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NEW DATA ON M. S. TSWETT’S LIFE AND WORK
K. 1. SAKODYNSKII
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1. INTRODUCTION

Previous publications contained detailed accounts of the most interesting
aspects of M. S. Tswett’s life and work!~5. It has now become possible to complement
them with some new data and documents relating to various stages in his inter-
esting life, which are of particular interest in combination with those already
published. The photographs contained here have never been published before and
are probably the last that will be found”.

2. BIOGRAPHICAL DATA

No new information on M. S. Tswett’s mother is available. The application
from 1. Hais’ to the municipality of Kiitakhia (Turkey), where Marija (Nikolaevna)
(de) Dorozza was born in 1856, added nothing new to what was already known
because the municipal archives were destroyed at the end of World War I. Italians had
settled in that area since the time of the Roman conquest and traditionally constituted
part of the population of these Mediterranean cities.

A considerable amount is known about S. N. Tswett, his father. He was one of six
sons of a well known purveyor from the city of Chernigov who had the right to purvey
honey to the Tsar’s court and obtained the title of an honorary citizen of Chernigov.
After graduating from Tartu University, S. Tswett went into finance and without
any patronage he obtained high administrative ranks and titles solely as a result of

* Particularly due to the death of E. A. Lyaschenko, M. S. Tswett’s niece, in June 1979, who pre-
viously was kind enough to make available most of the photographs of M. S. Tswett known at present
and to provide a variety of information about him and his family.

0378-4355/81/0000-0000/305.60 © 1981 Elsevier Scientific Publishing Company



2 K. I. SAKODYNSKII

his personal abilities, perseverance and integrity. Finally, he became a full Councillor
of State. As S. N. Tswett was opposed to corporal punishment, he was asked to leave
a ship during a round-the-world trip in 1861. He was well known in the literary
community, in particular by I. S. Turgenev. A. P. Kern, to whom A. S. Pushkin
dedicated one of his beautiful poems, wrote very affectionately about S. N. Tswett®.
He disputed the then seditious idea of separating the Church from the State, which
led to his forced and prolonged resignation. For a while S. N. Tswett was Russia’s
trade representative in Genoa. In the last few years of his life he was Chairman of
the Tavria Fiance Department (Simferopol). Soon after his retirement he died in
Yalta on April 24th, 1900, where he was buried at the loanno-Zlatoustov cemetery.
After S. N. Tswett’s death his wife was granted a large pension, which enabled her to
give her children an education. In particular, Nadezhda and Vera graduated from the
Sorbonne University in Paris. S. N. Tswett’s noble title is confirmed by the fact that
his sons Alexander and Vladimir, who became officers in the navy and the air force,
respectively, were permitted to use the double name of Tswett-Kolyadinsky.

Fig. 1. M. Tswett with his nanny, Lausanne, 1873.
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It is noteworthy that M. S. Tswett’s interests had already been formed during
his schooldays. His grammar school certificate, obtained in 1891, reveals that he had
grades 3 in geography and history, grades 5-5.5 in languages and physics and a
grade 6 in chemistry”.

Moreover, this certificate contains additional information on an intricate
question, the date of M. S. Tswett’s birth. It indicates the date as May 19th, 1872.
A similar date is mentioned in the letter from M. S. Tswett to Briquit, sent from
Moscow in 1916. The use of this date is related to the fact that it is indicated at the
beginning of the birth certificate, issued in Asti, meaning that the document was
prepared on May 19th; however, in the middle of the text, there is an indication that
M. Tswett was born at 11.30 on May 14th. Most documents, including the official
ones, contain a correct indication of this date of May 14th, 1872.

M. S. Tswett’s wife, Helen Trusevitch, the daughter of a teacher from Sedlets
boy’s grammar school, was born on May 20th, 1874, of noble origin and Orthodox
denomination. Their marriage, registered on September 16th, 1907, was very happy
although childless.

Fig. 2. M. Tswett, Lausanne, 1876.

* Found in the Kazan archives and published by M. S. Vigdergauz®.
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M ore detailed data on how M. S. Tswett passed his examinations and defended
the Master’s Thesis at Kazan University are noteworthy®. Basic facts have been given
before in a concise form*, It was noted, in particular, that almost immediately after
he had defended his Thesis, M. S. Tswett handed in an application for the post of
Privat-Docent at Kazan University. However, it was not precisely indicated on whose
initiative this was done. The University records even contain an indication of the
possible subject, “A History of Fecundation in the Vegetable Kingdom Related to
the Questions of Heredity and Variability of Them”, and Professor N. Sorokin agreed
to make his audience and teaching aids available. It seems that no-one objected, but
the routine formalities took a long time, as usual, and by the time an affirmative
decision was made M. S. Tswett had abandoned the formal procedure and was in
Warsaw by the end of October 1901. Apparently, he received an invitation from
Professor D. I. Ivanovsky, who had just become Head of the Botany Catedra of
Warsaw University. Later, when the vacancy at Kazan University was announced,
M. S. Tswett did not apply for it.

But for his hurried departure from Kazan, his life might have been very different.

Shortly afterwards, in September, 1903, he applied for the post of Head of the
Plant Physiology Department at the Novoarkhangelsk Institute of Agriculture and
Forestry, but did not obtain the appointment because of the unfavourable references
given him by Professor V. K. Zalessky, as mentioned before!.

M. S. Tswett first introduced his chromatographic method to German scholars
when he addressed a meeting of the German Botanical Society on June 28th, 1907,
in Berlin during his 4-month mission to the Botanical Gardens in Berlin and Kiel".

Professor V. V. Kurilov, invited as an additional opponent along with Pro-
fessor D. I. Ivanovsky and Professor V. F. Khmelevsky to take part in the defence of

i

Fig. 4. M. Tswett in the Botanical Laboratory, Geneva, 1896°.

* L. S. Ettre has found that on this meeting M. Tswett showed chromatograms of chlorophylls.
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M. S. Tswett’s Doctor’s Thesis in 1910, made an interesting critical comment, con-
tained in his reference: “...It would be highly desirable, before using this method in
the division of chlorophyllins, to test it with regard to pigments with a strictly estab-
lished chemical individuality”.

The unusual presentation of relationships and the novelty of the concepts and
terminology, unacceptable to the representatives of a traditional school, induced

&

Fig. 5. M. S. Tewett with his step-mother, Yalta, 1900.



M. S. TSWETT’S LIFE AND WORK

Fig. 6. M. S. Tswett with his step-mother, brother and sisters, probably Yalta, 1900.
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8 K. I. SAKODYNSKII

V. V. Kurilov to make an ironic comment: “It is absolutely impossible to read the
Thesis without a dictionary of new terms and expressions, which is not appended to
the Thesis”. He pointed out in his conclusion, “If I ventured to indicate the author’s
slips and errors in some physico-chemical questions it should be recalled that he who
makes no mistakes, never achieves anything. The author did show diligence and his
numerous experiments prove that he is a hard-working and assiduous person”. *“...1
would be quite satisfied if my humble instructions somehow do my much- esteemed
colleague M. S. Tswett a good turn in continuing his interesting and promising research
in the difficult field that is the object of his study”*.

After the defence of his Doctor’s Thesis, M. S. Tswett applied unsuccessfully
for the appointments of Head of Catedra Botanique at Moscow University (1911) and
Novorossiisk University (1915), and refused the offer of a similar appointment at

;
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Fig. 8. M. S. Tswett’s application for the post of Privat-Docent at Kazan University.

* Leninskaja Biblioteka, Division of manuscripts, “fond” 146.
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Tomsk University (1914) due to the cold climate, and only in 1917 did he become
Director of the Botanical Garden at Tartu (Derpt) University.

M. S. Tswett was not a particularly ambitious person, and his desire to obtain
a Chair was natural, especially if account is taken of his wish to devote himself totally
to scientific work notwithstanding his failing health.

It is interesting to note that according to chromatograms presented in his
Doctor’s Thesis M. S. Tswett obtained under optimal conditions an efficiency of
about 2000 theoretical plates for a column of 5 cm length.

Among the previously unknown articles written by M. S. Tswett during the
last years of his life, a small newspaper article was found, entitled “On the question
of establishing the Nyzhnehorod Society of Natural Scientists”, where he supports this
society as a means of uniting all the scientific forces. In particular, he wrote, “As for the
tasks of the new society, they should be outlined as broadly as possible, precisely to
ensure the most productive interaction of the scientific forces. All natural scientists of
every shade are united by a love of nature, in its particularities or eternal laws, which
makes communication between people of very different mentalities possible™!’.

-
8.

Fig.9. M. S. Tswett with his wife in Switzerland, around 190

For his irreproachable service, M. S. Tswett was decorated with the orders of
Stanislav 3rd Degree, St. Anna 3rd Degree and Stanislav 2nd Degree. Such awards,
however, were given almost automatically in the Tsarist Russian Civil Service.

A much more important event was the winning by M. S. Tswett of the M. N.
Akhmatov Academic Prize in December 1911, for his book entitled “Chlorophylls in
the Plant and Animal World”.
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3. LETTERS TO C. CLAPAREDE"*

These letters were obtained by 1. Hais and handed to the present author with
permission for partial use; some have been referred to previously'2.

Professor Claparede, M. S. Tswett’s fellow student at university, was his closest
friend and the letters obtained by I. Hais, are only a small part of an extensive corre-
spondence.

In the letter from St. Petersburg, August, 17th, 1897, M. S. Tswett tried to
persuade his dear friend Edward not to limit himself just to his stay in Moscow at the
Congress but to be sure to visit St. Petersburg as well. “I assure you that St. Petersburg
is a much more interesting city than Moscow. Moreover, there are very fine environs,
the famous Peterhof Palace, which, Russians believe, surpasses Versailles in its
beauty”. It is not known whether Claparede ever accepted that invitation.

