOH
medium.?’

determination
9M H,PO, + 0.5M HCI

Conditions for

Table 3. Applications of 5-azo derivatives of rhodanine and its analogues
Element
Pd

Reagent
Sulphochloro-
phenolazo-

Precipitation

Gold, platinum and palladium can all be precip-
itated quantitatively with a small excess of sul-
phochlorophenolazorhodanine, Au at room tem-
perature, Pt and Pd on heating (Table 3).
Precipitation of platinum is done in the presence of
a reducing agent.

Analytical
application
Spectrophotometric

determination

Detection and identification
Methods have been developed for use of sul-

31
32-34
21,30-35
35

Ceolith-based catalysts
Copper-based standard

samples
standard samples

Alumino-platinum
catalysts, wastes

Ores and tailings
Copper-based

solutions and

Industrial
water

IM HC], after separation

by extraction

2M H,S0O, + 10M H,PO,

M (H,SO, + CH,COOH)

1M HC
IM HCl + 2M H,PO,

Au
Au

rhodanine



99

5-Azo derivatives of rhodanine

sumuepoyl
13rem -oidoxdonpioze
©35 puB I9AU suraepoyloze
‘suonnjos [eusnpur 34 Sv ‘ouruepoyl
£-1p ‘Teusrew (ny ‘qQIyd U0 paseq uoneredas
‘€€ ‘TE MBI [BIJUTW ‘SO ‘anpd ‘() sjuaqiog pue jusuIyoLIny
I ny pue pd suwuepoyioze
98 H 3v pue pq -jouagdonmoydms s9xa[dwod
S ny pue iJ ‘ouiuepoyIoze paInojod
ov LTH 3y pue g -jousydoiogooydmg Jo uoneredog
(pioe 21q1005E)
HOOO*HO AS! W
IDH We-l1 d pue ny
3v ‘ay pue
(sayeydsoyd
‘sayeydins suruepoyl surerojewoIyo uo
'Od'H W8-§ ‘S3pUIO[Y) -ozejouoyd uonEIYNUSP! pue
6€ ‘8¢ ‘7T skojly u1 uonnjos el %70 I 94 ‘pd ‘W -o1o[yooyding uonaapq
'OS*H A'8-1 Pd
(sapuoryo)
pwe d1q1005e [DH AT W
(s:yeydsoyd
‘sayeydins)
'OS™H A9 d auluepoyioze
IDOH A1 ny -Jouaydoiojysoyding uonendioalg
auruBpoyl
LE skoly  HOOO'HO AS +'OS'H AS Lt} -ozesuszusqoydng-d
sfolly  HOOD'HOD WL +'Od'H We d auIpoyION |,
sansodwo) HOODHO WS +I10H AT ny
UoNeuNuLINIp
suugpoyloze oujomojoydonsads
skofry $—<'1 Hd _ By -Jousydooqydoydms TENUAISPI]
skoqpe ‘sojdwies suluepoyl
[eluswuonAug YOdtH AY SH -ouwe-¢-AxoIpAH-d
£ Hd ad
9 1o1em-eos pue Joany  "Od°H W1 + HOOD*HO AOI 3y sutpoyoly |
1€ sem ‘derds ‘sapiey €—¢'1 gd v



100

phochlorophenolazorhodanine to detect and identify
chromatographic and electrophoretic zones of both
individual and total NM (except Os) as different
complexes, including those with chloride, sulphate
and phosphate. The reagent colours the zones bright
crimson, against its own yellow background on the
chromatogram. The limit of visual detection is
0.01-0.5 ug of a metal in a zone. This method of
detection is superior to that for p-nitrosodimethyl-
aniline and p-aminobenzylidenerhodanine, in sensi-
tivity of visual detection, stability of colour with time,
and the possibility of identifying the zones for various
mineral acid anion complexes. Methods have been
proposed for electrophoretic and chromatographic
separation on paper and thin layers for Pd-Ir,
Pd-Rh, Ir-Rh, Pd-Pt-Au, Pd-Pt-Ir, Pd-Pt-Rh,
Pd-Au, and Pt-Rh mixtures. These methods have
found application in the analysis of alloys.?%3%4

Separation of NM complexes with azorhodanines

The electrophoretic mobility and characteristics of
the noble metals as their coloured complexes with azo
derivatives of rhodanine have been studied in buffer
systems based on formic, acetic and oxalic acids (pH
1.5-1.7), acetic and boric acids (pH 2), pyridine and
oxalic acid (pH 5.9). Distinct separation of zones was
observed for Pd—-Ag, Pt-Ag, Pd—Au, Pt-Au binary
mixtures as their complexes with sulphochloro-
phenolazorhodanine and sulphonitrophenolazo-
rhodanine.*

Enrichment and separation on chelating sorbents

Chelating sorbents based on rhodanine, azo-
rhodanine, and azothiopropiorhodanine have been
synthesized.’>3#4 Cellulose, the styrene—divinyl-
benzene copolymers, and Sephadexes were used as
the matrix. The sorbents are of interest mainly for the
enrichment and separation of noble metals. These
sorbents interact with the noble metals under roughly
the same conditions and with the same selectivity as
the free rhodanine reagents. The methods have found
application to the analysis of ores, industrial solu-
tions and natural waters (Table 3).
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Summary—A study has been made of the dependence of the sorption of scandium, zirconium, hafnium
and thorium from aqueous solutions with a silica-based sulphonic cation-exchanger (SCE-SiO,) on the
concentration and nature of the acid medium, time of contact, concentration of the element, and the ionic
strength. The selectivity decreases in the order Zr &~ Hf > Th > Sc > Fe(III). The sorption characteristics
of silica gel and SCE-SiO, have been compared, and the sorption mechanism is discussed. The SCE-SiO,
exchanger has been used for 100-fold concentration of scandium, zirconium, hafnium and thorium from
their 10~%-10~7 M solutions, and a spectrophotometric method has been developed for their deter-
mination with a detection limit of 0.5 ng/ml for Zr and Sc and 0.1 ng/ml for Hf and Th. Zirconium and
hafnium have been determined in the solvent phase by X-ray fluorescence and atomic-emission methods.

Silica-based bonded phases with attached ionogenic
and complex-forming groups are being increasingly
used in inorganic analysis'* owing to their high
mass-exchange characteristics, low swelling, and a
number of other valuable properties. Though the
sorption capacities of such modified silicas are
smaller than those of organic polymeric exchange
resins, this has little effect on the extraction of
micro-amounts of inorganic ions.

The strong-acid sulphonic cation-exchanger
(SCE-Si0,), which contains arenesulphonic acid
molecules attached to the silica surface is by far the
most universal sorbent for cation separation and is
used in the analysis of organic’® and inorganic® sub-
stances by HPLC. It is also doubtless suitable for
concentration of metal ions and their separation by
column chromatography, but there is practically no
published information on the topic. We have investi-
gated the possibility of using SCE-SiO, for sorption
of scandium, zirconium, hafnium and thorium.

These elements were chosen for several reasons.
First, the sorbent matrix—silica—has a higher
affinity for ions of easily-hydrolysed elements, no-
tably for zirconium and hafnium, which can con-
tribute to the bonding of these ions on the SCE-SiO,
sorbent. Secondly, there is a need for fast and efficient
methods of concentration and separation of metal
ions from natural materials and alloys which have
complex compositions. Although a large number of
polymeric organic ion-exchange and chelating sor-
bents is known, the problem of selective extraction of
scandium, zirconium, hafnium and thorium from
materials with complex composition has not yet been
fully solved.”*

EXPERIMENTAL

Apparatus

Spectrophotometric measurements were made with an
SP-26 spectrophotometer. X-Ray fluorescence deter-
mination of elements in the sorbent matrix was performed
with an EGG-ORTEC TEFA-NI X-ray fluorescence
energy-dispersive analyser equipped with an X-ray tube with
a double Mo/W anode. The standard-background method
was used, in which the analytical parameter is the ratio of
fluorescence intensity to the peak area of the Compton-
scattered radiation of the anode material. The sample was
prepared by grinding the air-dried sorbent-concentrate with
silica in an agate mortar to 50-um particle size, and placing
the mixture in a polyethylene cuvette (32 mm diameter), the
bottom of which was a polystyrene film 4 gm in thickness.
The weight of the prepared sample was 1.5 g.

For atomic-emission analysis of the sorbent a DFS-13
diffraction spectrograph was used, with the ZrIl 327.305 nm
and HfT 286.637 and 307.288 nm lines as the analytical lines.
The sample was prepared by drying the sorbent-concentrate
in a glassy-carbon crucible over a sand-bath, and then
grinding it in an agate mortar and mixing the powder with
high-purity graphite powder (1:1); 20 mg of the resultant
mixture was placed in a “wine-glass™ electrode soaked with
1M barium chloride solution.

Reagents

The sorbent was synthesized'® from *“Silochrome C-80”
silica (specific surface area 80 m?/g, mean pore diameter 50
nm, particle-size fraction 0.16-0.25 mm) by reaction with
benzenetrichlorosilane, followed by sulphonation with chlo-
rosulphonic acid. The amount of sulphonic groups attached
was determed by potentiometric titration and found to be
0.20 mmole/g.

All reagents used were of analytical reagent grade and
were prepared by dissolution in demineralized and distilled
water. Standard solutions of the clements were prepared
by dissolving the metals, oxides or salts in a suitable acid
(perchloric, hydrochloric, nitric, sulphuric).
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Sorption by the batch method

The required amount of solution containing the metal
ions to be studied, and a calculated amount of mineral acid
or sodium hydroxide solution, was diluted with water to 10
ml in a 20-ml vessel fitted with a ground-in stopper; 0.01 or
0.1 g of sorbent was added and the vessel was shaken on a
mechanical vibrator for 30 min. The sorbent was then
filtered off, and the equilibrium concentration of metal ions
in the aqueous phase was determined in a suitable aliquot
by established methods,’’** zirconium, hafnium and tho-
rium with Arsenazo III, scandium with Xylenol Orange,
and titanium with diantipyrylmethane. To eliminate nitrite
formed in nitric acid oxidation of organic reagents in the
determination, 2 ml of 2.5% urea solution were added per
25 ml of reaction mixture. In the scandium determination
after sorption from hydrochloric acid media (0.2-2M acid),
the aqueous phase was evaporated to remove the acid. In the
zirconium determination with Arsenazo III in the presence
of oxalic acid, a corresponding amount of oxalic acid was
added to the zirconium standards used for the calibration.

Concentration and determination

A 0.3-g portion of SCE-SiO, sorbent was packed in a
5 mm bore tube to give a 5-cm long chromatographic
column and washed with a solution of the same acidity as
the test solution, Then 300~600 ml of test solution were
passed at a linear velocity of 25 cm/min through the column
and the column was washed with § ml of 0.1 M hydrochloric
acid. The acidity of the test solution for the concentration
step was as follows: Sc pH 2-3; Zr and Hf 0.1-0.3M
hydrochloric acid; Th 0.1-0.2M hydrochloric acid. Sc was
eluted with 1M hydrochloric acid, Zr with 0.05M oxalic
acid, Hf with 0.5M sulphuric acid, Th with saturated
ammonium oxalate solution. The eluent volume in all
experiments was 5 ml. The elements eluted were determined
by spectrophotometry and those retained in the sorbent
phase were determined by X-ray fluorescence or atomic-
emission. The relative standard deviation S, was calculated
for the results of 4 or 5 measurements.

Sample dissolution

Approximately 1 g of sample (cast iron or alloy steel) for
10~4~10"3% content of the element(s) of interest, or 0.1 g
for 10-3-1072%, was placed in a borosilicate glass beaker
(100 ml), and dissolved by heating with 10-20 ml of SM
hydrochloric acid, followed by oxidation with 58 drops of
concentrated nitric acid. The solution was evaporated to
dryness, 5 or 6 drops of concentrated hydrochloric acid were
added and the acid was evaporated (this treatment was
repeated twice). The residue was dissolved by heating with
20-30 ml of water and 5 or 6 drops of concentrated
hydrochloric acid. The solution was filtered, and the filter
with residue was placed in a platinum crucible, dried, and
ignited at 900-1000°. The crucible was cooled, and the
residue treated with 3 or 4 drops of concentrated sulphuric
acid, and 2-3 ml of concentrated hydrofluoric acid, followed
by evaporation until fuming ceased. After this removal of
silicon, the residue was fused with 0.5 g of sodium potassium
carbonate at 900-1000° for 1520 min, then the cooled melt
was dissolved in 25 ml of 2M hydrochloric acid. This
solution was added to the filtrate which was then diluted
with water to 200-300 ml; the hydrochloric acid concen-
tration should be 0.2-0.3M.