Fig. 10. M. S. Tswett with his wife in Valdeg, Switzerland.

* The letters are kept in the Municipal and University Libraries of Geneva. Photocopies of
them, with permission of Mr. Munier to publish them, were given to Dr. I. Hais.
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Fig. 12. M. S. Tswett with his wife, around 1908, Switzerland.
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L : .
Fig. 13. M. S. Tswett with his wife, Warsaw.

In a letter from Warsaw, March 30th, 1909, after a long discussion of the
question of heliotropism, M. S. Tswett wrote about his plans as follows. “Helen and
I are planning to leave Warsaw early in July (at present we are moving into a new
flat)” and then to go straight to Geneva...

If evil fate does not interfere with my plans and upset them, as it did last year,
you and I shall meet each other this summer, old chap, under the benevolent skies of
Geneva. I feel an extreme need and great desire to come and be absorbed in the
recollection of old university days, and to see you, the only good friend that I have”.

* Before that the Tswetts lived at 6 Krakov suburb, then moved to 7/6 Mokotovskaya Street.
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In a letter from Warsaw, April 23th, 1909, M. S. Tswett wrote that his wife
had been taken ill with tonsillitis and would come later. As for the regular anniversary
of the Geneva University, he wrote as follows: “I believe that Godat might well have
had the sense to invite me, too, and the University would not be overcrowded if,
besides decorative celebrities that are alien to it, its own alumni came there.

Having no possibility of reuniting on the fifth in the College court, I take com-
fort in the fact that old friends and boon companions could surely gather at Fritz’s
or in some other place”.

In a letter from Warsaw, May 16th, 1911, M. S. Tswett wrote about his plans

Fig. 14. M. S. Tswett with his wife, Warsaw.
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to go to Berlin, Amsterdam, Brussels and Paris in the near future in order to visit the
Botanical Institutes and then, after a short stay in Geneva, to go to a picturesque
mountain nook in the French part of Switzerland, and asked for a decent and inex-
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Fig. 15. Certificate of conferment on M. S. Tswett of the degree of Doctor of Sciences (Botany).
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Fig. 16. M. S. Tswett with relatives, Moscow, 1911.

pensive place to be recommended to him. “All in all, it should be a modest sum,
something like 5-7 francs a day, including full board and lodging, since Helen and I,
as always, belong to the category of those who have to count expenses and our trips
abroad are the only luxury we can afford”.

From the Adam Hotel, Geneva, Switzerland, June 27th, 1911, M. S. Tswett
wrote, “It is entrancing here... I came here in quite bad shape and had to fall back
on digitalis and keep to a regime, lying in bed or sitting in a chaise-longue. Now I
am feeling better and better”.

From the Keller boarding-house, Aigen in Ennstal, Austria, in a letter dated
July 24th, 1914, M. S. Tswett wrote, “...Convalescence is still dragging on. Asthma
takes no leave of me. Nor does insomnia. Returning to Warsaw is a matter of two
to three weeks”.

In a letter from Warsaw on December 24th, 1914, first M. S. Tswett expressed
his gratitude for help to his brother Vladimir who, apparently, was in Prussia at the
initial period of the war. Describing his attitude towards the war, he wrote, “The
Prussian beast is hard to muzzle but it will be done in the course of time”.

Talking about his return to Warsaw by November 15th, when the classes were
due to start, M. S. Tswett wrote that although part of classrooms was taken over by
soldiers, the classes kept going on. He also noted better relations between the Russians



Fig. 17. M. S. Tswett, probably Moscow.
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Fig. 18. M. S. Tswett with relatives, Warsaw around 1912.
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and the Poles. At the end of the letter he wrote about his continuing bad health:
“My health has not improved at all since last year... It takes me at least ten minutes
to walk up the stairs to the third floor, but I still manage it and never lose hope of
overcoming my illness”.

In a short letter from Warsaw of March 18th, 1915, he wrote about the normal
work of the Polytechnical Institute and the University, and a certain improvement in

his health.
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Fig. 19. Decision awarding M. S. Tswett the M. N. Akhmatov prize.
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From Nizhny Novgorod on January 14th, 1917, he wrote about his hope of
obtaining a long-awaited chair at the University and described his life in Nizhny
Novgorod: “We have rented two rooms in a lawyer’s apartment and count it our
good fortune to have decent furniture and be served a digestible dinner. All this is
hard enough when one is nearing forty-five but what can 1 do? Thousands of other
people are in a still worse plight due to the war.

On the other hand, thousands and scores of thousands of bourgeois are doing
fine and making quite profitable business out of this war”.
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¢TpajaeTs Bb HACTOAMES BPEMA CHJALHHMB HEDPBHHMD McTameHiews
N Hy®A8eTcs AJs BO3CTAHOBIEH1A 340pOBBA BB MOJHOMB OTHHXE,
BbH CBA3X CB RYPCOMB ruaporepanin, XenartensHo npedusanie Ha
NOp%, & 3aTBMB BB ropaxsb.
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Fig. 20. M. S. Tswett’s medical certificate, 1912.

4. M. S. TSWETT’S ILLNESS

The state of M. S. Tswett’s health in his childhood was first complicated by a
premature birth. However, later he did not suffer from any complaints while living
in the damp climate of St. Petersburg. His health started to deteriorate in 1910 due
to his natural predisposition and overstrain, resulting from the preparation of his
Doctor’s Thesis.

Here follows a chronicle of his ever worsening disease, based on documents
from his service record'®~15,
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Tswett missed two weeks of classes from September 12th, 1911, because of
his illness. On November 25th, 1911, he was operated on by Dr. L. Dmakovsky but,
apparently, very unsuccessfully because after that time he was often taken ill for long
periods.

His doctor wrote on April 10th, 1912, “Dr. Tswett is now suffering from a
serious nervous breakdown and is in need of complete rest for his health to be
restored... A stay by the sea and then in the mountains is desirable”. Later another
doctor identified anaemia and exhaustion due to cardiac weakness.

Despite his serious condition, M. S. Tswett promised to finish his theoretical
and practical courses, when requesting leave.

In March 1914, Dr. Pavinsky insisted on the immediate termination of classes,
due to M. S. Tswett’s intense cardiac insufficiency, and his going to the Nauheim spa
for a cure.

Fig. 21. M. S. Tswett with relatives in Taraschi.
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Fig. 23. M. S. Tswett (probably in Taraschi, 1915).
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Fig. 24. The house in Nizhny Novgorod where M. S. Tswett lived in 1916.

Tswett went to Austria for treatment and at first he felt better but, because of
the threat of war, he had to leave and, on his way to Warsaw, on August 19th, 1914,
in Smolensk™ he felt so bad that he had to ask for his leave to be extended until
September 15th.

M. S. Tswett’s health was, undoubtedly, the main reason for his polite refusal
in August 1915 to accept the offer of the Main Artillery Department to work at the
Department’s plants, which would have substantially improved his financial situation.
Information on his poor health is also available for subsequent years, in particular
April 1917.

After he moved to Voronezh his condition became so bad that he was often
unable to attend lectures, and in April 1919 the question arose of granting him a
pension because of his illness!>.

A study of the course of M. S. Tswett’s illness reveals that he suffered from
progressive heart disease, causing his dealth under the harsh conditions of the Civil
war.

5. TESTIMONIALS OF M. S. TSWETT’S CONTEMPORARIES

All those who were acquainted with M. S. Tswett or knew him well thought
very highly of his talent, knowledge, diligence and high moral qualities in combination
with a gentle humour.

" His address in Smolensk is indicated as the house of Kalsita, Odigitrievskaya Street.
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Fig. 25. M. S. Tswett in Taraschi, 1915, with E. A. Lyaschenko, his niece, in the centre.

Except for the previously mentioned', manifestly unfair, opinion of V. K.
Zalessky (who wrote those words in 1903), all the testimonials by his contemporaries
were positive”.

* It does not mention a purely scholarly discussion between M. S. Tswett and Markhlevsky,
Wilstétter, Molisch and Kohl, so vividly recalled by L. S. Ettre, who once again emphasized that the
discussion was so heated due to the fact that Tswett’s method was too advanced for his time!®7.
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Fig. 26. Natalia Aristova (Rimas), his sister, married to a doctor (1878-1940).

Thus, the official reference for M. S. Tswett of August 11th, 1913, written by
the Director of the Warsaw Polytechnical Institute, stated that “...as a lecturer he
showed himself to the best advantage, organizing the teaching of botany on a strictly
scientific basis and in an exemplary manner; he knows how to treat students, and, due
to his tact, there was never any misunderstanding between them; as a person he
possesses high moral qualities, being ardently and disinterestedly committed to his
duty; modest though his name is known in science ; an industrious, kind and responsive
comrade, and, in general, a man of really upright views...”.

Professor D. I. Ivanovsky, a prominent scientist and one of the founders of
virology, who at the time invited M. S. Tswett to Warsaw University and was,
apparently, much closer to him than had been thought; he wrote the following about
M. S. Tswett’s works as early as 1908: “He succeeded in establishing a highly original
method for physical pigments, ensuring a desirable guarantee of their integrity which
is not an easy thing to do due to their known extreme lability.

...I can say with confidence that, when a full explanation of the nature of
photosynthetic pigments is finally made, this scientific success will be largely due to
the work of Mr. Tswett, who prepared the ground for a needed, but yet unsuccessful,
chemical investigation.

In general, I presume that Mr. Tswett’s scientific works display his maturity
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Fig. 31. K. 1. Sakodynskii, E. A. Lyaschenko (M. S. Tswett’s niece) and V G. Tswett (M. S. Tswett’s
distant relative from Chernigov) at the inauguration of the M. S. Tswett commemorative tablet,
Leningrad, 1972.

and independence as a scientist, skilfully wielding the scientific methods of research,
who has already succeeded in forging a prominent place for himself in science”.

B. B. Grinevetsky, a Professor at Novorosiisk University, when considering
the applications for the Department of botany in 1916, pointed out, “...in terms of
the number of scientific works (55) and their significance, the most worthy applicant
is Mikhail Semenovitch Tswett, D.Sc. (Botany), a scholar of European renown, whose
investigations on chlorophyll are a matter of pride to Russian science...The University
would only be performing its duty to Russian science if it gave such a prominent
scholar the opportunity to take a fitting place and continue his scientific activities”.

6. CONCLUSION
On the initiative of Professor A. Zlatkis, an M. S. Tswett Gold Medal was
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Fig. 32. Professor A. Keulemans, making an address at the inauguration of the M. S. Tswett com-
memorative tablet, Leningrad, 1972.

Fig. 33. Botanical Laboratory of the Academy of Sciences (Vasilievskii ostrov, St. Petersburg), where
M. Tswett finished his Magister’s Thesis.

instituted for outstanding achievements in the development of chromatography, and
this is undoubtedly the highest award for a chromatographer.

The seventy-fifth anniversary of M. S. Tswett’s discovery of chromatography
was celebrated on a wide scale in 1978. A symposium dedicated to this event was held
in the city of Tallin. A very interesting book, edited by L. S. Ettre and A. Zlatkis,
devoted to those who developed chromatography was subsequently published!®. A
commemorative medal, conferred upon many scholars and firms, was cast in the
U.S.S.R.

In conclusion, it seems appropriate to cite the words of K. V. Chmutov,
Chairman of the Scientific Council on Chromatography of the Academy of Sciences,
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addressed to those who received that commemorative medal: “The commemorative
medal in honour of the seventy-fifth anniversary of M. S. Tswett’s discovery of chro-
matography has been instituted to mark the services of scholars who have concen-
trated their energy, time and purposeful efforts on developing chromatography itself
and using it in solving many of the problems facing mankind. The period of rapid
advance in chromatography coincided with the period of intellectual maturity of
many of us and was, largely, a result of our active work in developing chromato-
graphy. And while the very opportunity to work in such a fine field as chromato-
graphy is a major reward for every chromatographer, the U.S.S.R. Scientific Council
on Chromatography of the Academy of Sciences, in connection with the seventy-fifth
anniversary of the discovery of chromatography, wishes to confer this medal upon
those who have made such very important contributions to developing the theory and
practice of chromatography. The seventy-fifth anniversary of chromatography in the
U.S.S.R. was celebrated on a wide scale and about half of all the commemorative
medals were conferred on Soviet scientists and organizations. This does not mean
that we claim a corresponding contribution to the development of chromatography.

Chromatography implements an ancient principle — divide and rule. Sub-
stances are subjected to division, resulting in man’s rule over the elements. Rule in
the name of good, for the benefit of mankind. Although it was discovered 75 years
ago, chromatography keeps on developing and continues to remain forever young
and fruitful.” :
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8. SUMMARY
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1. INTRODUCTION

This paper is the second in a three-part series, the purpose of which is to help
unification of the nomenclature, terms, symbols and definitions used in chromato-
graphy. Part I!' gave a general introduction to the subject and dealt in detail with
questions related to gas chromatography (GC). The subject of this paper, Part 11, is
liquid chromatography (LC).

The situation in LC is different to that in GC. Gas chromatography, in the
modern sense, developed very quickly, within less than a decade, and generally the
people involved in it represented a fairly close-knit group, meeting frequently.
Although their professional backgrounds were different, they considered their involve-
ment in GC as their main activity: they were “chromatographers” by both activity
and devotion. As a logical consequence of this, they had from the beginning a natural
desire to unify and standardize and we should not underestimate this attitude. We
should add that in the evolution of GC theoretical treatments and calculations played
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an important role, and here one must agree on clearly distinguishable definitions and
symbols. This automatically leads to standardization.

The evolution of liquid chromatography was different. This variant of chro-
matography is much older than the others and it developed more or less empirically,
by trial and error. As pointed out earlier?, until the early 1940s “it remained an art
based only on a body of empirical observations and an intuitive use of the underlying
physico-chemical phenomena”. Also, the scientists involved in its development did
not consider chromatography as their main activity: they were primarily biochemists
or organic chemists for whom chromatography was only a tool in their main research
field. Also, there was very little theory and therefore there was really not much to
standardize in terms, symbols and definitions. Only after the evolution of the modern
approach involving higher inlet pressures, smaller particles and conditions optimized
according to theoretical approaches did the need for a standardized approach to the
nomenclature become evident.

A further problem in liquid chromatography is that while gas chromatography
has always been a single technique, this is not true of liquid chromatography. Its
variants have often been handled as separate techniques, sometimes even with the
term “chromatography” missing from their name, and, to some extent, this is true
even today. The fact that within the American Society for Testing and Materials
(ASTM) the nomenclature on liquid-exclusion (gel-permeation) chromatography is
under the jurisdiction of Committee D-20 on Plastics while the other chromatography
nomenclatures are handled by a special group (Committee E-19) devoted solely to
chromatography, and that the proposal of the International Union of Pure and
Applied Chemistry (IUPAC) for a nomenclature on ion exchange does not have the
word “chromatography” in its title, are gcod illustrations of this plurality. Hence the
efforts of IUPAC to create a unified approach to the nomenclature of chromato-
graphy and to have one group handling the various chromatography techniques is
even more commendable.

2. THE VARIANTS OF CHROMATOGRAPHY

In Part I! we gave the definition of chromatography according to the gener-
alized ITUPAC nomenclature®. Gas chromatography is a relatively simple technique
where further subdivision is usually made only on the basis of the mechanism-of
separation, using the terms adsorption and partition chromatography. However, the
situation is more complicated in liquid chromatography, where further subdivision
based on a number of principles is possible. Hence, we have to deal with this question
here.

In general, chromatography can be subdivided on the basis of a number of
principles. Five such subdivisions are widely used in practice and are also included,
at least in principle, in the general nomenclatures. These are based on the following
principles:

(a) the physical form of the chromatographic bed;

(b) the way in which the sample is fed into the chromatographic bed and

whether an eluent is used or not;

(c) the physical state of the two phases;

(d) the mechanism of separation; and

(e) the relative polarity of the two phases.
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According to the first classification we distinguish between column chromato-
graphy and planar (or plane) chromatography. In the former, the stationary phase is
contained in a cylindrical tube (the column), while in the latter it is present as or on
a plane. Paper (PC) and thin-layer chromatography (TLC) belong to planar chro-
matography. Gas chromatography automatically refers to column chromatography
while liquid chromatography can be carried out in either way. In addition to the
difference in the physical form, column and planar chromatography usually also
differ in the way the separated fractions appear: in planar chromatography the sepa-
rated fractions appear as spots behind the mobile phase front on the paper or layer,
while in present-day column chromatography the sample components elute from the
column at different times. The term “planar” or “plane” chromatography is a very
useful term and thus should be universally adopted.

Considering the method of sample introduction and the presence or absence
of a mobile phase, we can distinguish between frontal, displacement and elution chro-
matography. These represent the basic subgroups of all chromatographic techniques?,
well defined in every textbook and in the standard nomenclatures. Practically all of
our present-day methods represent elution chromatography where a mobile phase is
used.

Considering the physical state of the mobile phase, we can distinguish between
gas chromatography, where it is a gas, and liguid chromatography, where it is a liquid.
Concerning the stationary phase, it can be a liquid or a solid, or a liquid chemically
bonded to a solid.

Based on the mechanism of the separation, we can distinguish between six
techniques. Four of these are recognized in the standard nomenclatures: these are
partition chromatography, where the separation is based on differences in the solubili-
ties of the sample components in the mobile and stationary phases, adsorption chro-
matography, where the separation is based on the different adsorption affinities of the
sample components toward the surface of an active solid, ion-exchange chromato-
graphy, where the separation is based on differences in the ion-exchange affinities of
the sample components, and exclusion chromatography, where the size of the molecules
plays the dominant role in the separation.

In addition to these four, two other variants became important relatively
recently. The first is ion-pair chromatography, sometimes also called extraction chro-
matography, paired-ion chromatography, ion-pair extraction (or partition) chro-
matography, chromatography with a liquid ion exchanger or soap chromatography.
This technique, in which ion-exchange and partition chromatography are combined,
had been used earlier in classical liquid chromatography and liquid-liquid extraction;
it was adapted to modern, high-resolution liquid chromatography by a number of
researchers in 1973-1975%. Affinity chromatography, the other new variant, exploits
the unique biological specificity of the protein-ligand interaction and is used for the
separation of proteins. The beginning of the technique can be related to the activities
of Porath and co-workers®:” and of Cuatrecasas, Wilchek and Anfinsen®.

Recently, the term bonded-phase chromatography has sometimes been applied
to indicate partition chromatography with the liquid stationary phase chemically
bonded to a solid; in fact, this term is even used in popular textbooks®®. It is true
that today, these column packings represent the most widely used materials and their
recognition is therefore advisable. This is done in the ASTM liquid chromatography
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nomenclature'®, which lists the term bonded phase*, and this is the proper way to
handle it. We see no reason for “bonded-phase chromatography” as a separate sub-
group; after all, the separation mechanism is not different to those already well
established by the existing terms.