RESULTS AND DISCUSSION

Influence of nature and concentration of the acid

As already mentioned, silica—the base of the stud-
ied sorbent—has increased affinity for easily hydro-
lysed elements, which makes it possible for the re-
sidual silanol groups on the surface of the SCE-SiO,
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sorbent to participate in bonding of metal ions. In
this connection, we have studied ion sorption on
“Silochrome C-80” silica, which is the base for the
SCE-SiO, sorbent.

A comparison of the dependence of sorption of
metal ions on SCE-SiO, and on silica on hydro-
chloric acid concentration (Fig. 1) shows that the
sorption curves for SCE-SiO, are shifted into the
acidic region relative to those for silica. This can serve
as proof that ion sorption on SCE-SiO, mostly takes
place at the sulphonate groups. The distribution
coefficients on SCE-SiO, are as high as 3 x 10° cm®/g
for Sc, 6 x 10° cm®/g for Zr and Hf, and 1 x 10*cm®/g
for Th. The reduction in sorption with higher acidity
is explained, on the one hand, by formation of metal
chloride and hydroxychloride complexes, and on the
other by competitive sorption of H,O* ions. As seen
from Fig. 1, titanium(IV) ions are not sorbed on

Sorption (%)

=V e =l = ¥ f‘j
S 3 1 1 2 3

0 iy 1

BH Cuct (M)

Fig. 1. Dependence of scandium (Q), titanium (%), zir-

conium (A), hafnium (A) and thorium (@) sorption on

SCE-SiO, (a) and on silica (b), on concentration of hydro-

genions: 1.3 x 10~*M Sc; 1.1 x 10~*M Ti; 2.2 x 10~*M Zr;

1.1 x 10~°M Hf: 8.6 x 10~°M Th; sorbent mass 0.1 g (Zr,
Hf, Th, Ti) and 0.01 g (Sc).
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Fig. 2. Dependence of zirconium sorption on SCE-SiO, on
acid type nature and concentration: 2.2 x 10-°M Zr; sor-
bent mass 0.1 g; 1, HCIO,; 2, HC]; 3, HNO,; 4, H,S0,.

SCE-SIiO, or silica in the acidity interval from pH 2
to 4M hydrochloric acid. At pH > 2, titanium is
sorbed but as the colloidal hydroxide.

The influence of the nature of the acid used was
studied with perchloric, hydrochloric, nitric and
sulphuric acids, the anions of which decrease
in complexing ability in the order SO}~ > NOj =
Cl~ > ClIO; . The results for zirconium sorption with
SCE-SiO, are in agreement with this series (Fig. 2).
Similar results were obtained for hafnium, but the
sorption of thorium is practically unaffected by the
type of acid. Scandium sorption is reduced in the
presence of high sulphate concentrations, owing to
complex formation.

Influence of duration of phase contact

The high rate of sorption—desorption equilibration
is among the major advantages of modified silicas.
For instance, when Zr is sorbed from solutions with
Cy =22 x 107* M, the degree of extraction becomes
constant in under 2 min (Fig. 3).

In most cases, the rate of sorption increases with
metal concentration in solution, but as seen from Fig.
3, Zr sorption on SCE-SiO, from hydrochloric acid
follows the reverse trend, with equilibrium being
reached only after 30 min for C,, = 4.4 x 107*M. The
corresponding effect for silica is even more drastic; at
Cz. = 4.4 x 10~* M, it takes more than 8 hr for equi-
librium to be reached (Fig. 3).

Differences in the behaviour of silica and
SCE-SiO, also become manifest in the dependence of
equilibration rate on acidity. Thus, with hydrochloric
acid concentration increasing from 0.3 to 0.7M, the
rate of sorption on SCE-SiO, remains unchanged,
whereas for silica the equilibration time increases
from 1 to 4 hr.

These results can be explained in the following
way. It is known that at C, > 10~*M in aqueous
solutions and an acidity of 0.1-1.0M hydrochloric
acid, polynuclear complexes are formed, and equi-
libration between the various ionic forms is slow.!* It
may therefore be supposed that mononuclear zir-
conium hydroxy complexes are sorbed, and the rate-
limiting step of the process at high zirconium concen-
trations is depolymerization of the polynuclear
species. Analogous trends in sorption kinetics are
also observed for hafnium, but are absent for the
metals which do not form polynuclear species in
solution.

A study of sorption of scandium on SCE-SiO, has
shown that for Cs =2.2 x 107°-1.8 x 10~°M, the
sorption rate increases with Cs,. At Cs,> 2 x 1073M,
70% of the scandium is extracted from the solution
in 15-20 min.

Sorption isotherms and reversibility

Isotherms for zirconium and hafnium sorption on
SCE-SiO, are presented in Fig. 4, and those for
scandium in Fig. 5. Two things are worth mentioning
in connection with these isotherms. First, because the
element concentration has a strong influence on
sorption speed, the contact time was increased with
element concentration in accordance with the data
found previously. Secondly, very small sorbent sam-
ples were used (0.01 g) in order to lower the initial
element concentration and thereby avoid compli-
cations due to formation of polynuclear species.

The sorption capacity of SCE-SiO, for Zr and Hf
in 0.3M hydrochloric acid is 4.3 and 8.9 mg/g re-
spectively, or 0.05 mmole/g for both elements. With
increasing acid concentration, both the strength of
metal ion—sorbent bonding and the sorption capacity
are reduced. SCE-Si0O, has substantially greater (ap-
proximately 2.5-fold) capacity than silica for Zr and
Hf and provides stronger bonding of the metal ions.

100 1
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Fig. 3. Dependence of zirconium sorption on SCE-SiO,

(1-3) and silica {4, 5) on duration of phase contact. Cy,,

1074M: 0.2 (1), 1.1 (2, 4), 4.4 (3, 5); sorbent mass 0.1 g;
Cuq 0.3M.
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Fig. 4. Isotherms of hafnium (1), zirconium (2, 3) sorption
on SCE-SiO, from 0.3M HCI (1, 2) and 0.7M HCI1 (3); A
and A are points for sorption and desorption, respectively.

The isotherms for scandium sorption on SCE-SiO,
have an unusual form (Fig. 5). At scandium concen-
trations up to 30mg/l., the sorption isotherm is
described by the Langmuir equation; at higher con-
centrations the isotherm has an inflection point and
takes the form of a polymolecular sorption isotherm.
It can be assumed that at high scandium concen-
trations polynuclear species are formed and sorbed,
which explains the greater degree of sorption.

Sorption reversibility is of great practical and
theoretical importance. It is evinced by the distribu-
tion coefficient being independent of the direction
from which equilibrium is approached. To examine
this, a solution containing zirconium in 0.3M hydro-
chloric acid was shaken with SCE-SiO, for the length
of time needed for equilibrium to be reached; the
zirconium content in both phases was then deter-
mined, the aqueous phase was removed and 0.3M
hydrochloric acid added and the mixture was shaken
until equilibrium was again attained, and the zir-
conium content in both phases was determined once
more. As seen from Fig. 4, the ‘“sorption” and
“desorption” points are satisfactorily accommodated
by a single curve. Moreover, it was found that the
equilibration time was the same for both “sorption”
and the “desorption” experiments. The combined
data indicate reversibility of the sorption process.

Reversibility of sorption on SCE-SiO, determines
the possibility of ion desorption and sorbent regen-
eration. Elution conditions can be chosen according
to the dependence of the element sorption on acidity
of the medium. Figure la shows that zirconium and
hafnium can be eluted with 3-5M hydrochloric acid,
scandium with the 1M acid and thorium with 2M
acid. Quantitative desorption of 5200 ug of these
elements from 0.3 g of sorbent in the dynamic mode
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can be achieved with quite small eluent volumes (540
ml). We have also studied the possibility of zir-
conium, hafnium and thorium elution with oxalic
acid and sulphuric acid (Zr, Hf), and saturated
ammonium carbonate or oxalate solutions (Th).
Since sulphate and oxalate form stable complexes
with zirconium and hafnium, it is possible to use 5 ml
of 0.05M oxalic acid and 5 ml of 0.5M sulphuric acid
for elution of 5 ug of zirconium and hafnium
respectively. Using dilute acids as eluents preserves
the sorption characteristics of the sorbent, and makes
the work easier. Our experiments have shown that
the sorbent can be used at least 10 times, with
regeneration.

Influence of ionic strength on sorption

The SCE-SiO, sorbent studied belongs to the class
of strong acid cation-exchangers, and the degree of
sorption depends markedly on the ionic strength of
the solution. In the series of elements studied, the
dependence of sorption on concentration of back-
ground electrolyte (sodium perchlorate) is strongest
for scandium (Fig. 6). Since perchlorate has little
tendency to complex metal ions, the decrease in

-

Sorption (mg/g)
(7]
[\

1 L 1 1 1 L J
o 8 % 24 32 40 40
CScl, mg/L.

Fig. 5. Isotherms of scandium sorption on SCE-SiO, at pH
2 (1) and pH 1 (2).

Sorption (%)

0 J 1 S A 1 1 J
S 3 1 02 04
pH Cuc (M)

Fig. 6. Dependence of scandium sorption on SCE-SiO, on

pH at different NaClO, concentrations. Cg, = 1.3 x 10~*M,

sorbent mass 0.0f g, Cy,ci0,» OM (1), 0.1M (2), 0.5M (3),
1.OM (4).
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Table 1. Zirconium and hafnium sorption on SCE-SiO, in
the presence of 5 x 10*-fold amounts of alkali and alkaline-
earth metal ions

Zr(Hf) Zr(Hf)
added, found,
Macrocomponent ug Hg S, %
Nat 78 7.7 7
Ca* 7.8 7.8 4
Mg?+ 7.8 7.6 5

scandium sorption is probably due to a shift of the
ion-exchange equilibrium to sorption of low-charge
ions (Na*), the concentration of which is very much
greater than that of the scandium.

The influence of sodium perchlorate and chloride
on sorption of zirconium and hafnium on SCE-SiO,
in the batch mode is practically the same—increasing
the salt concentration up to 1M decreases the degree
of extraction from 95 to 80%. Despite this decrease
in extraction in the batch mode, sorption in the
dynamic mode still gives quantitative extraction of
these clements in the presence of 5 x 10*-fold
amounts of sodium, calcium and magnesium ions
(Table 1). Analogous results have also been obtained
for thorium.

The sorption mechanism

In our earlier investigation of scandium sorption'®
on a number of chemically modified silicas containing
various ionogenic and complex-forming groups, we
proved that, depending on the nature of the attached
group, the metal ions can be sorbed at either the
attached group, or at residual silanol groups. Anal-
ysis of the data obtained for sorption of the studied
metal ions on SCE-SiO, indicates that for a sorbent
with sulphonate groups, the interaction is principally
by substitution of the sulphonic acid proton. How-
ever, further analysis shows that is is difficult to
explain the experimentally observed trends solely in
terms of bonding of the ion to the sulphonate-group.
Use of the ion-potentials and pH-values correspond-
ing to precipitation of the metal hydroxides leads to
the following theoretical series of cation-exchanger
affinity for easily-hydrolysed elements sorbed from
acidic solutions: Ti(IV) > Zr(IV) > Hf(IV) ~ Fe(III)
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> Th(IV) > Sc(III). The selectivity series found in the
present work, Zr(IV) ~ Hf(IV) > Th(IV) > Sc(III) >
Fe(III) » Ti(IV), is different, but can be understood
by assuming that in the sorption process the affinity
of ions for the sorbent is determined, along with
electrostatic factors, by additional donor—acceptor
interaction that increases the covalency of the
metal-sulphonate bond.

Comparison of the sorption behaviour of scan-
dium and thorium with reference data on their state
in hydrochloric acid media leads to the conclusion
that scandium and thorium are sorbed as aquo-
complexes at pH <3, and hydroxy-complexes at
pH > 3. For zirconium, mathematical modelling has
been used to show that sorption occurs with for-
mation (on the sorbent surface) of a complex having
the composition Zr(OH),R, where R is the sorbent
sulphonate group.