Exclusion chromatography is a relatively new term to describe the technique
in which the separation is based on the size of molecules. This variant of chromato-
graphy was originally introduced in 1959 by Porath and Flodin'! as “gel filtration”
(without ‘“chromatography”), utilizing hydrophilic cross-linked polydextran gels,
mainly for biochemical applications. The evolution of the technique increased signif-
icantly in the early 1960s after Moore introduced the hydrophobic polystyrene gels
and described the application of the technique (he called it first “gel permeation
chromatography” or GPC) for the determination of the molecular weight distribution
of polymers!*3. As the technique spread, there were attempts to unify its name and,
e.g., Determann'* proposed “gel chromatography” while the generalized IUPAC
nomenclature® used “permeation” (or “gel permeation”) chromatography, similarly
to Moore. Recently, however, the term “size-exclusion chromatography” or simply
“exclusion chromatography” has gained ground and has been accepted by ASTM
Committees E-19 on Chromatography and D-20 on Plastics. Thus, the universal
acceptance of this term is proposed.

It should be mentioned that the generalized IUPAC nomenclature® proposed
to group exclusion chromatography and ion-exchange chromatography together,
under the common term “liquid gel chromatography”. This name is, however, not
precise and therefore is misleading. After all, as mentioned above, “gel chromato-
graphy” has already been proposed by Determann as a joint name for “gel filtration”
and “gel permeation” chromatography (however, without ion-exchange chromato-
graphy); furthermore, modern stationary phases used in exclusion chromatography
are really not “gels”. Hence we feel that this term should not be included in future
revisions.

The last principle on which subdivision may be based is the relative polarity
of the two phases. This distinction is particularly important in liquid chromatography.
In GC, the mobile phase is always inert and thus the separation is based on the inter-
action between the sample molecules and the stationary phase; in other words, here
we are concerned only with the polarity of one phase. This is not so, however, in
liquid chromatography: here, the mobile phase represents an additional component
influencing the separation mechanism. We may have two cases: in the first, the
stationary phase is more polar than the mobile phase while in the second case the
opposite is true. The first variant is called normal-phase chromatography and the
second reversed-phase chromatography.

Reversed-phase chromatography was originally introduced in 1950 by Howard
and Martin®® and for some time was widely used in paper chromatography. However,
at the start of modern (column) liquid chromatography, it fell in a temporary eclipse.
This is the reason why the generalized IUPAC nomenclature® which was originally
compiled about that time (its draft!® was first published in 1972) calls reversed-phase
chromatography a technique of only “historical interest”. Since then the situation

* The IUPAC nomenclature® was compiled before these materials became important.
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has changed and today reversed-phase chromatography is probably the most widely
used variant of liquid chromatography.

It should be mentioned here that the name of the technique is often misspelled.
As clearly stated by the standard nomenclatures®° it should be reversed-phase chro-
matography and not reverse-phase as used in some popular textbooks®:*.

Finally, a few words are necessary concerning “liquid chromatography”.
When modern liquid chromatography, utilizing high inlet pressures and small-
diameter particles, started to evolve, researchers coined the name high-pressure liquid
chromatography and the acronym HPLC to characterize it, distinguishing it from the
classical, gravity-flow techniques. Later “performance” was substituted for “pressure”
in the name and high-performance liquid chromatography became the universal term
to characterize modern column chromatography. ASTM, however, in the liquid
chromatography nomenclature'®, discourages the use of this name or any derivative
of it (e.g., HPTLC for high-performance thin-layer chromatography).

It is difficult to predict whether this recommendation is going to be accepted
or not. One may say that using such an adjective for the present technique implies
that the pioneers in liquid chromatography could not achieve high performance,
which obviously is not true; also, there is no need to use adjectives expressing the
quality of separation in the name of universally used, well accepted techniques. On
the other hand, proponents of such a term argue that the present-day liquid chro-
matography technique is different from the classical methods and some distinction
is therefore advisable. We personally feel that the use of such a homeric adjective is
entirely superfluous; after all, if one is referring to older work, the year in which it
was performed automatically identifies whether the results were obtained using the
older or newer techniques. If work was to be carried out today using the older
methodology then that should rather be indicated by the expression gravity-flow
liquid chromatography.

3. EXISTING NOMENCLATURES FOR LIQUID CHROMATOGRAPHY

At present, detailed nomenclatures exist for general liquid chromatography,
ion-exchange and exclusion chromatography, issued by JTUPAC and ASTM. We
should add to these the very detailed proposals of Stahl'? relating to planar chro-
matography, some terms of which being also included in the IUPAC and ASTM
nomenclatures.

In Part I! we discussed in detail the activities of the Commission on Analytical
Nomenclature, Analytical Chemistry Division of ITUPAC. After finishing a thorough
GC nomenclature’® it has been engaged in proposing a unified nomenclature appli-
cable to all forms of chromatography separation processes. The Committee, con-
sisting of D. Ambrose, E. Bayer and O. Samuelson, first published its preliminary
recommendations in 19726, which, in a somewhat modified form, were approved in
1973 and published in 1974%. This text compiles the definitions of the various chro-
matographic techniques and those terms and parameters which are applicable to all
forms of chromatography.

In parallel with this work, O. Samuelson, in close association with E. Bayer
and F. G. Helfferich, also prepared recommendations for an ion-exchange nomen-
clature which is harmonized with the other nomenclatures. This text was first pub-
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lished as tentative recommendations in 1970'° followed by the publication of the
slightly modified final text in 1972?°. These recommendations refer only to the terms
and definitions characteristic of ion-exchange chromatography; concerning those
common to all chromatographic processes, the text refers to the generalized IUPAC
nomenclature?.

In ASTM, Committee E-19 on Gas Chromatography, after changing its name
in 1969 to Committee on Chromatography, started to consider the possibility of
compiling a nomenclature which can be used in all forms of liquid chromatography
and which is coordinated with the GC nomenclature. This work was carried out in
parallel with the modification of the original ASTM GC nomenclature?!, the revised
edition of which was published in 1977. The final text of the LC nomenclature was
approved by the Committee on March 30, 1979, and published later that year!'®. This
nomenclature also considered some of the terms used in planar and exclusion chro-
matography, so that it is fairly generally applicable.

As already mentioned, exclusion chromatography is handled within ASTM
by another group, Committee D-20 on Plastics. Its Subcommittee on Analytical
Methods prepared in the years around 1970 a nomenclature on gel-permeation chro-
matography (GPC) which was approved on January 6th, 197222, Unfortunately, these
recommendations were not coordinated with the then already existing GC nomen-
clatures, not even within ASTM. As a conclusion, identical terms were assigned
different symbols. Probably the most blatant anomaly was to use NV and » for the
theoretical and effective plate numbers, respectively, while both the ASTM and
TUPAC nomenclatures used the respective symbols in the opposite way, n for the
theoretical and N for the effective plate numbers. In fact, there are discrepancies even
within the standards approved by Committee D-20, e.g., equations given for resolution
are different in the GPC nomenclature and in two standard methods published by
the same Committee in 1976% and 1977%* for the determination of molecular weight
averages and molecular weight distribution. The newest edition of D-3016%, in which
the name of the technique was finally changed to “liquid exclusion chromatography”,
eliminated a number of obsolete terms and reduced the number of discrepancies;
unfortunately, however, some still remained.

Below, the recommendations of these nomenclatures are discussed in detail.
First, we deal with the general liquid chromatography terms which are applicable to
all or most liquid chromatography techniques; this is then followed by a discussion
of the terms specific to the individual techniques. Prior to this discussion, however,
we must first deal with the changing meaning of some terms during the evolution of
liquid chromatography.

4. THE CHANGING MEANING OF SOME TERMS

Classical liquid chromatography has its origin in the work of Tswett, starting
in 1903, and the technique evolved slowly in the subsequent decades, mostly in the
1930s, as a simple technique permitting the solution of complicated separation
problems, particularly in organic and biochemistry. Until 1941, the media responsible
for the separation consisted of adsorbents; at the end of 1941 Martin and Synge®
introduced liquid-liquid partition chromatography, an achievement for which eleven
years later, they received the Nobel Prize in Chemistry. Gas-liquid partition chro-
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matography started in 1952%7 and within a few years revolutionized analytical
chemistry. Also, gas chromatography represented the basis on which the theory of
chromatography was developed in detail. Around the middle of the 1960s, based on
their experiences in GC, researchers started to modernize liquid chromatography,
thus creating the exponential evolution of the 1970s.

This very brief, and certainly superficial, historical summary” shows how liquid
chromatography evolved from a simple, empirical technique into a sophisticated,
universal separation method based on a sound theory. In this evolution the meaning
of some terms changed, sometimes opening up the possibility of misunderstandings.
There are particularly four common terms where such changes occurred: these are

% ELINTY

“liquid phase”, “solvent”, “carrier” and “chromatogram”.
A. Liquid phase

In classical liquid chromatography, there were two phases: a solid, the adsor-
bent, and a liquid, the mobile phase. When Martin and Synge introduced liquid-
liquid partition chromatography, they spoke about “two liquid phases”, one stationary
and the other mobile. In 1952, when first describing gas-liquid partition chromato-
graphy where the mobile phase is a gas, the term “liquid phase” was automatically
applied to the stationary phase which indeed was a liquid, distributed on the support
particles. As a conclusion of this, “liquid phase” is today automatically identified
with the stationary phase by all those who became involved in chromatography via
GC. However, this duality may create confusion when reading earlier LC literature,
where “liquid phase” refers to the mobile phase. We should be aware of this. Also, in
order to avoid any future misunderstanding, all the nomenclatures should make
this clear.