The sorption behaviour of titanium(IV) deserves
special mention. Theoretically, titanium should be
sorbed by silica and other cation-exchangers better
than zirconium, hafnium and thorium are, but our
experimental data testify to the opposite.

Sorption of titanium(IV) on SCE-SiO, and silica
occurs only in the presence of complex-forming
agents, notably salicylhydroxamic acid. Mathe-
matical modelling has shown that mixed-ligand un-
charged complexes Ti(OH),L and Ti(OH),L, (L is
the anion of salicylhydroxamic acid) are the species
sorbed. Extraction of these complexes from the solu-
tion is explained by physical adsorption at the sor-
bent surface.

Concentration and separation

Combined separation and concentration first of all
removes complications connected with multielement
sample composition, and provides for a substantially
lower detection limit. Organic ion-exchangers are
very seldom used for concentrating the elements
studied here, owing to the large solution volumes
needed for desorption. Results pertaining to element
concentration are given in Table 2. The concentration
coefficient was calculated according to the equation
K = q,V,/q.V,, where g, is the element content in the
sample solution and g, that in the eluate, and V), is

Table 2. Scandium, zirconium, hafnium and thorium concentration on

SCE-SiO,
Volume of test
solution, Added, Found, Concentration

Element mi ug ug S, % factor
Sc 300 13.7 13.5 4 58

600 13.0 3 113
Zr 300 5.8 57 4 58

600 57 4 117
Hf 300 8.0 8.0 2 60

600 7.8 4 116
Th 300 5.0 5.0 2 60

600 4.9 4 117

TAL ¥/I—H
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Table 3. Zirconium (hafnium) separation from other
elements on SCE-SiO,

Zr(Hf) Zr(Hf)
M:Zr(Hf), added, found,
Element wiw ug ug S, %
Sc 1 x 10° 5.8 5.7 5
2 x 10° 5.5 5
Ti 1 x10° 9.9 10.0 6
2x10° 9.7 S
Al 2x10° 7.8 7.9 4
6 x 10° 7.8 5
Ni(Co) 1 x 10 5.8 57 5
1x10° 5.6 6
Cr 1 x 102 7.4 7.4 6
1x10? 7.2 8
Fe 2 x 10 8.0 7.9 7
1 x10* 1.7 7
La 5 x 10? 8.0 79 4
1x10° 1.7 5
Nb 1 x 10? 7.6 7.4 8
2 x 102 7.2 10
Mo(W)  1x 10 58 5.7 8
2 x 102 55 9
Re 1 x 102 5.8 5.7 7
2 x 102 54 9

the volume of sample solution and V, the eluate
volume. Table 2 shows that the elements studied can
be concentrated 100-fold; the detection limit can be
lowered proportionately.

We have used spectrophotometric methods for the
determination of the elements in the concentrates.
For determination of Zr, Hf and Th in the con-
centrates with Arsenazo III, detection limits of
5 x 10~% ug/ml for Zr, and 1 x 10~ ug/ml for Hf and
Th were attained; for Sc, determined with Xylenol
Orange, the limit was 5 x 10~* ug/ml. The corre-
sponding limits for the direct spectrophotometric
determinations without concentration are 5 x 10~?
pg/ml for Zr, 1 x 1072 pg/ml for Hf and Th!' and
5 x 10~? ug/ml for Sc.!?

The high affinity of SCE-SiO, for zirconium and
hafnium and the differences (Fig. 1a) between the
optimal sorption conditions for these elements on the
one hand, and for Sc and Ti on the other, make it
possible to separate zirconium and hafnium from
macroamounts of Sc and Ti (Table 3). Moreover,
metal ions such as nickel, cobalt(II), iron(III), alumi-
nium, lanthanum and chromium(III) are not sorbed
from 0.1-0.3M hydrochloric acid, and have little
influence on the degree of Zr and Hf extraction
(Table 3). Zr and Hf can be separated from niobium,

Table 4. Zirconium determination in cast iron by the
sorption-spectrophotometric method

Zr added, Zr found, S,

Sample % % %
I 0.0 1.5 %103 15
2.0 x 10-3 3.3x 107} 13

2 0.0 20x 1073 14
20x 103 3.9x10-? 12

3 0.0 45% 10~ 28
5.0x 104 9.3 x 1074 21

molybdenum, tungsten and rhenium in the presence
of hydrogen peroxide; 6 x 10%-fold amounts of per-
oxide have no effect on sorption of Zr and Hf.

By use of selective zirconium extraction on
SCE-Si0,, with a concentration factor of 100, we
have developed a sorption—spectrophotometric
method for the determination of 10~*-10~2% zir-
conium in cast iron (Table 4).

The SCE-SiO, sorbent has also been used for the
separation of thorium from large amounts of scan-
dium, lanthanum, aluminium, iron(III) and titanium
by sorption from 0.2M hydrochloric acid (Table 5).

However, attempts to separate scandium and
iron(IIT) by using SCE-SiO, at pH 1-3 failed even at
a 1:1 concentration ratio. To improve the sorption
selectivity, the system was made 0.02M in sul-
phosalicylic acid. At pH = 4 iron(III) forms anionic
complexes with sulphosalicylic acid, and is not sorbed
on SCE-SiO, (Table 6). Run 1 shows that the sepa-
ration is complete at 20:1 Fe:Sc w/w ratio, but at
higher ratios the scandium extraction is incomplete
(runs 2 and 3).

Determination of zirconium and hafnium in the sorbent
phase

Atomic-emission determination. Atomic-emission
spectroscopy is one of the possible methods for
determination of Zr and Hf when both are present.
Sorption and atomic-emission determination of these
elements with preconcentration on sorbents with an
organic polymer base has its flaws. For instance,
chelate-forming sorbents on an organic polymer base,
used for extraction of zirconium and hafnium from
highly-mineralized water and alloy steel, have to be
subjected to ashing prior to atomic-emission deter-
mination.” Otherwise, intense ejaculation of sample
occurs in the initial stage of the arcing.

Table 5. Separation of 5 ug of thorium from
other elements on SCE-SiO,

Th found,
Element M:Th ug S, %
Sc 2 x 102 5.1 5
1x10} 48 6
La 1 % 10° 45 5
2x10° 4.0 5
Al 1 % 10° 49 6
2x10° 4.7 5
Fe 1 x10° 49 4
5x10° 4.7 6
Ti 1x10° 5.0 4
2x 103 48 5

Table 6. Separation of 13.6 ug of scan-
dium from iron(1ll) in the presence of
sulphosalicylic acid on SCE-SiO,

Fe added, Sc found,

mg ug S, %
0.3 13.5 6
0.8 11.3 7

1.0 10.1 10
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Table 7. Sorption and atomic-emission determination of zirconium and hafnium in
alloy steels

Added, % Zr Hf
found, found,
Sample Zr Hf % S, % % S, %
I 0 0 2.3 x 1072 14 1.8 x 107! 07
20x 1072 20x 107! 4,1 x10°? 11 3.7x 107! 05
2 0 0 2.0 x 10-? 23 1.4 x 10-? 16

20x 1073 2.0x 1072

3.8x 103 23

32x107? 18

Interference from the sorbent base is eliminated
when zirconium and hafnium are extracted with
SCE-Si0,, and the concomitant concentration low-
ers the detection limits. Moreover, the replacement of
a complex base by a unified matrix—the sorbent—
simplifies standardization and unifies the analysis
techniques.

The detection limits of the direct atomic-emission
determination, calculated according to Rusanov,!
are 1.5 ug/ml for Zr and 1.8 ug/ul for Hf. Owing to
a concentration coefficient of 10°, the detection limit
was lowered to 1 ng/ml for Zr and 2 ng/ml for Hf.

The method developed has been used to determine
zirconium and hafnium in alloy steels containing
boron, aluminium, titanium, chromium, cobalt, mo-
lybdenum, tungsten, rhenium and rare-earth ele-
ments. All these elements, which are macro-
components, have multiline spectra, which makes the
choice of analytical lines difficult and raises the
detection limits of direct atomic-emission deter-
mination of zirconium and hafnium. Moreover, the
interelement effects in this case may lead to shifts in
calibration graphs and an increasingly high system-
atic error in the determination.

The results of spectral Zr and Hf determination in
the concentrate were checked by the spiking method.
The overall error S, for Zr and Hf determination in
alloy steels is composed of errors pertaining to the
sorption concentration, and to the spectral deter-
mination (Table 7).

X-Ray fluorescence (XRF) determination. This
method is widely used for determining ions sorbed on
the surface of modified silica."!” One source of error
in XRF determination is unsuitable chemical com-
position and physicochemical properties of the test
solutions and standards. Selective extraction of Zr on
SCE-SiO, yields a concentrate suitable for XRF
analysis without further treatment. The detection
limit for zirconium in the sorbent phase is 30 ug/g.
Since a concentration factor of 2 x 10% is attained by

Table 8. Sorption and X-ray-
fluorescence determination of 100 ug
of zirconium in synthetic mixtures

Hf added, Zr found,
ug ug S., %
2 x 10? 105 10
1x10° 95 11
1x 10 110 15

*Na, Ca, Mg, 2 g; Mo, W, 20 mg.

sorption on 0.3 g of sorbent from 600 ml of solution,
the relative zirconium detection limit is 15 ng/ml in
the sample solution. The XRF method with sorption
on SCE-SiO, has been used for zirconium deter-
mination in synthetic mixtures containing 10*-fold
amounts of alkali and alkaline-earth metal ions, and
100-fold amounts of tungsten and molybdenum, i.e.,
those elements that interfere with zirconium deter-
mination. The mixtures also included hafnium in
10-100-fold amounts (Table 8).

CONCLUSION

As seen from the data above, the strong acidic
cation-exchanger based on silica possesses the follow-
ing major advantages as compared to other sorbents,
notably silica and sorbents with a polymer matrix:

(a) high rate of attainment of equilibrium;

(b) high distribution coefficients;

(c) quantitative elution of sorbed ions with small
volumes of eluent.

These features determine the value of SCE-SiO,
for concentrating, separating and determining scan-
dium, zirconium, hafnium and thorium. Direct ele-
ment determination in the sorbent phase by various
methods, particularly X-ray fluorescence and atomic-
emission, looks very promising from the point of view
of speed and sensitivity.
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Summary—Some new ion-selective electrodes for silver and gold are described. They are based on
the ion-associate species formed by the cyanide, chloride or thiourea complexes of the metals, with
hydrophobic anions or cations, as appropniate. The electrodes have been applied to the determination of
gold and silver in various technological process solutions in industry.

The development of new methods and improvement
of the existing ones for determining gold and silver in
solutions is still a topical problem. It is particularly
necessary to develop selective methods for deter-
mining these elements in technological solutions,
e.g., those formed in the course of extractive and
sorptive recovery of gold, or used in electrolytic
baths. One method is to use ion-selective electrodes
and is characterized by simplicity, speed and suffi-
ciently high accuracy.

In the present work liquid and film electrodes
reversible to complex ions have beeen investigated.
These electrodes have a number of advantages: (1)
they can be used to determine metals that form
relatively stable complexes; (2) by control of the
degree of complexation it is possible to determine the
total metal concentration, and not just the concen-
tration of one of its individual forms; (3) converting
highly-charged metal aquo-cations into complex an-
ions makes it possible to decrease the ionic charge
and thus raise the precision of the potentiometric
determination. When choosing complex gold and
silver compounds for the electrode-active membranes
and the conditions for metal determination we pro-
ceeded from the relationships between the analytical
characteristics of the electrodes and the factors deter-
mining the extraction of the metals as ion-association
compounds of their complex ions. This allowed us to
use the available data on the extraction of gold and
silver complexes, as well as the more general data
accumulated in extraction chemistry. Moreover, the
choice of complex ions was determined by practical
objectives: the need for methods of determining
gold(I) and (III) in cyanide, chloride and thiourea
solutions and silver(I) in cyanide and thiourea
solutions.
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In this way we have developed new ion-selective
electrodes with respect to Au(CN),, AuCl,,
Auw(TU), Ag(CN); and Ag(TU); ions, where TU
is thiourea. Silver forms Ag(TU); complexes, with
overall stability constants log §,=7.11, log B,=
10.61, log By =11.73, log B,=13.57, so the com-
position of a solution containing silver and thiourea
will depend on their relative concentrations. It is
therefore important to adhere strictly to the con-
ditions specified in this paper, under which the pre-
dominant species will be Ag(TU);; for generality,
however, the species will be designated Ag(TU)}.
These complex gold and silver ions were combined as
ion-associates with hydrophobic cations and anions,
such as tetraphenylarsonium (TPA), tetradecylphos-
phonium (TDP), Crystal Violet (CV), tetranitrodi-
aminocobaltate (TNDC) and 2,4,6-trinitrophenolate
(picrate, Pic).