B. Solvent

The second term where misunderstanding is possible is “solvent”. In classical
liquid chromatography this term was synonymous with the mobile phase (then the
“liquid phase™), while in partition chromatography (be it gas-liquid or liquid-liquid),
“solvent” refers to the stationary (liquid) phase. By tradition, the expression “solvent”
is still often used in liquid chromatography for the mobile phase, e.g., when giving its
composition as the “solvent strength”, although both general LC nomenclatures
discourage its use either alone or in compound words such as “developing solvent”,
“eluting solvent” and “solvent front”. The proper expression is always “mobile phase”
and this should be clearly specified in the nomenclatures.

There are two other terms often used in lieu of “mobile phase”: “eluent” and
“developer”. Again, there are historical reasons for their use: we have seen when
discussing the variants of chromatography that “elution chromatography” is one of
the basic variants of the technique. Similarly, in classical liquid chromatography and
in planar (paper or thin-layer) chromatography where the separated compounds
remain on the column or the plate, the expression “developing the separation” had
been used. In our opinion, there is no reason to maintain these two terms in any

* For a detailed discussion of the history of the evolution of liquid chromatography, see Ettre*.
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nomenclature to express the mobile phase. However, the verbs “to elute” and “to
develop” might be retained to express the basic difference between present-day column
chromatography where the separated sample compounds elute from the column and
planar chromatography where the separated sample components remain on the plate
or paper and thus the separation is developed on it.

C. Carrier

The third term where different uses during the years can create misunder-
standings is “carrier”. In the past this term has been used in liquid chromatography
to describe the solid on which the stationary phase is distributed or certain active
groups or organic radicals involved in the separation process are bonded. However,
owing to the similarity to the term “carrier gas”, used as a synonym for the mobile
phase in gas chromatography, the use of this expression is not recommended: support
should be substituted for it.

D. Chromatogram

The last major term the meaning of which has changed is “chromatogram”.
Originally, in liquid chromatography, the sample was added to the top of the column
and was then washed down the column with the solvent. In this process, the sample
components separated formed colored rings along the column and the process was
stopped before the first component emerged from the column. Thus, the column with
the colored rings was the visual result of the analysis and it was called the chromato-
gram. Using Tswett’s own words?®:

“Like light rays in the spectrum, the different components of a pigment
mixture, obeying a law, are resolved on the... column. I call such a preparation a
chromatogram and the corresponding method the chromatographic method”.

In the second part of the 1930s a new method started to gain acceptance, the
so-called Durchflusschromatogramm (literally “flow-through chromatogram”), where
the individual components are washed out of the column with the eluent and collected
in individual fractions. As a logical extension of the original nomenclature, Zech-
meister?® called this a “liquid chromatogram”. However, the name “chromatogram”
remained in use for some time as a name for the column. For example, Martin and
Synge®, in their 1941 paper on partition chromatography, used this term and,
obviously by habit, it was still used in 1952 by James and Martin in their first paper
on gas chromatography?’ (example: “the chromatogram supported in the vapour
jacket”). Soon, however, the use of the expression “column” became exclusive and
the term “chromatogram” was transferred to describe the visual report of the analysis.
As specified by the generalized TUPAC nomenclature® the chromatogram is “a
graphical or other presentation of detector response, effluent concentration or other
quantity used as a measure of effluent conceritration, versus effluent volume or time”.
It should be emphasized, however, that in planar (paper and thin-layer) chromato-
graphy the term “chromatogram™ is still applied to the paper or plate after separation
has occurred. As specified by ASTM!, in planar chromatography the chromato-
gram “is the paper or thin-layer media itself on which the solute mixture has been
placed and separated”, and Stahl'? states this even shorter and clearer: “it is the layer
with substances after separation”.
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5. GENERAL LIQUID CHROMATOGRAPHY NOMENCLATURES

As already mentioned, two nomenclatures deal with liquid chromatography
in general: IUPAC’s generalized nomenclature® and the liquid chromatography
nomenclature®® compiled by ASTM Committee E-19. We shall first discuss these in
detail. Table 1 compares the symbols used in these nomenclatures while Table 2 lists
the additional terms for which clear definitions are given.

As already pointed out in Part I', great care was taken in these nomenclatures
to avoid any ambiguity. For example, capital letters are always used as subscripts to
characterize the mobile (M) and stationary (S) phases; also, lower case / is never used
because it can easily be mistaken for the numeral “one”. Thus, the respective diffusion
coefficients in the mobile and stationary phases are Dy, and Dg and not D,, and Dy,
as one often finds in publications. Similarly, great care was taken in the selection of
lower-case and capital-letter symbols and their identification by the appropriate
subscripts. For example, there is a difference between r and R (relative retention vs.
fraction of the solute in the mobile phase), R and R, (resolution) or r and r, (inside
column radius). Also, r is never used as a subscript; hence the subscript for retention
is R (as in 7z and V3) and retention temperature is 7. Another intentional decision
was never to use composite symbols or subscripts containing more letters unless
absolutely necessary”. Superscripts are used only to distinguish the various retention
time and volume values, such as r; and V' for the adjusted retention time and volume.

Of the two, the ASTM nomenclature is newer (it was finished in 1979) and,
during its compilation, the IUPAC text was considered. Except a few places the two
are very similar and, where they are not, the ASTM Committee deliberately did not
follow the proposals of [UPAC.

Below, we comment on the points of disagreement and on some other impor-
tant questions related to these nomenclatures. Also, we deal with those terms and
symbols for which we disagree with either or both of the nomenclatures.

Capacity factor. In Part 1! we discussed the divided opinions concerning the
symbol for the capacity factor: both k and &’ are used in the literature. As stated by
ASTM?!, however, the use of k' is “the result of individuals’ preferences and have
never been officially endorsed by the IUPAC or ASTM”. In other words, the proper
symbol for the capacity factor is & and not &',

A further problem related to this term is its name. It suggests that it has
something to do with the sample capacity of a column, but this is not true: the
capacity factor expresses the following ratio for a given solute at any point in the
column at equilibrium:

__amount of solute in stationary phase )

k . .
amount of solute in mobile phase

and this has nothing to do with the “capacity” of the column. This discrepancy is weli
recognized. Still, however, as pointed out in Part 11, terms, names and definitions are
developed historically and there is no justification for a sudden change.

* In many cases double letters in the literature are simply due to sloppy typing or copy-editing,
not correcting the original typing error.
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TABLE 1
GENERAL LIQUID CHROMATOGRAPHY SYMBOLS AND TERMS
Parameter ASTM*'Y [UPAC?® Notes*
Capacity (partition) ratio; capacity factor; 1 —R
mass distribution ratio k D, k = R
Column
Cross-sectional area A,
Interstitial volume Ve Vi See Note 1
Inside diameter d.
Length L
Phase ratio B See Note 2
Specific permeability B, See Note 3
Stationary phase fraction N See Note 4
Temperature T. Degrees Kelvin
Volume X See Note 5
Hold-up volume (volume of mobile phase
in column) Vi
Volume of stationary phase in column Vs See Note 6
Column packing
Average diameter of solid particles d,
Interparticle porosity € & See Note 7
Pore radius rp
Column efficiency
Height equivalent to one effective plate,
HEETP H H H=L|N
Height equivalent to one theoretical plate,
HETP h h h=Ln
Number of effective plates; effective plate
number N N N = 16(tp/wp)* = 5.545(tx/wy)*
Number of theoretical plates; theoretical
plate number n n n = 16(tg/wp)* = 5.545(¢ g/ ws)* =
Htrfw,)
Reduced plate height h, h, = hld,
Dead volume V4 See Note 8
Diffusion coefficient of solute in mobile phase D,
Diffusion coefficient of solute in stationary
phase Ds
Distribution of a solute See Note 1
Distribution constant (partition coefficient) X Kp, D,
Distribution coefficients Dy, Dy, Dy
Fraction of a solute in the mobile phase R
Fraction of a solute in the stationary phase 1-—-R
Mobile phase
Flow-rate at column outlet and ambient
temperature F,
Flow-rate at column outlet, corrected to
column temperature F. F. F. = F(T/T,)
Linear velocity u u See Note 9
Nominal linear flow F See Note 10
Optimum linear velocity of the mobile phase w4, See Note 11
Reduced mobile phase velocity v v = (ud,){Du

Viscosity 7 at column temperature
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TABLE 1 (continued )
Parameter ASTM' JUPAC?® Notes™
Number of theoretical plates required for a a 2 ks 1 2
given resolution of peaks 1 and 2 Nreq Nieq = 16R§(»;) (24)
a — 1 kz
See Note 12
Number of effective plates required for a given 5 2
resolution of peaks 1 and 2 Neeq Nrea = 16R; 1
See Note 12
Peak area A
Peak width
At base ' See Note 13
At half-height Wy See Note 13
At inflection points w; See Note 14
Pressure
Column inlet pressure P, Pi
Column outlet pressure P, Do
Pressure drop along the column AP AP = P, — P,
See Note 15
Relative column pressure P P = P,/P,
Ambient (atmospheric) pressure P, See Note 16
Relative retention Fis
Resolution R, Ry = Atz = )
Wy + We2
where fg2 > tr1
Retention times See Note 17
Adjusted retention time 1k I th =1r — Inm
Mobile phase hold-up time I Iy See Note 18
Net retention time ty ty = Vn/F.
. See Note 19
Retention time (total retention time) Ir 1R See Note 20
Retention volumes See Note 17
Adjusted retention volume Vi A Ve = Ve — Vu = txF.
Mobile phase hold-up volume Vu Vu Vv = tufFe
Net retention volume Vn See Note 19
Retention volume (total retention volume) Vg Vg See Note 20
Specific retention volume V, See Note 21
Separation factor a Qam a = thofthy = K5/ Ky = kafk,
# traftr1
where tgz, > tr
See Note 16
Temperature
Ambient T,
Of the column T. See Note 22
T

Of the mobile phase

* Notes:
1. See discussion in text.

See Note 22

2. The phase ratio is defined as the volume of the mobile phase to that of the stationary phase in the
column. Ideally, it is 8 = V,/Vs. In practice, Vy is often used for the interstitial volume. The
IUPAC nomenclature specifies this term without a symbol; it is not included in ASTM E 682 but
this is an obvious oversight as it is included in the ASTM GC nomenclature.

( Continued on p. 40)
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TABLE 1 (continued)

3.

10.

11.
. In the equation for neeq and Nyeq, @ = traoftr1, k2 = tra/tr and tgy > 1Ry,
13.

15.

16.

17.

18.
19.

20.

21.

22.

It is calculated for a packed column as
_ di &

180(1 — ¢&)?
Assuming ¢ = 0.40, B, = d}/1000.

]

. It is defined as the volume of the stationary phase per the geometric volume of the column:

&y = s/X
. The empty volume of that part of the tube which contains the packing. It is also called the “‘bed
volume”.

. It is the volume of the stationary liquid phase or of the active solid or of the gel in the column.

It does not include the volume of any solid support.

. IUPAC uses the name “interstitial fraction”; it is equal to

& = VilX

. IUPAC defines it as the volume between the effective injection point and the effective detection

point, less the column volume, X. This is, however, an ambiguous definition (see text).

. IUPAC defines this as the ‘““interstitial velocity”. It is equivalent to the average linear velocity (&)

used in GC. It can be calculated as
u = Lityy = F.JeA. = Fle
(because JUPAC’s Fis equal to F./A.). IUPAC, in the generalized nomenclature, gives both u
and # indicating that in GC, #, the mean velocity, also includes the pressure correction factor:
u = ch/slAc = L/’M
and thus, in GC, u expresses the velocity at outlet pressure (4,; see ref. 1). In other words, in GC,
i = yj or = u,j. Since in liquid chromatography, j = 1 can be assumed, here ¥ = u, = 4.
JUPAC defines this as F./A.. In other words, it is the linear velocity in a part of the column not
containing any packing. ’
The minimum of the HETP vs. « plot.

IUPAC uses the respective terms without any specific symbol. In the [UPAC nomenclature
“peak width” automatically refers to the peak width at base while if it is measured at 50%; of
the peak height at maximum, the name “peak width at half-height” should be used. We should
always avoid the expression “half-width”: it is not half of the width, as one would expect from
this expression, but the full width at 509 of the maximum height. See also Fig. 1.

. In the case of an ideal Gaussian peak, the inflection points are at 60.7 % of the peak height at

maximum (see Fig. 1).

There is a printing error in ASTM E 682: the delta is missing in the symbol.

The symbol «a is used to designate the relative retention of two consecutive peaks. By agreement,
th: > tr and thus a> 1. Relative retention in general is indicated by the symbol r;,; where i
refers to the compound of interest and s to the standard. Depending on the relative position of
the standard peak, the value of r;,; can be either larger or smaller than unity (or even equal to it).
The generalized TUPAC nomenclature only specifies retention volumes but indicates the existence
of the corresponding retention times with the corresponding symbols.

Observed elution time of a non-retained substance.

In liquid chromatography, mobile phase compressibility is negligible and thus the pressure
gradient correction factor () does not apply. For this reason, here the adjusted and net retention
times are identical. The generalized [IUPAC nomenclature lists this term because its nomen-
clature is applicable to both GC and LC.

In liquid chromatography, the total retention time might not be identical with the time elapsed
between sample introduction into the column and the emergence of the peak maximum: it
should be defined as the time between the start of the elution and the emergence of the peak
maximum. This is pointed out by IUPAC: sometimes the column is washed with a liquid before
the elution is started but after the application of the sample, to display components that are not
retained. In such a case, the effluent obtained during the washing process (or the corresponding
time) should not be included in the peak elution volume (time) unless the solutes are moving
during washing. In such a case one should use the symbol ¥ instead of V.

In general, the specific retention volume is equal to the ratio of the net retention volume to the
amount of stationary liquid, active solid or solvent-free gel. In liquid chromatography, the com-
pressibility of the mobile phase is usually negligible and, therefore, the adjusted and net
retention volumes are identical; hence, the specific retention volume may be calculated by using
the adjusted retention volume in the numerator.

ASTM distinguishes between the temperature of the mobile phase and column temperature. The
symbol T always refers to absolute temperature (degrees Kelvin).



NOMENCLATURE OF CHROMATOGRAPHY. 1. LC 41

TABLE 2

GENERAL LIQUID CHROMATOGRAPHY TERMS (OTHER THAN THOSE IN TABLE 1)
WHICH ARE DEFINED IN THE TWO LIQUID CHROMATOGRAPHY NOMENCLATURES

Term ASTM?® [UPAC? Notes*

Active solid + See Note |
Adsorption chromatography +

Baseline +

Bonded phase
Bulk property detector -+
Bypass injector

Chromatogram +
Chromatograph (noun)

Chromatograph (verb)

Chromatography

Column

Column chromatography

Column packing (see also under Packing)
Detection

Detector

Differential chromatogram

Differential detector

Displacement chromatography
Dry-column chromatography

Eluate

Eluent

Elute

Elution band

Elution chromatography

Elution curve

Flow programming

Fraction collector

Frontal chromatography

Fronting

Gradient (elution)

Integral chromatogram

Integral detector

Interactive solid

Internal standard

Isocratic (elution)

Liquid chromatography

Liquid-liquid chromatography

Liquid phase

Liquid-solid chromatography

Marker

Mobile phase

Modified active solid

Open tubular column

Packed column

Packing

Partition chromatography

Pellicular packing

Peak

Peak base

++
T

e R
+ +

See Note 2
See Note 2
See Note 2
See Note 2

See Note 2
See Note 3

e

++

See Note 4
See Note 5

+4 o+

See Note 1

o+ o+

See Note 6

.
T

See Note 7

I R s

4+ b

++ 4+

See Note 8

( Continued on p. 42)
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TABLE 2 (continued )

Term ASTM?'® 1UPAC? Notes™

Peak height (at maximum) + +

Pneumatic pump 4

Pump 4

Reciprocating pump -

Reversed-phase chromatography
Salting-out chromatography
Sample inlet system +
Selective elution

Separation temperature

-+
+

See Note 9
Also sample injector

+ 4+ -

Septum injector +

Septumless injector
Solid support

Solute

Solute property detector
Stationary phase

Step

Step height

T

Stepwise elution +
Stopped-flow injection -+

Syringe pump

-+

Tailing + See Note 4

Totally porous packing
Valve injectors

++

Zone + See Note 10

w

10.

* Notes:

. The ASTM definition of ““interactive solid” is practically identical with the ITUPAC definition of

““active solid”.

. The IUPAC nomenclature maintains the various terms derived from ‘‘elute’ mainly to eliminate

the expressions of ““develop” and ‘“‘development”. Thus, elute is proposed instead of “‘develop”
and elution instead of ““development’; eluent is synonymous with the mobile phase and elution
band with the peak ; eluate represents the effluent from the chromatographic bed (column or plate)
and elution curve is a general expression for the chromatogram or a part of it in elution chromato-

graphy.

. The IUPAC nomenclature lists it as flow-programmed chromatography.
. Fronting is defined as peak asymmetry where the front (the ascending part of the peak) is less

steep than the rear, and tailing refers to peak asymmetry where the rear (the descending part of
the peak) is less steep than the front.

. The term gradient specifies in general the technique where a deliberate change in the mobile phase

operating conditions is made during the chromatographic procedure. The changes may be con-
tinuous or stepwise. Flow programming is, in essence, also a gradient technique. On the other hand,
gradient elution specifically refers to the technique where the composition of the mobile phase is
changed during a run.

. In liquid chromatography one must be particularly careful in realizing that “liquid phase” does

not refer to the mobile phase (which is also a liquid) but to the liquid stationary phase used in
true liquid-liquid partition chromatography. See discussion in text.

. TUPAC defines it as ‘‘a reference substance chromatographed with the sample to assist in identi-

fying the components”.

. “Peak base” should not be confused with the peak width ar base. See Fig. 1 and the discussion

in the text.

. IUPAC defines it as ‘‘a procedure in which a non-sorbable electrolyte is added to the eluent to

modify the distribution equilibria of the components to be separated”.
TUPAC defines it as “a region in a chromatographic column or layer where one or more com-
ponents of the sample are located”.
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IUPAC, well aware of this controversy, proposed in the generalized nomen-
clature to change both the name and the symbol of this term. However, the proposed
symbol, D,, is very unfortunate because it is practically identical with the symbol
universally used for the diffusion coefficient of the solute in the mobile phase (D,,,
sometimes also written as D,,!): in fact, the use of D for the diffusion coefficient is
actually specified by IUPAC in a very clear discussion3® which we shall deal with in
Part 1113,

Concerning the name of this term, we cannot question its ambiguity. Still, as
pointed out in Part I', terms, names and definitions have been developed historically;
thus, “capacity ratio” and “capacity factor” have been used in thousands of publi-
cations, and both are well understood. A sudden change would create much more
confusion than maintaining the present name, even if it is not precise.