EXPERIMENTAL

Reagents

Gold(III) chloride solution was prepared by dissolving an
accurately weighed quantity of AuCl, in 0.1M hydrochloric
acid. Solutions of gold and silver cyanide complexes were
prepared by dissolving accurately weighed quantities of
KAu(CN); or KAg(CN); in 0.45M sodium sulphate.
Gold(I) thiourea solution was prepared by dissolving a
weighed quantity of high-purity metallic gold in aqua regia,
adding concentrated sulphuric acid and heating until a
moist residue was left (this step being repeated), the residue
being dissolved in 1M sulphuric acid and the correspond-
ing amount of thiourea added. Silver(I) thiourea solution
was obtained by dissolving a weighed quantity of chemically
pure silver in 6M nitric acid, evaporating the solution to
dryness, dissolving the residue, and adding the required
amount of thiourea.

Solutions of lower concentration were obtained by appro-
priate successive dilution. All solutions were prepared in a
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background electrolyte of 0.45M sodium sulphate, the salt
background and ionic strength of solutions being main-
tained constant throughout, which made it possible to
plot electrode potential vs. logarithm of the potential-
determining ion concentration for the calibration graphs.

Solutions of potassium chloride, ammonium TNDC,
2,4,6-trinitrophenol (TNP), TDP bromide, TPA chloride, as
well as the salts of iron, copper, nickel, zinc and other
materials were prepared from accurately weighed quantities
of the corresponding compounds. Organic solvents were
purified by conventional techniques.! All aqueous solutions
were prepared with doubly distilled water. Solutions of the
following surface-active substances (SAS) were prepared:
“Sulphanol” (sodivm alkylbenzosulphonates based on ker-
osene, C,H,,, ,C;H,SO;Na, where n = 12-18); “Progress”
(sodium sec.-alkyisulphates based on x-olefins of the 320°
fraction, CH,, ,CH(CH,;)OSO,Na, where n =6-16);
highly sulphurized castor oil (HCO) based on the
disodium salt of I-carboxy-8-heptadecen-11-ylsulphuric
acid, CH,(CH,);CHOSO;NaCH,CH—CH(CH,),COONa,
synthesized according to Dauyotis et al., “Nekal”, a mixture
of dibutylnaphthalenesulphonates [(C,H;),C,,H,SO,Na}.
Turkey Red oil (TRO), known as alizarin oil, was also
used; the most widely used raw material for it is castor
oil, consisting of the esters of ricinoleic acid,
CH4(CH,);CHOHCH,CH=CH(CH,),COOH. On treat-
ment with sulphuric acid the castor oil forms an ester, or
H,SO, is added across the double bond; in addition to this,
the triglycerides are partially or completely saponified and
the ricinoleic acid yields formed products of different com-
position. The SAS concentrations in the solutions, mg/ml,
were: “Sulphanol” 2; “Progress” 2; “Nekal” 0.34; HCO 3.9;
TRO 10.

Preparation of liquid membranes

Membrane species were prepared by substoichiometric
extraction, with the metal concentration exceeding the re-
agent concentration by an order of magnitude. Gold and
silver thiourea complexes were extracted from aqueous
solutions of Au(TU); (pH 4.0) and Ag(TU)} (pH 2.0)
in 0.15M sodium sulphate/0.3M thiourea. The acidity was
adjusted with 0.1M sulphuric acid. When [Au(TU)f-
TNDC-] solutions were prepared the aqueous phase con-
tained, besides Au(TU);f, the TNDC salt. Extraction was
conducted in separating funsels, and after phase-separation
the organic phase was filtered through a filter paper and
used as the liquid membrane.

Preparation of the plasticized membranes

TPA*AuCl; , TDP*Au(CN); and TDP*Ag(CN); ionic
associates were used as the electrode-active compounds. The
ion-associate solution in chloroform was thoroughly stirred
with a 10% solution of poly(vinyl chloride) (PVC) in
cyclohexanone (CH) or tetrahydrofuran (THF), and dibutyl
phthalate (DBP) was added as the plasticizer. After plas-
ticization an elastic film 0.5-0.8 mm thick was glued to the
end face of a vinyl plastic or poly(vinyl chloride) tube with
PVC solution in CH. The membrane contained the follow-
ing quantities of components (wt.%): electrode-active sub-
stances 0.2-0.5, DPB 68.3-69.8, PVC 29.2-29.9.
Protective films for the Ag(CN);-selective electrode

To protect the electrode from the action of SAS we used
2-cm diameter discs cut from films of cellophane [lavsan
(dacron), brand XE-56, pore diameter 1.4 um]; cellulose
acetate, pore size 0.55 and 0.85-0.95 um; nitrocellulose,
pore diameter 0.4 um; “Serva” dialysis bags (FRG), pore
size 4.8 nm. To seal the gap between the plasticized mem-
brane and the protective film the latter was fixed on the
electrode with a ring.

Measurements of potential
Type pH-121 and pH-340 high impedance pH-meter/
voltmeters and an EV-74 universal ion-meter were used for
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measuring the e.m.f. of the following galvanic cells.

Ag/AgCl Comparison Liquid
solution membrane

Investigated External
solution comparison
electrode

Ag/AgCl Comparison Plasticized Investigated External

solution membrane solution comparison
electrode
Solid  Plasticized Investigated External
contact membrane solution comparison
electrode

An EVL-IM flow-type Ag/AgCl electrode served as
the external comparison electrode. Comparison solutions
were: for the AuCl; -selective electrode, a 0.001M gold(IIT)/
0.1M hydrochloric acid/0.6M lithium chloride solution; for
the Au(CN);-selective electrode, a 0.001M solution of
Au(CN); in 0.45M sodium sulphate; for the Ag(CN);-
selective electrode, a 0.001 M solution of Ag(CN); in 0.45M
sodium sulphate. The function of a solid contact in the case
of the cell without internal comparison solution, was per-
formed by a graphite rod 6 mm in diameter, or a 3 x 3 mm
platinum or copper plate. A thoroughly polished end
face of the graphite rod or a cleaned platinum or copper
surface was brought into direct contact with the plasticized
membrane. The response time of membrane potential was
studied with a KSP-4 automatic recording potentiometer.
A pH-340 millivoltmeter was used as the amplifier. The
scheme made it possible to record E vs. 1 5-10 sec after
immersion of the electrodes in the solution investigated.
The K&, coefficients were determined graphically by the
method of mixed solutions.’

RESULTS AND DISCUSSION

Development of ion-selective electrodes

Choice of the systems. Distribution of the complex
ion between the organic phase of the membrane and
the aqueous phase is associated with charge-transfer
and a potential arising at the interface. That is why
the following requirements are imposed on an
electrode-active substance: (1) the complex ion must
be sufficiently stable in water and in the organic
phases; (2) this ion must predominate both in the
membrane phase and in the aqueous solution; it is
desirable that the ion should have a low charge; (3)
the ion distribution coefficient must be sufficiently
high, which usually means the ion hydration energy
must be low; (4) equilibrium at the interface must be
rapidly established when potential measurements are
performed.

In their complexing capacity gold and silver behave
as soft acids, forming stable complexes with soft
bases: CN~, I-, SCN-, thiourea, and others.* In
technological solutions gold and silver exist, as a rule,
in the form of cationic and anionic complexes with
cyanide, thiourea, and halides. “Inactive™ solvents,
such as nitrobenzene, chloroform, 1,2-dichloroethane
and chlorobenzene, extract them with sufficient
specificity and high distribution coefficients, in the
form of ion-associates with large organic cations or
anions. The extraction conditions, e.g., the acidity of
the medium, corresponding to predominance of the
electrode-active form of the metal ions, determine to
a considerable extent the selectivity and efficiency of
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Fig. 1. Electrode function of plasticized electrodes selective
for dicyanoargentate (1), tetrachloroaurate (2) and
dicyanoaurate (3).

the membrane. In these conditions the extent of
side-reactions in the aqueous phase is low, and the
electrode potential is a function of the total concen-
tration of the metal in solution.

We used the following ion-associates as the
electrode-active compounds: (C,H,,),PAu(CN),,
(CioHx)PA(CN),, (CsHs)AsAuCly, (CgHs)As-
Au(CN),;,  (CHi)AsAg(CN);,  CVAu(CN),,
Au(TU),Co(NH,),(NO,),, Ag(TU),Pic, and others.
Chloroform, 1,2-dichloroethane and nitrobenzene
served as solvents.

The detection limits of the metals were determined
in accordance with TUPAC recommendations.’

The principal potentiometric characteristics. The
electrode functions E =f(log C,,) were found to
be linear for all the systems, over a broad range of
metal concentrations, with close to Nernstian slope
(Fig. 1). The increase in e.m.f. with increase in overall
metal concentration shows that the electrodes react to
complex species. The detection limit depends on the
nature of the solvent used for the liquid electrodes,
and decreases in the series chloroform > 1,2-di-
chloroethane > nitrobenzene (Figs. 2 and 3). The

£ (mV)

—log CAq tTw} (M)

Fig. 2. Solvent effect on detection limit of the elec-

trode selective for Ag(TU); ion. Membrane: 1 x 1073 M

[Ag(TU); Pic™]in nitrobenzene (1), 1,2-dichloroethane (2),

chloroform (3). Comparison solution: [Ag(TU);1,S0, in
0.45M Na,SO,.
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Fig. 3. Solvent effect on detection limit of electrode selective

to Au(TU);} ion. Membranes: 1x 10-*M [Au(TU);

Co(NH,;),(NO,); ] in nitrobenzene (1), 1,2-dichloroethane

(2), chloroform (3). Comparison solution: [Au(TU),],SO, in
0.45M Na,SO,.

distribution coefficients of the metals (extracted as
their complex anions) increase in this series. All other
things being equal, the detection limit for gold is
lower than that for silver, owing to the higher distri-
bution coefficients of the gold complexes. The detec-
tion limit also depends on the nature of the organic
cation, and for a given solvent decreases in the order
Fe(phen)}* > CV* > Fe(bphen)i* > (CiH;)As* >
CH,(C,-C,,);N* (Fig. 4), which is the opposite of the
order for the cation extractive capacity. A decrease in
the electrode-active compound concentration in a
liquid membrane results in a decrease in the detection
limit. There is, however, a lower limit of liquid
ion-exchanger concentration imposed by the in-
creasing time taken for the equilibrium potential to
be established, and the growing ohmic resistance of
the membrane. The optimum liquid ion-exchanger
concentration is 5 x 107-1 x 10~3 M.

The detection limit is thus associated with the
parameters characterizing the extraction. Deviation
of the function from linearity at relatively low con-
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Fig. 4. Effect of the nature of ion-exchanger organic

cation on detection limit of electrode selective to Au(CN);

jon. Membrane: 1 x 10-*M Cation"*[Au(CN); ], solu-

tion in 1,2-dichloroethane. Cations: CH,(Cy—C,);N* (1),

Fe(bphen)?+ (2), Crystal Violet (3), Fe(phen)3* (4); (bphen
= bathophenanthroline; phen = 1,10-phenanthroline).
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Fig. 5. Effect of pH on the e.m.f. of galvanic cell with

electrodes for Ag(CN); and Au(CN);. Membrane:

[TDP*Ag(CN);] (1) or [TDP*Au(CN); ] (2) in poly(vinyl

chloride) matrix. Concentration in solutions: silver—
1x 1074 M (1), gold—S x 10~ M (2).

centrations of the potential-determining ions is
caused by the ion-exchanger distribution between the
organic (electrode membrane) and the aqueous
phase, and by its dissociation in the aqueous phase,
resulting in an increase in the concentration of the
metal-containing ions in the test solution.

The effect of the acidity of the test solution on the
e.m.f. of the electrochemical cell with M(TU), - and
M(CN); -selective electrodes is associated with a
change in the concentration of the potential-
determining ions. The upper limit of the working
pH-range is determined by the region of existence of
the complex ion in the aqueous phase. The higher
stability of gold thiourea and cyanide complexes
(108 Bauyrin? = 25.3; log Baucny; = 56), compared to
that of the silver complexes (log Bayryy; = 13.57;
logBageny; = 21.1), causes a wider pH-range within
which the e.m.f. of the electrochemical cell remains
constant (Figs. 5 and 6). The lower stability of the
silver complexes leads to the working pH-interval
for the Ag(TU);}- and Ag(CN); -selective electrodes
increasing with increase in the concentration of thio-
urea and cyanide ions in solution. The increase in the
e.m.f. of the electrochemical cell in highly acid solu-
tions seems to be explained by the destruction of the
electrode-active compounds and a change in the
diffusion potential at the test solution/external com-
parison interface. It is thus seen that, depending on
the nature of the complex ion, the electrodes can be
used in different media: the electrodes for gold and
silver thiourea complexes can be used in solutions
with a high concentration of hydrogen ions; the
electrodes for cyanide complexes can be used in
alkaline solutions.

The electrode systems studied have a high selec-
tivity. An interfering effect is exerted by metals
forming stable complexes with the ligands in question
and capable of being extiracted by the membrane
organic phase with high distribution coefficients
(Fig. 7). It has been established that the poten-
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tiometric selectivity series coincides with the extract-
ability series. The interfering effect decreases in the
same order as the extractability of the complexes.
Solvent replacement leads to a change in the
numerical value of the selectivity coefficients, but
the selectivity series remains the same. Potentio-
metric selectivity is not affected by the nature of
the organic cation (anion) and the concentration of
ion-exchanger in the membrane. The interfering effect
of urea and cyanide ions can be reduced by varying
the concentration of hydrogen ions.

The response time of the electrodes depends on the
concentration of the potential-determining ions and
varies from 5-7 min in the most dilute solutions to
10-20 sec in the solutions of highest concentration.
All other things being equal, the response time in-
creases in multi-component solutions, particularly in
technological solutions, presumably because of con-
current reactions taking place or a change in the
formation rate of the double electrical layer at the
interface (Fig. 8).

Comparison of the analytical and performance
characteristics of film and liquid electrodes (Table 1)
has shown that the detection limits for the metals,
slope of the calibration graph, potentiometric select-
ivity and working pH-range are practically the same
for both types of electrodes. The film electrodes,
however, have the advantages of ease of handling and
manufacture.

Effect of surface-active substances. Numerous tech-
nological solutions, in particular those containing
silver, include SAS which hinder the analysis.*® On
prolonged immersion in ‘“‘Sulphanol”, “Progress”,
“Nekal” and other SAS solutions, the electrode
becomes unfit for use. The SAS are slowly desorbed
from a plasticized membrane by soaking in Ag(CN);
solution, but even after prolonged treatment the
initial characteristics of the electrode are not com-
pletely restored. The strong negative shift of the
Ag(CN); -selective electrode potential seems to be
explained by the fact that the SAS organic anion has
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Fig. 6. Effect of pH on the em.f. of galvanic cell
with electrodes for Ag(TU)} and Au(TU)S.
Membrane: 1 x 10-°M [Ag(TU)? Pic] (1-3) or

[Au(TU); Co(NH,),(NO,);'] (4) in nitrobenzene. Concen-

tration in solutions: silver—I x 10-3M (1, 2), 1 x 10~*M

(3); gold—S5 x 10~*M (4); thiourea—0.1M (1, 3) and
0.3M (2).
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Fig. 7. Selectivity coefficients of AuCl;-, Ag(CN);-, Au(CN);-, Ag(TU);}- and Au(TU)S-selective

electrodes, determined by the method of mixed solutions. Conditions of measurement: Au(TU);-SE, Ag,

Cu, Fe, Pd 0.1M, TU 0.3M, pH 3; Ag(TU);-SE, Au, Cu, Fe, Pd 0.1M, Tu 0.3M, pH 2; Au(CN); -SE,

Ag0.01M, Zn, Fe, Cu0.1M,CN~ 0.1M; Ag(CN);-SE, Hg, Zn 0.01M, Cu, Fe 0.1M, SCN~ 0.01M,CN -
0.01M, pH 5-12; AuCl;-SE, Bc, Fe 0.1M, Ce~ 6M, pH 1.

high affinity for the solvent and the membrane
electrode-active compound, penetrates into the mem-
brane surface layer, and becomes competitive with
Ag(CN); ions.

The interfering effect of SAS can be eliminated in
two ways: (1) extraction of the SAS from the electro-

£ (mV)

50mv

Fig. 8. Time for the establishment of the potential of the

plasticized electrode for Au(CN); ions in standard (1-3)

and process (4) cyanide solutions. Gold concentration (M):
1x107* (1), 1 x 10~*(2) and 1 x 10~° (3, 4).

lyte with coagulants, e.g., calcium aluminate or
activated charcoal;® (2) the use of protective films.
Calcium aluminate has been shown to precipitate
SAS slowly and incompletely, and the time for silver
determination increases to 1hr. Activated charcoal
adsorbs Ag(CN); as well as SAS. Having decided to
use protective films, we first established their
influence on the detection limit and response time of
the Ag(CN); -selective electrode. The hydrophilic
properties of the films used decrease in the order
cellophane > dialysis bag > nitrocellulose > cellulose
acetate > lavsan (dacron). Before work the plas-
ticized electrode together with the protective film was
soaked in 0.01M KAg(CN), solution for 1hr. The
protective properties of the films were investigated at
a constant SAS concentration and a variable concen-
tration of the potential-determining ion.

The protective properties of the films can be ten-
tatively explained on the basis of current concepts of
the structure of electrolyte solutions, and of the
capillary-filtration model for separating mixtures of
substances by reverse osmosis and ultrafiltration.!
On the surface and inside the pores of a lyophilic
membrane immersed in electrolyte solution a layer of
bound water is formed, which, not being a solvent for
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Table 1. Properties of ion-selective electrodes

Operating
Ion Lower detection range of
determined Ion-exchanger Solvent* limit, M acidity or pH
Liquid electrodes
CB 3.2x10°° 4M H,S0,pH 4.0
Au(TU);  Au(TU); Co(NH,),(NO,); DCE 55x%10°° 4M H,S0,pH 4.0
NB 1.0 x 103 4M H,SO,—pH 4.0
Au(TU); Pic~ NB 9.9 x 10—¢ 4M H,SO,—pH 4.0
CB 28 x10~¢ IM H,SO,—pH 3.0
Ag(TU)}  Ag(TU); Pic- DCE 1.2 x 10— IM H,SO,—pH 3.0
NB 72x10°* 1M H,S0,pH 3.0
NB 1.0 x 10~ 2.5-11.5
Au(CN);  (CH;),As*Au(CN)y DCE 6.8 x 10~ 2.5-11.5
CL 1.0 x 10~ 2.5-11.5
NB 3.0x10-¢ 6.0-11.0
Ag(CN);  (CH;),As*Ag(CN)y DCE 1.8x 107 6.0-11.0
CL 48 x10-* 6.0-11.0
AuCly (C.H;),As* AuCl; DCE 8.2x10°¢ 2335
CL 84 x 1073 2335
Film electrodes
Au(CN);  (C,(H;),PTAu(CN); DBP 9.9 x 10-¢ 2.5-11.5
AuCly (C¢H;),Ast AuCly DBP 1.1 x 10-¢ 1.0-3.5
Ag(CN);  (C,H;)P*Ag(CN)y DBP 52x10°° 6.5-12.0

*CB—chlorobenzene, DCE—1,2-dichloroethane,

dibutylphthalate.

the substances in question, prevents their penetration
into the membrane, and hence determines its selec-
tivity. Moreover, at the film—solution interface the
SAS molecules are orientated as a result of the
surface activity of the dissolved molecules. The hy-
drophobic part of the molecule, directed towards the
membrane surface, and its hydrophilic part, directed
into the solution under the influence of hydration
forces, form an additional SAS layer playing a
significant part in the SAS penetration. The amount
of SAS in the hydrophilic surface of the film reaches
its maximum when the equilibrium solution concen-
tration approaches the critical concentration for

(a)

E (mV)

NB—nitrobenzene, CL—chloroform, DBP—

micelle formation. The surface hydroxyl groups of
the protective films form hydrogen bonds with water
molecules, with an energy close to 20-22 kJ/mole.!
This value exceeds the decrease of molar free energy
on dispersive interaction of the hydrocarbon moieties
of the SAS ions with the atoms of the surface of
the hydrophilic films, and so the SAS hydrocarbon
chains cannot be sorbed at the sites on the surface
occupied by hydroxylic groups.

Figure 9 presents the data on the electrode per-
formance with and without use of a protective film.
The effectiveness of using films was estimated from
the ratio of the detection limits in the presence of
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Fig. 9. SAS effect on the electrode function of electrode for Ag(CN); without (a) and with a protective

film (b). (a)—SAS concentration, mg/ml: 1—0.25 (Sulphanol), 2—0.39 (HCO), 3—2.0 (RTO), 4—0.034

(Nekal), 5—0.05 (Progress). (b}—Sulphanol; film: 1—cellulose acetate, 2—nitrocellulose, 3—cellophane,
4—lavsan, 5—dialysis bag.
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Table 2. Ratio of electrode detection limits for Ag(CN); in the presence of SAS without use of
a protective film to those found by use of a protective film

Cellulose Cellulose

acetate acetate Dialysis
SAS Cellophane Lavsan  (0.55 um) (0.9 um) Nitrocellulose bag
“Sulphanol” 12.1 9.1 22,9 14.5 18.4 2.9
“Progress” 21.6 34.8 21.0 12.3 4.4 13.2
HCO 10.0 1.5 10.5 8.3 2.0 5.0
“Nekal” 8.3 1.3 17.4 4.2 5.0 7.3
TRO 19.9 12.6 20 1.6 44 45

SAS, with and without the protective films. The
results are listed in Table 2. Films made of cel-
lophane, lavsan and cellulose acetate proved to be
effective. When choosing the protective film, to elim-
inate the interfering action of SAS it is necessary to
take into account, apart from the sieving effect, the
interaction of the film with the SAS.

New electrodes. The investigations served as the
basis for the development of new ion-selective elec-
trodes. The following electrodes have good per-
formance characteristics.

1. Electrode with a liquid membrane based on
tetraphenylarsonium dicyanoaurate in 1,2-dichloro-
ethane, selective with respect to the Au(CN); ion.

2. Film electrode based on tetradecylphosphonium
dicyanoaurate, selective with respect to the Au(CN);
ion.

3. Electrode with a liquid membrane based
on tetraphenylarsonium tetrachloroaurate in 1,2-
dichlorethane, selective with respect to the AuCly
ion.

4, Film electrode based on tetraphenylarsonium
tetrachloraurate, selective with respect to the AuCly
ion.

5. Electrode with a liquid membrane based on the
ion-associate Au(TU); Co(NH,),(NO,); in nitro-
benzene, selective with respect to the Au(TU); ion.

6. Film electrode based on tetradecylphosphonium
dicyanoargentate, selective with respect to the
Ag(CN);7 ion.

7. Electrode with a liquid membrane based on the
ion-associate Ag(TU);} Pic™, selective with respect to
the Ag(TU);} ion.

Determination of gold in citrate gilding electrolytes

The electrode with a liquid membrane based on
0.001M tetraphenylarsonium dicyanoaurate in 1,2-
dichloroethane was used for gold determination in
citrate gilding electrolytes. These electrolytes com-
prise KAu(CN), solutions in a mixture of potassium
citrate (75 g/l. K,C;H.0,.H,0) and citric acid (20 g/1.
H,C:H.0,.H,0), and containing as impurities Na,
Mg, Ag, Mn, Fe, Cu, Bi, Al (107>-10~*M). The
concentration of gold, impurities and base electrolyte
changes in the course of cell operation. The analysis
was performed by the calibration graph method.’
Standard gold solutions (20 mg/ml) were prepared in
pH 5.05 citrate buffer.

To determine gold, 0.5 ml of test solution was
transferred into a 25-ml standard flask and diluted to
the mark with citrate buffer solution. After equi-
librium had been established the e.m.f. was measured.

When gold was determined in gilding electrolytes
that had been used for a long time the results were
improved by adding small quantities of oxalic acid
(0.2 g per 25 ml) to the flask prior to sample dilution. .