Distribution constants. Practically since the introduction of modern chromato-
graphy theory, the term “partition coefficient” or “distribution coefficient” has been
used with the corresponding symbol K (or k if k' was used as the capacity factor).
IUPAC, in the generalized nomenclature?, proposed a complete change from this.
As already pointed out in Part I', the symbols proposed by IUPAC for the distribution
constants are very unfortunate, again because of the possible confusion with the
diffusion coefficients (see above). In our opinion, there is absolutely no reason to
change K. In fact, K has been specified by IUPAC’s Division of Physical Chemistry
as a general symbol for equilibrium constants (see Part I1I*!), and therefore changing
it to D would contradict IUPAC’s own recommendations. However, the distinction
between the individual variations of the distribution coefficients (or constants) is very
appropriate and should be maintained. Thus, we propose the following final symbols
for the terms defined by the right-hand sides of the equations:

volume of mobile phase in column
K,=k- : ©)]
volume of stationary phase
volume of mobile phase in column
K, =k- . g (3)
weight of dry stationary phase
K, k- volume of mobile phase in column (4)
volume of stationary bed
K. —k- volume of mobile phase in column )

surface area of stationary phase

The definition of k has already been given in eqn. 1 and this definition is used
in eqns. 2-4. In eqn. 5, the definition is slightly modified to
amount of solute adsorbed on the stationary phase (1a)

k (eqn. 5) = amount of solute in the mobile phase

K, is both a general term and one applicable in partition chromatography”;
K, is applicable in ion-exchange and exclusion (gel) chromatography where swelling
occurs, and in adsorption chromatography with adsorbents of unknown surface area;

* Since the fraction in the right-hand side of eqn. 2 is equal to the phase ratio (), eqn. 2 is equal
to the fundamental equation of chromatography:

K=kB 6)
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K, is applicable when it is not practical to determine the weight of the solid stationary
phase; and K; is applicable in adsorption chromatography with a well characterized
adsorbent of known surface area.

There are two additional ambiguities in the generalized IUPAC nomenclature
related to the “distribution constants”: both “constant” and “coefficient” are used
and, in addition to D, (K_) there is another term, K, while D, (K,) actually has a
different name, “concentration distribution ratio”. Concerning the first problem, we
propose to eliminate “coefficient” and, in accordance with the recommendations of
TUPAC’s Division of Physical Chemistry®®, use exclusively the term “constant”. For
the same reason, we do not believe that the special name for D, (K,) is justified: after
all, it is also a distribution constant. However, the situation of K, vs. K, (D.) needs
some explanation.

The difference between K, and K, (D,) lies in the definition of “solute” in the
capacity factor, k: in K, it is defined as the solute in a single definite form while in
K, (D.)itis simply defined as the solute. In most cases, the two are identical. However,
as pointed out by IUPAC in the explanation of the terms, a solute may be present in
more than one form, i.e., associated or dissociated forms, and these forms are
generally not specified and may even not be known. Hence it is generally more
appropriate to disregard the restriction “in a single definite form” and define the
distribution constant as given in eqn. 2 and subsequent equations.

R value. This value was originally introduced by LeRosen3? as the ratio of
zone velocity to mobile phase velocity”. Giddings®® calls it the thermodynamic
reflection of the distribution constant and points out that it can be related to funda-
mental values in all variants of chromatography; moreover, in ideal cases, R == R, the
retention factor introduced for planar chromatography by Consden et al.3%.

The generalized [TUPAC nomenclature recognizes R but the ASTM nomen-
clature does not: it only includes R, and R,. In our opinion, R should become part
of all standard chromatography nomenclatures giving its relationship with the
capacity factor:

R= 0

k

_,_

and
k= —0 8)

As will be shown below when discussing planar chromatography, the symbol
R,y introduced first by Bate-Smith and Westall* represents the following relationship:

R, — log(l—;f—R-L) ©)

Since R, and R are equivalent, log k would be equivalent to R,,. Based on a suggestion
by Horvdth?®, we feel that a new term representing log k should also be included in a

*In their basic paper on liquid-liquid partition chromatography?®, Martin and Synge also
introduced an R term with a slightly different meaning. The use of the same symbol is simply due to the
fact that LeRosen received the issue of the Biochemical Journal in which the Martin and Synge paper
was published about one week after his own manuscript had been submitted.
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revised liquid chromatography nomenclature and, on his suggestion, we propose the
symbol « for it:

x =logk = log(—l%ji) (10)

Interstitial volume vs. column volume. There are two volumes related to a chro-
matographic column: the volume of the column tube and the interstitial volume of the
column. The volume of the tube is the geometric volume, d%zL/4, while the interstitial
volume is the volume occupied by the mobile phase in the packed section of a column
which, in ideal case, is equal to Vy,; in actual systems, V,, represents the sum of the
interstitial volume and the extra-column volumes.

[UPAC uses the symbol V; for the interstitial volume and X for the column
volume, while ASTM uses V. for the interstitial volume. The latter is an unfortunate
choice because the subscript ¢ automatically is interpreted as “column” and, in fact,
this is how it is used by both ITUPAC and ASTM in a number of other symbols*. We
also disagree with X for the column volume because it is not an indicative symbol.
Our proposal is that in the future revisions V; is used for the interstitial volume and
V. for the geometric volume of the column:

V,=d=nL/4 = A.L (11)

where L is the column length.
Dead volume. The TUPAC specification® of the dead volume (V) is incorrect

because it confuses two different volumes. What it defines is not the “dead volume”
but the extra-column volume, which may consist of two different components, the
“dead” (i.e., unswept) volume and the volume of the injector, connecting lines and
detector, which are not “dead” (i.e., unswept) volumes because mobile phase is
flowing through them, but where, usually. but not necessarily, owing to a reduction
in its velocity, band broadening may occur. In modern systems there is really no
“dead volume” and the extra-column volume (V,,,) consists of ¥;, the volume between
the effective injection port and the column inlet, and V,, the volume between the
column outlet and the effective detection point. Thus, in actual systems

VM = VI + Vext = VI + Vi + Vd (12)

We propose that these modifications should be considered in any future revisions.
Nominal linear flow. This term is included in the generalized IUPAC nomen-
clature® and is highly misleading. The intent is clear: to distinguish between velocity
in the empty part of the column and in the packed part. The problem is, however,
that this term, the dimensions of which are length/time, is not “flow” but velocity, the
name used at other places in the nomenclature. Therefore, if we want to keep this
term, we have to change its name to “nominal linear velocity”, with the possible

* For example, d. = column tube inside diameter, 4, = column cross-sectional area.
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symbol u,. The difference between u, and u (the linear velocity along the column) can
be seen in the following two equations:

u, = F./A, (13)

u = F,JeAd, = Ljty (14)

We see no reason to keep u, in a general chromatography nomenclature.

Mobile phase. It should be stated that the definition of the mobile phase as
given by IUPAC? is incorrect. In this definition the mobile phase is defined as also
including the fraction of the sample present in this phase. This obviously would mean
that if there is no sample in the system, we could not speak about the “mobile phase”.
It is interesting to note that the same nomenclature does not include this restriction
in the definition of the stationary phase.

There is no reason to keep this statement in future revisions.

Open tubular vs. capillary column. In Part I', when discussing the nomenclature
of gas chromatography, we emphasized the difference between “open tubular” and
“capillary” columns. The generalized IUPAC nomenclature?® gives a proper definition
for the former, emphasizing at the same time that “capillary” refers to a dimension
and not a column type.

Recently this distinction became very important in liquid chromatography.
The trend indicates a greater emphasis in the future toward small-diameter (“capil-
lary”) columns, but one must be careful with the name because both open tubular and
packed “capillary” columns have been described in the literature. Thus, the use of
“capillary” in itself is highly misleading because it does not define the particular type.
For this reason, any future revision of the nomenclatures must present clear definitions
and terms for the columns prepared from small-bore tubing.

Theoretical vs. effective plates. Both nomenclatures are clear in using # for the
number of theoretical and N for the number of effective plates and 4 and H for the
corresponding plate height values. It is unfortunate that TUPAC? is using the terms
“effective theoretical plate number” and “height equivalent to one effective theoretical
plate”, with the acronym HEETP for the latter. This is confusing: it is either “theo-
retical” or “effective”, but it cannot be both! The proper term for N and H should be
the number of effective plates (effective plate number) and the height equivalent to one
effective plate (effective plate height, HEEP), respectively, i.e., without “theoretical”
in the name.

Peak widths. Peak width is conveniently measured at three places: at base, at
half-height and at the inflection points, each peak width representing a multiple of
the standard deviation of the peak. The peak width at base is the segment of baseline
intercepted by the tangents drawn to the inflection points; in the case of a Gaussian
peak, the inflection points are at 60.7 %, of the peak height at maximum.

IUPAC uses the term “peak width” automatically to refer to the peak width
at base. This may give rise to a possibility of misunderstanding, and therefore in
future revisions the full specification where it is measured should always be added.

There is another term, peak base, which should not be confused with the peak
width at base. The “peak base” represents the baseline between the extremities of
the peak. This is explained in Fig. 1.
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1.000 - — —~ — = —

INFLECTION POINTS

0.607

0.500

x PEAK HEIGHT AT MAXIMIMUM

PEAK BASE L
1

Fig. 1. Peak widths. w, = peak width at base; w, = peak width at half-height; w; = peak width at
inflection points.

Note that the symbol for the peak width should always be lower-case w:
capital W is used for “weight”.

6. GENERAL LIQUID CHROMATOGRAPHY TERMS IN OTHER NOMENCLATURES

As mentioned earlier, two specialized nomenclatures exist: the one developed
by an JIUPAC Committee for ion-exchange chromatography and the nomenclature
developed by ASTM Committee D-20 for exclusion chromatography. Each of these
includes symbols, terms and definitions which are also used in other liquid chromato-
graphy techniques and may refer to liquid chromatography in general.