Replicate analyses of samples with different gold
concentrations gave a relative standard deviation of
2-3% (Table 3), and the results were in good agree-
ment with those of gravimetric determination by
reduction with thioglycollic acid in 6M hydrochloric
acid medium, cupellation, and weighing as the metal.
The potentiometric method is much simpler and

Table 3. Results of gold determination in
citrate gilding electrolytes, mg/mi

Potentiometric method
(n=9; P=095 1,=231)

Gravimetric

X+ ﬂ method

DETERMINATION OF GOLD AND SILVER Jn 5.8 % n=3)
These electrodes have been used to develop tech- gzgiggg % gzg
niques for determining gold and silver in a broad 6.30£0.13 3 617
concentration range in solutions of complex com- 7.09 +0.09 2 7.03
position: citrate and cyanide gilding electrolytes, 8.17+0.14 2 8.17
technological and waste thiourea and cyanide solu- 8.40 £0.13 2 8.37
X . ) 9.96 +0.19 3 9.87
tions from gold-extraction plants, chloride gold solu- 10.08 £ 0.14 2 10.02
tions, cyanide and dicyanoargentate-thiocyanate 10.28 £ 0.13 2 10.36
silvering solutions. The accuracy and precision satisfy 13.38 +£0.22 2 13.30
technological control requirements and the methods 16.69 +0.32 3 16.38

have been introduced into practice at numerous 15 = standard deviation.

plants. Some of them are described below.

§S, = relative standard deviation.
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Table 4. Results of gold and silver determination (ug/m!) in the liquid phase of cyanide pulps
(n=5, P=0.95, 1,=2.78)

Quantity of gold found

Quantity of silver found

Potentiometric method
Electrode for Au(CN);

Potentiometric method

Y+ ﬁ Atomic-absorption X+ ﬁ Atomic-absorption
NG S, % method Jn S., % method
1.4510.30 25 1.35 5610.5 30 5.8
1.85+0.32 20 2.10 89+1.0 28 11.0
2.00+0.20 20 1.75 58+0.5 25 52
2.40 £0.28 24 2.50 13.51+0.8 30 152
2.70 £ 0.20 17 3.20 198+ 1.5 20 234

faster, and has satisfactory accuracy and re-
producibility.

Determination of gold and silver in cyanide solu-
tions. To determine gold and silver in cyanide solu-
tions one Au(CN); -selective film electrode was used.
The silver concentration was determined by the
difference between the e.m.f. values of two mea-
surements:

CAu

Au/Ag

where AE =E,—E,, E, and E, being the em.f.
before (E,) and after (E,) acidification of the sample,
Kauag is a constant* depending on the pH of the
solutions and s is the slope of the calibration graph.

A 25-ml portion of sample solution was placed in
a polyethylene measuring cell, sodium sulphate was
added to give 0.45M concentration and dissolved,
and E, was measured. The solution was then acidified
to pH 3.5 by addition of concentrated sulphuric acid
and E, was measured. The value of E, gave the gold
concentration, and the silver concentration was
found from the equation above. The e.m.f. readings
were taken 5 min after immersion of the electrodes in
the test solution.

The results thus obtained for gold and silver in the
liquid phase of the pulp formed in sorptive extraction
of the metal had relative standard deviations (S;) of
17-25% and 20-30%, respectively, and were in agree-
ment with the results of atomic-absorption analysis
(Table 4). The proposed method satisfies the require-
ments of production control at the low levels con-
cerned.

Determination of gold in cyanide solutions of gold-
extracting plants. The electrode with 0.01M tetra-
phenylarsonium dicyanoaurate solution in nitro-
benzene as the liquid membrane was used to
determine gold in the process and waste solutions of
gold-extracting plants. At such plants it is necessary
to control the gold content at several points of the

CAS =

(IOAE/: - l)’

*Kauag is the selectivity coefficient Ky, cnrjagonys s the value
of which depends on pH [which affects the conditional
stability of the Ag(CN); complex).

process: (1) in the liquid phase of the pulp during
cyanide complexation and sorption, (2) in the solu-
tions after elution or stripping, and (3) in the waste
solutions. The wide range of gold concentrations in
these solutions (2 x 10~°-1 g/l.) requires the use of
different methods of potentiometric control.

To determine gold, a known volume of test solu-
tion, acidified with concentrated sulphuric acid to pH
3, was placed in a measuring cell, and sodium sul-
phate solution was added till the Na,SO, concen-
tration was 0.45M. The e.m.f. was measured 3 min
after immersion of the electrodes in the solution. The
results for gold have good reproducibility (Table 5,
S, = 2-6%) and show satisfactory agreement with the
atomic-absorption analysis results. However, when
gold is determined in the liquid phase of the pulp in
the cyanide treatment, a large discrepancy is observed
between the results of potentiometric and atomic-
absorption analysis, and the reproducibility becomes
much poorer (S,= 14-27%), but even in this case
the proposed method satisfies the requirements of
production control.

To improve the reproducibility of gold deter-
minationin the liquid phase of the pulp, two variants
of the method of standard additions were used.

(1) Two equal portions (0.04 ml of each) of stan-
dard 5 x 1073M NaAu(CN), solution (method of
double additions) were successively added, with con-
stant stirring, to 25 ml of test solution. The gold
concentration (C,) was found with the help of tables
of R = f(C,/AC). The value of R was calculated from

the equation
o C,+2AC
E-E B\T g

R=E—E=b C.+AC\’
e

where E, E, and E, are the e.m.f. values for the
sample and after the introduction of the first and the
second addition, respectively; AC is the increment in
gold concentration due to the addition.

(2) Portions of 0.04-0.1 ml of standard 5 x 107> M
NaAu(CN), solution were added to the test solution
with constant stirring. Each addition (AC) caused a
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Table 5. Results of gold determination in
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process solutions of gold-extraction plants,

mg/ml

Potentiometric method
(n=10, P =095, t,= 2.26)

X+ ﬁ Atomic-absorption
Substance analysed Jf, S;s % method
(1.20 + 0.23) x 1072 27 1.0 x 1073
Liquid phase of pulp (1.46 £0.15) x 10~} 14 1.9 x 102
during cyanide (1.62 £ 0.35) x 10~3* 17 2.0 x 10~?
complexation (1.954£0.32) x 10~} 14 2.6 x 1073
0.91 £0.02 4 0.82
1.09 £+ 0.03 4 L13°
Solutions after 1.24 + 0.09* 6 1.27
stripping 1.36 1+ 0.06 6 1.38
1.38 £ 0.03 3 1.32
1.52 £ 0.04 2 1.60

*Mean values for results of five measurements (» =35, P = 0.95, 1, =2.78).

change (AE) in the em.f. of 7-10 mV. Additions were
continued until the total e.m.f. change reached 40 mV
(which required less than 1 m] of standard solution).
The gold concentration (C,) and the electrode func-
tion slope (s) were found by calculating

E=f(AC)=Slog (C’—zé—q)

by the least-squares method on a computer.

The results obtained by both variants had better
reproducibility (S, < 8%) and agreed well. The anal-
ysis took about 30 min. The method of standard
additions not only improves the reproducibility but
also makes it possible to use the Au(CN); -selective
electrode without preliminary calibration with stan-
dard solutions.

For the Au(CN); waste solutions the selective
electrode was used only to indicate whether the
concentration was above or below a preselected level.

The Au(CN); -selective electrode can be used for
laboratory and continuous automatic control of the
gold content in the process and waste solutions of
gold-extracting plants.

Determination of gold(IIl) in chloride solutions.
With the plasticized AuCl; -selective electrode

gold(IIl) was determined in chloride solutions con-
taining copper(Il), nickel, platinum(Il) and pal-
ladium. Such problems arise in the analysis of gold
concentrates and alloys. Known volumes of solutions
with a known concentration of copper, nickel,
platinum and palladium were added to standard
AuCl, solutions in 0.1M hydrochloric acid. The
TPA*AuCl; ion-associate served as the electrode-
active compound in the AuCl; -selective electrode.
The correctness of analysis was estimated by the
t-criterion; S, was 2-6% (Table 6).

Determination of gold and silver jointly present in
thiourea solutions. Since gold has a large interfering
effect on silver determination in thiourea solutions,
direct silver determination is possible only with the
use of some calculations, which fortunately are rather
simple. The method is based on measuring simul-
taneously the potentials of Au(TU);S [electrode-
active compound the Au(TU); Co(NH,),(NO,); ion-
associate dissolved in benzene], Ag(TU){- and TU-
selective electrodes in the sample and standard solu-
tions [the TU-selective electrode!? is used because the
TU concentration limits the range of the
Ag(TU); -selective electrode and needs to be mea-
sured]. In the general form the e.m.f. of a cell with
such ion-selective electrodes can be described by the

Table 6. Results of gold determination in model solutions (mg/ml) (n =9,
P =095, 1,=231)

Gold
Gold found,
Molar ratio of metals introduced, (; + ﬁ) 102

in solutions 10%x Jn S., % Lo
Au:Cu=1:10 1.97 1.93 £ 0.07 4 1.29
Au:Cu=1:10 0.20 0.20 £ 0.00 2 1.15
Au:Cu=1:10 0.02 0.02 £ 0.00 S 1.66
Au:Cu:Ni=1:10:10 1.97 1.88 + 0.06 4 0.26
Au:Cu:Ni=1:10:10 0.20 0.21 +0.01 3 0.03
Au:Cu:Ni=1:10:10 0.02 0.02 +0.00 6 0.26
Au:Pt=1:1 1.97 1.96 + 0.04 3 0.52
Au:Pt=1:10 1.97 1.97 £ 0.06 4 0.05
Au:Pd=1:10 1.97 1.92 +0.08 5 1.42
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Table 7. Results of silver and potassium thiocyanate determination (mg/ml) in
silvering electrolytes containing Ag(CN);

Silver Thiocyanate
Potentiometric Potentiometric
method (n =9) method (7 =9)
Reverse
%+ 5 Thiocyanate £+ 5% titration
\/,; S;, % method (n =3) \/,; S, % n=3)
26.8+0.5 2.5 27.2 143.71+ 2.4 2.1 135.2
18.5+0.6 34 18.2 844+1.6 24 80.3
22.7+0.5 2.7 220 100.1 £ 1.5 2.0 97.2

following set of linear equations:

Yauruyy = Cauruyy + Em/M;\“C}a{f,rt
Yasruy = Cagruyp + ZKBms- C1

where Yyruyr = Cuquyy « ©XPIAE/n), and AE is the
difference in potential of the M(TU); -selective elec-
trode, measured in the test solution and standard
solutions of similar composition.

The IKP'CY* values depend on the number
of interfering ions. The potential of the
M(TU); -selective electrode depends on both the
M(TU);} concentration and the concentration of
extraneous M:* ions. The maximum value of the
deviation of concentrations (AC%;} ) from the average

%, can be estimated from

C( )_C(—)
ACy; ===

where Cyand C_, are the upper and lower limits of
the extraneous ion concentration in the solution. The
number and admissible concentration of interfering
ions are determined by the analytical accuracy re-
quired. It has been established that errors caused
by the presence of Zn(Il), Fe(Ill) and Fe(II) are
insignificant, at least within the range of their concen-
tration in the process solutions. The expressions for
the apparent concentrations in solutions at pH 2-3
are

C,I\u(-l-u); = CAu + 0'38CA3(TU): + O-ISCCu(TU):'
C,Ag(TU): = CAg + 0‘53CA\|(TU);’ + 0'30CCu(TU):’

Solution of the set of equations for the boundary
conditions makes it possible to find mutually consis-
tent values of the coefficients and use them in formu-
lae to calculate the gold and silver concentrations
when they are present together:

CAu = YAu(TU)z* + 0219 YAg(TU);'
CAS = YAg(TU): + 0.470 YAu(TU); + 0.0182

The results have satisfactory reproducibility and the
proposed technique is sufficiently selective.
Determination of silver and thiocyanate in
dicyanoargentate—thiocyanate silvering electrolytes.
The total concentration of dicyanoargentate and

thiocyanate ions is determined with the help of the
Ag(CN); -selective  film  electrode. The di-
cyanoargentate complex is then broken up with so-
dium sulphide, and the thiocyanate ions are deter-
mined with an SCN~-selective electrode (NPO
“Analitpribor”, Thbilisi). The concentration of
Ag(CN); ions is then calculated from

Cagicw; = Cagenyy +sen- — Kagianyy sen- Csen-»

where K,yony;son- 18 the Ag(CN); -selective elec-
trode selectivity co-efficient, equal to 0.128 4+ 0.01.

Standard silver solution (0.1M) was prepared by
dissolving KAg(CN), in 0.45M sodium sulphate and
adding a standard potassium thiocyanate solution to
give 0.1M thiocyanate concentration. The salt con-
tent and ionic strength of the solutions were kept
constant.

One ml of tenfold diluted electrolyte was placed in
a 50-ml standard flask, 25 ml of 0.9M sodium sul-
phate were added and then water up to the mark. The
solution was transferred to a beaker and stirred, and
the Ag(CN); -selective electrode and a reference elec-
trode were immersed in it. Three minutes later the
e.m.f. was measured and Cpyen; +son- Was found
from a calibration graph. Then 0.1 ml of 1M sodium
sulphide was added and the concentration of thio-
cyanate was determined with the SCN~-selective
electrode and a calibration graph, and Cygen) Was
calculated as shown above. The analysis of a single
sample takes 20 min. Results are given in Table 7.
The method can serve as the basis for continuous
automatic control of the content of silver and thio-
cyanate.
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Sary_—This paper reviews the problems of atomic-spectrometry, mass-spectrometry and activation
methods in elemental analysis of high-purity substances. The specific techniques of sample preparation,
preconcentration of impurities and the determination of gas-forming trace elements are discussed.

High-purity substances have been attracting the
attention of scientists for more than half a century.
The chemical purity of materials is often the main
criterion for their applicability in new fields of science
and engineering. The purity required is constantly
increasing. In the '40s the limiting impurity level
was 10~-*~10-2%, in the *50s 10~3~10*%, in the '60s
10-7-10-%% and nowadays a number of materials
require an individual impurity content of not more
than 10-*-10~"% and sometimes even less (down to
10-11%), with a total impurities level of 10~-10~°%.

Analytical control is an integral part of prepara-
tion of high-purity substances since the total impurity
content is generally taken as the main criterion of
purity, mainly because of the practical impossibility
of achieving a precision of even 1 part in 10° in
determination of the matrix material. Attempts to
measure purity by means of physical properties, such
as the residual electrical resistance of metals at low
temperatures,’ have failed to give the results hoped
for, owing to the dependence of these properties not
only on composition but also on the perfection of the
sample crystalline structure, on impurity inclusions,
and on the chemical form of impurities.

The impurity composition of a substance is usually
determined by several methods of analysis, one being
of multi-element or survey nature and the others
chosen for their selectivity and sensitivity or to detect
components not found by the survey method.? Pro-
cedures for estimating total impurity concentration in
a sample by means of an incomplete analytical data
set are being developed.’

Proof of the precision of a determination is the
main problem in the analysis of high-purity sub-
stances. An analysis is often performed at the limits
of detection of the methods used, and even a slight
departure from the correct procedure may lead to
appreciable error. Specific methods are applied for
precision control. In particular, in the methods based
on recovery of known amounts of added materials,
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preference is given to use of the radioactive and
less-common stable isotopes of the analytes, which
makes it possible to introduce a very small amount of
the impurity of interest without the danger of con-
tamination. To introduce a trace of an analyte into
the sample the ion implantation method is generally
used, but even in this case there is a high probability
of error. Therefore it is recommended to use several
techniques simultaneously. Table 1 shows the results
of analysis for the iron content of germanium dioxide
by different methods. Comparatively high re-
producibility is obtained.

Multi-eiement methods of analysis

Multi-element methods include spark-source mass-
spectrometry, atomic spectrometry and activation
analysis; single-element methods include electro-
chemical, spectrophotometric and kinetic methods.*®
Let us consider the trends in development of the most
widely used multi-element methods. Some aspects of
this problem are discussed in a number of mono-
graphs'®*® and reviews.'*!®

Atomic-spectrometry methods—emission, absorp-
tion and fluorescence spectrometry—are widely used
to detect the impurities in high-purity substances.
The application of atomic-emission methods with an
arc source and of atomic-absorption methods with
electrothermal atomizers is especially effective in con-
junction with preconcentration of impurities; in this
case preference is given to physicochemical methods
which do not require chemical reagents'!” or use
them in minimum (stoichiometric) amount.'® Con-
centration of impurities on a collector (most often on
graphite powder) or directly in a graphite-electrode
crater, makes it possible to use spectral reference
samples (standards) prepared from metal salt solu-
tions in acids or water. Another advantage of precon-
centration is that it decreases the fluctuation in
results that arises from inhomogeneous distribution
of the impurities in the sample. The drawbacks are
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Table 1. Comparative results for the iron content in high-purity germanium dioxide samples,

1073% w/w
Sample No.
No. Method of analysis 1 2
1. Extraction colorimetric method 2.6 4.2
2. Atomic-emission method with concentration
in open system 1.8 35
3. Atomic-absorption method with electrothermal
atomization from solid sample 2.0 5.1
4. Extraction photometric method 2.7 3.7
5. Atomic-emission method with excitation
in direct current arc after vapour-phase
autoclave concentration 2.5 4.8
6. Atomic-emission method with electrothermal
atomization from solution after vapour-phase
autoclave concentration 3.1 5.4
7. Atomic-emission method with excitation in
inductively-coupled plasma after vapour-phase
autoclave concentration 3.0 55
8. Atomic-emission method with excitation in
inductively-coupled plasma after concentration
in open system 2.0 5.0
9. Spark-source mass-spectrometry 22 4.1
10. Instrumental neutron-activation 2.0 5.0
Average value 24406 46+09

the possible distortion of results owing to loss of
impurities and sample contamination during the pre-
concentration and also loss of possible information
about the homogeneity of the material.

The progress in lowering the limits of detection in
atomic spectrometry is primarily related to devel-
opment of more effective excitation sources. The
advances made in the period 1966-1981 have been
reviewed.! During this period the limit of detection
for many elements was lowered by about 3 orders of
magnitude.’ The use of the inductively coupled
plasma (ICP) makes possible the multi-element anal-
ysis of many high-purity liquid substances without
preconcentration, with limits of detection in the range
1077-1073% w/w. However, the potentialities of the
method for analysis of solids are sharply reduced by
the need to bring the sample into solution. To
overcome this shortcoming “combined sources” are
used, i.e., two separate high-temperature units, one
for atomization and the other for excitation and
observation and are coupled “on-line”.?

A substantial lowering of the limits of detection for
individual impurities down to 107°% is achieved in
atomic-emission analysis by application of a hollow-
cathode discharge as an excitation source./%?"?2 The
current potentialities of the method have been com-
prehensively surveyed.”>® Although the precision is
not very high, the method seems rather promising in
atomic-absorption and mass-spectrometry analysis.

Spectroscopic analysts place their main hopes on
use of lasers.2*%® The progress in analytical laser
spectrometry is mainly related to the development of
frequency-tuned lasers which may drastically lower
the limits of detection impurities. The most promising
applications of lasers in the analytical chemistry of
high-purity substances are to atomic-fluorescence,

intracavity-type absorption and photoionization
methods.

In atomic-fluorescence analysis with laser exci-
tation®® ' the sample vapours are exposed to laser
radiation tuned to the absorption-line frequencies of
the analyte atoms. In this case it is often possible to
saturate the quantum transition, so about half the
atoms irradiated are excited. The fluorescence at a
frequency-shifted line is usually recorded, which
simplifies the detection of the signal against the
background of scattered exciting radiation. The lin-
ear range of calibration covers 3—6 orders of mag-
nitude. The extrapolated limits of detection for a
number of metal impurities in reference water solu-
tions are as low as 1071-10-'* g/ml.3**! For cobalt
determination in high-purity silicon dioxide, after
preconcentration a limit of detection of 1077% w/w
has been obtained.”

In laser stepwise-photoionization analysis®** the
sample is atomized in a vacuum chamber and a
directed atom flux is formed. The radiation pulses of
two or three lasers, with wavelengths tuned to reso-
nance transitions of the impurity atoms, excite the
atoms stepwise to the Rydberg state. The highly
excited atoms are ionized by an electric field. The ions
generated are forced out from the ionization region
and detected. The method of laser stepwise-
photoionization has the highest selectivity among the
methods of laser atomic-spectrometry analysis but
only a few methods have been developed.* For
aluminium and sodium determination in high-purity
germanium® without preconcentration a limit of
detection of 2 x 10~° atom% has been obtained.

Great problems are encountered in sample atom-
ization when methods of micro-impurity deter-
mination in high-purity substances are being devel-
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Fig. 1. Impurity spectrum range in high-purity germanium. Contactless spectrum recording. Ordinate:
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oped. One of the ways to overcome this problem is
the formation of a directed atom flux of high in-
tensity. It eliminates chemical preparation of the
sample, and hence lowers the blank level. In atom-
flux fluorescence excitation deactivation effects are
practically absent, which gives this atomization
method an advantage over the others.

Photothermal ionization spectroscopy in the in-
frared range® is one of the most sensitive methods
of semiconductor analysis, and provides the deter-
mination of donor and acceptor impurities of chem-
ical elements and complexes, directly in the semicon-
ductor crystal bulk. The measurements are done at
liquid-helium temperatures. A contactless technique
of recording photothermal ionization spectra has
been worked out,® which eliminates sample con-
tamination from ohmic contacts, and broadens the
range of semiconductor materials that can be anal-
ysed. In this method surface contamination does not
influence the analysis results and makes it possible to
determine electroactive impurities at the level of 10~
atom% and less (see Fig. 1).

Mass spectrometry methods are among the most
informative methods of high-purity substance anal-
ysis. Spark-source mass-spectrometry (SSMS) is the
most important, and provides data on the content of
up to 70 impurity elements in a sample, in a single
determination, with a limit of detection of
1077-107%% w/w with a 10-mg sample.***! Un-
fortunately, the precision is not very high (40-45%),
though attempts to improve it continue.* The
analysis may be done without reference samples, the
matrix element being used as internal standard. The
impurity content is determined with an accuracy
dictated by the relative sensitivity coefficient (RSC).

There are reasons to believe that the RSC of an
element does not depend on concentration, and the
RSC values of different elements generally differ by
not more than a factor of 5. The potentialities of
SSMS have led to this method becoming in essence
the main means for multi-element analysis of high-
purity substances. The universal nature of SSMS
makes it possible to conduct a survey analysis of most
solids and many liquids without time-consuming
methodological developments. It should be pointed
out that the first 25 years of development of SSMS
did not greatly increase the potentialities of the
method. Only a few improvements were made. How-
ever, modern instruments have high resolution, which
lowers the limit of detection for some impurities and
they are equipped with devices for automatic mainte-
nance of the spark gap as well as with a recording
system for ion current. With application of the
systems for additional evacuation of the ion-source,
techniques for carbon, nitrogen and oxygen deter-
mination at 107%-10~*% w/w levels have been
worked out.* Computer techniques of spectra pro-
cessing are being developed,” which greatly reduce
the time of mass-spectra identification and improve
the reproducibility of results. The trends in develop-
ment of SSMS are mainly connected with improve-
ment of the ion-source and techniques for impurity
concentration.* The impurity concentrates can be
analysed with sufficiently intense and stable ion
current by the “frozen drop”* and “thin layer”
methods.* The combined application of SSMS as a
survey method together with atomic-absorption spec-
trophotometry for precision determination of indi-
vidual technology important impurities is of inter-
est.”” The current state of SSMS and the application
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of the ICP as a mass-spectrum ion-source in the
analysis of solutions have been discussed.**

In the USSR, mass spectrometers with laser ion-
sources are being manufactured® and corresponding
analysis techniques have been developed.’! The appli-
cation of laser mass-spectrometry (LMS) for the
determination of trace impurities has been dis-
cussed,”>® In general, LMS is equivalent to SSMS
with respect to limits of detection but has certain
advantages in layer analysis as well as in analysis of
non-conducting material. The work on mass-spectral
laser microanalysis of high-purity substances is con-
tinuing, 3%

Secondary-ion mass-spectrometry (SIMS) finds
wider and wider application owing to its high sensi-
tivity and ability to give data on distribution of
sample components. A specific feature of secondary-
ion emission is a high yield of polynuclear ions
and, as a consequence, a superposition of lines in the
mass spectrum. Various methods have been suggested
for dealing with such interference lines; but the
use of high-resolution mass analysers (resolution
5000-10000) remains the most reliable way for lower-
ing the limit of detection. Secondary-ion emission
differs considerably between various elements and
depends on the sample material. That is why in
survey analysis of high-purity materials SIMS is
inferior to spark-source and laser mass-spectrometry
except for some advantages in determination of alkali
metals.

SIMS is certainly more advantageous than the
other methods of analysis for investigation of element
distribution in thin surface layers, as it provides a
low limit of detection with high depth-resolution (to
several nm). Most research on element distribution in
ion-implanted, diffusion and thin epitaxial layers of
semiconductor materials is done by SIMS. To obtain
a reliable concentration profile it is necessary to
develop a special technique.

SIMS may also be used to determine the surface
contamination composition, but generally high-
resolution instruments must be used because in sur-
face atomization there is a large yield of polynuclear
ions.

Various models for secondary-ion emission have
been suggested.* The techniques for determination of
element content from the secondary-ion current,
based on these models, give results which vary from
the mean by a factor of ~3, which is why it is
necessary to use reference samples to improve the
precision of SIMS analysis. Great problems are en-
countered in making and using reference samples,
owing to the dependence of the secondary-ion yield
on the form of the element in the sample. It seems
that one of the most reliable techniques is intro-
duction of a predetermined quantity of analyte into
the surface layer of the sample by ion implantation.
The results are calculated either from the total dose
of the implant or the maximum of its distribution
profile.” Good results have been obtained for the
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distribution of oxygen in selenium* and of impurities
in gallium arsenide.*® )

Activation analysis remains one of the most sensi-
tive methods. The low absolute and relative limits
of detection, and the possibility of completely
precluding the influence of surface contamination,
the environment and reagent purity, make acti-
vation methods indispensable for analysis of high-
purity substances. Like SSMS among mass-spectral
methods, neutron-activation analysis (NAA) plays
the leading part among activation methods, as it
provides simultaneous determination of more than 60
elements with high precision.

There have been no basic changes in NAA in the
last decade, and the main improvements of NAA
have been in the development of new high-efficiency
methods of radiochemical separation.® Thanks to the
development of such methods the range of matenals
analysed has been substantially expanded, and
now includes such “difficult” subjects for NAA as
mercury.®! Great attention has been paid to the
development and application of reference samples
specific to NAA.® To further increase the sensitivity
of NAA, research has been done on the potential
of using a high-flux nuclear reactor (flux 1 x 10
n.cm~2. sec™!). As follows from Table 2, the limit of
detection for the impurities in silicon has been low-
ered by an order of magnitude. Further improvement
of the technique is expected to lower the limit of
detection by two orders of magnitude. It is interesting
that with improvement of the sensitivity the number
of detected impurities has greatly increased. It may be
expected that the use of charged particles®* and the
methods of nuclear microanalysis®® will provide con-

siderable progress in activation analysis of high-

purity substances.

Sample preparation and concentration of impurities

The analysis of ever purer substances demands not
only the development of highly sensitive methods of
analysis but also imposes strict requirements on the
cleanliness of all chemical operations, and the reduc-
tion and control of surface contamination, and the
background signals from the environment and equip-
ment. A considerable amount of research is devoted
to these problems. We may point out the necessity to
work in specialized “clean” rooms,* control reagent
purification,” clean the sample surface, and use
efficient and sterile methods of sample decom-
position. '

Automation of all operations—from sampling to
producing the results—should preclude con-
tamination of the substance by human contact. Cur-
rent interest is in sample decomposition in autoclaves
or other sealed pressure vessels, to minimize con-
tamination, prevent the loss of volatile components,
and accelerate the decomposition process.!>!%1867 It
has been shown' that the development of special
microtechniques for all preliminary chemical
operations—from reagent purification prior to de-
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Table 2. Detection limits (L) for impurities in high-purity silicon by the
NAA method with high-flux reactor, % w/w

Attainable

value with

high-flux

Traditional With high- reactor and  Expected
technique, flux reactor, improved gain,

Element L, L, technique, L, L,/L,
Na 6x10°° 2x10°? 5x 1010 12
Sc 5x 101 5x 10— 1x10-1 50
Cr 5x10-8 2x10-¢ Sx107° 10
Fe 2x10°¢ 1x10°7 4x10-% 50
Cu 2x10°8 2x107° 1x107° 20
Ni 2x10-3 5x 1077 1x10-7 200
Co 5x10~? 2x10-10 5x 101 100
Zn 2 x 1077 6x10~° 3x107? 70
Gd 2x107° 4 x 10710 2 x 10-10 10
As 2x107° 1 x10°10 5x10-! 40
Br 2x107° 4 x 10710 2 x10-10 10
Ag 5x1078 2x107° 5x 10710 100
Cd 5x 1078 4x107° 1x10-° 50
Sb 1x10~? 1x10°1 5x 10U 20
Cs 1x10-8 5x10-10 1 x10-10 100
La 1x10-° 1x10-1° 5x10-1 20
Eu 5x 10-%° 4x 107" 3x 1012 220
Lu 1x107? 1 x10°' 3 x 1071 33
Hf 5x107° 2x 10710 Sx 10~ 100
Ta 1x10-8 8 x 101 2x10-1 50
w 3x10~? 5x10-1° 1 x10°10 30
Ir 5x10-1° 9x10~12 3x10°1? 170
Au 1x10-1° 7x 10712 2x 10712 50
Hg 1 %1077 1x1078 5x 10~ 20

composition and concentration, to introduction of
the concentrate into the instrument for the final
analysis—makes it possible to reduce the blank by
several orders of magnitude. This combination of
relatively simple devices and chemical operations
minimizes the most common types of analytical error,
and allows the introduction of the impurity concen-
trate into the analyser without substantial losses or
contamination, and thereby lowers the detection lim-
its. A number of new concentration techniques in
trace analysis have been described.® ™

In recent years gas-phase methods of detecting and
concentrating micro-impurities have been devel-
oped.””* The traditional conversion of a sample into
the liquid state before concentration of the impurities
is often far from the best solution. The dissolution
process may lead to substantial increase in the blank,
and decrease in the analyte concentration owing to
dilution with solvent etzc. Transfer of the impurities
into the gas phase by reaction gas extraction (RGE)
is a more efficient solution of the problem. In RGE
the analytes are converted into gaseous compounds
which can be identified and determined directly in the
gas phase. These methods provide a new limit of
detection owing to the efficiency of concentration in
the gas phase and the use of minimum (often stoi-
chiometric) quantities of reagent. RGE methods are
especially promising in determination of non-metal
micro-impurities (primarily silicon, phosphorus and
arsenic) which are difficult to determine. High-

temperature extraction for the determination of gas
impurities (oxygen, hydrogen, and nitrogen) may be
preferred to RGE methods.”®”” In the last few years
there has been a rapid increase in research on the
determination of arsenic, selenium, tellurium, tin,
germanium, efc. as their volatile hydrides.”* Atomic
emission and absorption spectrometers are now
equipped with volatile-hydride generators. Analysis
with extraction of volatile halides is being developed
in two directions—the search for highly efficient
halogenation agents and optimal conditions for
transfer of the analyte into the gas phase, and the
choice of a rational analytical technique.?'*

Determination of gas-forming impurities

Oxygen, nitrogen, carbon and hydrogen are com-
monly called gas-forming impurities, because in their
determination by high-temperature extraction they
are isolated in gas form from the samples. Many
other elements are now isolated and determined by
this method.” This aspect makes the term *“gas-
forming” ambiguous, but it is convenient to combine
these four elements into one group and retain the
existing terminology. The gas-forming elements are
widely spread in the environment and are of high
reactivity. These characteristics impede the
purification of substances and materials on the one
hand, and considerably complicate the analytical
determination on the other. Despite intensive efforts
by analysts, the methods for determining the gas-
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Table 3. Oxygen and carbon determination with activation by 10-MeV helium-3 ions

Lower
boundaries
of detected

Method of content,
Analysed material determination % wiw
Al, Si, Hf, Ta, W, Re Instrumental 10-7-10-6

Al, 8i, SiC, Sc, Ti, V, Cu,
Ge, Ga, P, GaAs, Y, Zr, Nb,
Mo, Ag, In, Sb, La, Hf, Ta,
W, Re

Lanthanides

Radiochemical separation
of analytical isotopes

BF and ''C

forming elements in pure substances remain the most
difficult, mainly because of sample-surface con-
tamination and the high background. Activation and
high-temperature extraction are the most widely used
methods of analysis.

The activation methods used for the determination
of gas-forming impurities differ both in the type of
radiation used for activation and in the type of
products of the nuclear reactions.®

Fast neutrons are used for rapid determination
of oxygen and nitrogen, with lower limits of deter-
mination of 10~°-10~*% w/w. For the determin-
ation of oxygen and carbon at concentrations of
107%-10-*% w/w deuterons may be used. Protons
are used to determine nitrogen at 10-8% w/w levels.
Helium-3 ions provide oxygen and carbon deter-
mination at concentrations of 10~7% w/w. The same
high level of sensitivity is achieved in oxygen deter-
mination with «-particles. Bremsstrahlung from
linear accelerators or microtrons of 25-30 MeV
power is used to determine oxygen, carbon and
nitrogen with detection limits of 107%-10~°% wjw.

Up till now, techniques have been developed and
used for the determination of oxygen, carbon and
nitrogen by activation with helium-3 ions and pro-
tons, for more than 30 different pure materials
(Tables 3 and 4). To preclude any influence of the
impurity composition on the results a universal tech-
nique for isolation and purification of the analyte
isotopes has been developed, based on distillation of
volatile compounds containing these isotopes. The
technique is applicable to all the materials in Tables
3 and 4 with minor changes in the purification system
for the gases distilled.

High-temperature extraction is the most well-
known and widespread method of determination of
gas-forming impurities. In the USSR new modifi-
cations of the vacuum extraction method have been
developed: oxidative melting in vacuum for carbon
determination, “neutral” melting for nitrogen deter-
mination, and techniques for removal of surface
contamination.#

Carbon is usually determined by combustion in
oxygen. In analysis of high-purity substances this
method has considerable limitations due to sample
surface contamination and high blanks due to the
carbon content of the ceramic crucibles and oxygen
used. That is why oxidative fusion in vacuum is used
to determine carbon contents < 10-3% w/w;® a blank
of 0.06 +0.02 ug has been achieved, two orders of
magnitude lower than that for the combustion
method. Such sensitivity may be gained by reducing
the influence of “surface” carbon on the analysis
results. For this purpose the sample surface is scav-
enged with oxygen before the analysis.

The application of reductive vacuum-fusion in
graphite crucibles in the analysis of pure metals
(especially refractory and less-common metals) has
led to problems as the degree of nitrogen extraction
is low and variable. That is why “neutral” vacuum-
fusion, i.e., extraction of nitrogen from a melt which
does not contain appreciable amounts of oxygen and
carbon, has been used.®

For oxygen determination a crucible made of
high-purity graphite has been used, and a blank of 0.1
ug obtained. To reduce the surface contamination a
high-temperature interaction of methane with surface
oxides was applied before the analysis.*

Table 4. Nitrogen determination with 6.5-10-MeV proton activation

Lower
boundaries
of detected

Method of content,
Analysed material determination % wiw
Al, Si, V, Nb, La, Ce, Nd, Eu, Instrumental 10-8—-10-¢

Tb, Ho, Ta, Re

Al, Si, SiC, Sc, Ti, V, Cu
Ge, GaP, GaAs, Y, Zr, Nb,
Mo, Hf, Ta, W, Re

Lanthanides e

Radiochemical separation
of analytical isotopes
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Table 5. Results of oxygen, carbon and nitrogen determination in pure
metals by vacuum-extraction methods, X + S, ug/g, n =4

Traditional

Direct surface

Material treatment of cleaning in Detected
analysed sample surface the plant impurity
Copper 4105 1.2+0.1

Nickel 4+1 1+0.1

Molybdenum 7542 2.1+0.3 Oxygen
, Rhenium 15+2 28+0.3

Iridium 10+2 35405

Niobium 6+1 12403

Copper 3541 0.2+40.1

Nickel 5+0.5 0.4 +0.1 Carbon
Molybdenum 1.210.2 0.02 £ 0.01

28102 0.2 +0.05

Nickel 0