A. General liguid chromatography terms in the ion-exchange chromatography nomen-
clature

As mentioned earlier, this nomenclature was basically compiled by the same
persons as the generalized IUPAC nomenclature and thus, naturally, the same sym-
bols were used for equivalent terms. It follows that comments on the symbols and
terms used in liquid chromatography in general will also refer to the corresponding
symbols and terms used in ion-exchange chromatography. Table 3 lists these symbols.
We have already commented earlier on column volume, proposing the symbol ¥V,
instead of X. The three distribution coefficients are identical with those discussed
earlier in connection with Table 1, with definitions directly related to ion-exchange
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TABLE 3

GENERALIZED LIQUID CHROMATOGRAPHY TERMS AND SYMBOLS INCLUDED IN
THE IUPAC ION-EXCHANGE CHROMATOGRAPHY NOMENCLATURE?”

Parameter Symbol Note

Column volume X

Concentration distribution ratio c

Diffusion coefficient D Diffusion coefficient in the ion exchanger
Distribution coefficient D,

Volume distribution coefficient D,

chromatography. Thus, we propose that in future revisions the symbol K is used
instead of D. In this way, K, K, and K, correspond to the respective symbols D,, D,
and D,, having the following definitions:

_amount of solute in the ion exchanger ~ volume of external solution (15)
¢ 7 amount of solute in the external solution  volume of swollen ion exchanger
K amount of solute in the ion exchanger  volume of external solution (16)
g

~ amount of solute in the external solution weight of dry ion exchanger

K — amount of solute in the ion exchanger  volume of external solution a7
v

" amount of solute in the external solution  volume of exchanger bed

Finally, a brief comment may be made about the diffusion coefficient. The
special symbol with the bar was undoubtly selected because of the use of D for the
distribution constants (coefficients). If we change them to K as proposed above, then
the symbol D (which is the proper symbol for the diffusion coefficient), with the proper
subscript (in this case, D,), can be utilized.

B. General liquid chromatography terms in the exclusion chromatography nomenclature

As mentioned earlier, ASTM has three standards related to liquid exclusion
chromatography®*—2% The terms and definitions included in these can be divided into
two groups: those directly related to molecular weight and particle diameter distri-
bution and those referring to general LC terms also used in exclusion chromatography.
Here, we deal with the second group enumerated in Table 4, which compares them
with the corresponding symbols used in the ASTM liquid chromatography nomen-
clature”.

If we examine Table 4 it is evident that there are major differences between the
two nomenclatures: many of the symbols used in the general part of the exclusion
chromatography nomenclature are exactly the opposite of those used in the LC
nomenclature. It is difficult not to conclude that there was a lack of coordination
between the two ASTM Committees and that the group which compiled the exclusion
chromatography nomenclatures did not consult the general LC (and GC) literature
and standards. The major discrepancies between the two nomenclatures are discussed
below.

* For the sake of simplicity Table 4 lists only the symbols of the ASTM LC nomenclature;
after all, these are practically identical with those recommended by IUPAC (cf., Table 1).
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TABLE 4

GENERALIZED LIQUID CHROMATOGRAPHY TERMS AND SYMBOLS INCLUDED IN
THE ASTM EXCLUSION CHROMATOGRAPHY (EC) NOMENCLATURE?* COMPARED

WITH THE ASTM LIQUID CHROMATOGRAPHY (LC) NOMENCLATURE"
Parameter ASTM  ASTM  Notes™
EC LC
. Ve — V,
Capacity factor of solute k’ k k' = 7
Diffusion coefficient of solute D See Note 1
Distribution coefficient K K See Note 2
Efficiency
Number of effective plates Nege N
Number of theoretical plates n
Height equivalent to one theoretical plate H h
Reduced plate height h h, h=HID,
External volume Vext See Note 3
Interstitial volume (void volume) vV, See Note 4
Mobile phase
Flow-rate F F. At column temperature
Velocity " u See Note 5
Peak
Area A A
Width (at base) w W,
Width at half-height Wy Wy
Pressure
Inlet pressure to column P P,
Pressure drop Ap AP
. 2( VRI - VRZ)
Resolution R, R Ry, = w. LW,
See Note 6
Retention volume Va Vi
Specific resolution R, Rs = Ry 2/log(M./M,)
See Note 6
Stationary liquid volume v, See Note 7
Total liquid volume Vv, Vi=Vi+ Vo 4+ Vexe
General symbols
Density 0
Temperature T T Absolute (°K)
Time t t
Weight w w See Note 8
* Notes:

1.

The nomenclature does not specify whether this represents the diffusion coefficient of the solute

in the mobile phase or in the column packing. The ASTM symbol depends on this: if it represents

diffusion in the mobile phase it is D,,, while if it represents diffusion in the stationary phase
it is D, where the subscript S represents “‘stationary phase” and not ““solute’”!

. There is some confusion in the definition of this term in the ASTM EC nomenclature: the
equation describing it has ¥, in the denominator while in all the textbooks V; is used in the
denominator, and this corresponds to the general chromatography theory. For details, see the
discussion in the text.

. The external volume represents the contributions of all system components external to the column
to the retention volume (cf., Table 1).

. The volume of the mobile phase in the interstices between the gel or the solid particles.

. Itis defined as 4 = F/A,, where A, is the ‘“‘internal cross-sectional area of the column”. This A4,
however, is different than A, of Table 1: there 4. = d.n/4, while here A, = d.ne/4.

. As mentioned in the text, if M, > M|, then Vg, << Vg,

. This is not the volume of the stationary phase but of the liquid (mobile phase) which is stationary
in the pores of the gel or solid packing (i.e., the intrastitial volume).

. Weight is specified as W in the ASTM GC nomenclature?!.
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Peak widths. The exclusion chromatography nomenclatures disregard the
universal recommendation of the IUPAC Manual of Symbols®® that capital W be
used for weight and the universal usage of GC and LC nomenclatures using lower-
case w for peak widths: W is used for peak widths and w for weight. Also, peak widths
at different heights are not distinguished logically: W (without any subscript) is used
for the peak width at base (w,) while the peak width at half-height is characterized
as W,, a symbol long abandoned in both gas and liquid chromatography.

Column efficiency terms. The situation is even worse in the case of the terms
related to column efficiency. While both IUPAC and ASTM GC and LC nomen-
clatures use » for the theoretical and N for the effective plate number, the original
edition?? of D 3016, the “GPC nomenclature”, used N for the theoretical and n for
the effective plate numbers. This was somewhat corrected in the revised edition®*:
while maintaining N for the theoretical plate number, it now uses N for the
effective plate number. Still, the use of a capital letter for the theoretical plate number
creates confusion. The situation is similar with the various plate heights: while in the
other nomenclatures 4 is used for the theoretical, H for the effective and 4, for the
reduced plate heights, the ASTM exclusion chromatography nomenclature uses H
for the theoretical and 4 for the reduced plate height!

Resolution. The exclusion chromatography nomenclature presents two terms:
the regular resolution (R ,) and the so-called specific resolution (R;):

2(Vri — Vra)
Wi+ W,
2(Vry — V&) . 1

R, = 19
W+ W, log(M /M) (19)

R1.2 = (18)

where Vg is the retention volume, W is the peak width at base and M is the
molecular weight. The first expression is identical with peak resolution in Table 1
(symbol R,), but we must recognize the difference in exclusion chromatography: here,
the larger molecules elute first. In other words, if M, > M, then Vg, < Vg,.

The first confusion is in the symbol R,, which is used by both ITUPAC and
ASTM GC and LC nomenclatures to express eqn. 18 and not eqn. 19. Unfortunately,
there are also inconsistencies even within the standards developed by Committee
D-20: while in D 3016, the general nomenclature for exclusion chromatography, the
two resolution terms are specified as given in eqns. 18 and 19, in the two standards
dealing with the determination of molecular weight averages and molecular weight
distribution there is a mix-up, R, , being defined as in eqn. 19 and not as in eqn. 18.

Internal cross-sectional area of the column. This term was included in the original
text® and deleted from the revised text?*; however, it is still included indirectly, in the
definition of the mobile phase velocity.

We have seen earlier that in the general liquid chromatography nomenclatures,
the cross-sectional area of the column refers to the geometric area, i.e., d2r/4. On the
other hand, in the ASTM exclusion chromatography nomenclature “column cross-
sectional area” does not mean this but the cross-sectional area available to the mobile
phase flow; in other words, it is ed%z/4, where ¢ is the interparticle porosity (cf.,
Table 1).
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V., Viyand V,. One must be careful in properly interpreting the meaning of
these terms. As listed in Table 4, V, is the interstitial volume of the column, i.e., the
volume of interstices between the solid particles. Since in general liquid chromato-
graphy (c¢f., Table 1) we also have the “interstitial volume” of the column (V), it
would seem to be obvious to think that the two are the same. This is, however, not
entirely true, at least not in their interpretation.

In general liquid chromatography, disregarding the extra-column volume of
the system, V},, the mobile phase hold-up volume, and V¥, the interstitial volume, are
the same. Furthermore, V,, represents the product of the mobile phase flow rate
(F.) and the mobile phase hold-up time (,):

Vy = tyF, 20)

The mobile phase hold-up time represents the time it takes the mobile phase molecules
to pass through the column. In practice, it is measured by taking a solute which is not
retarded at all by the stationary phase during its passage through the column and
thus the molecules of which are always in the mobile phase. Measuring the “retention
time” of this solute (i.e., the time period between introduction to and emergence from
the column), we obtain #,,. In other words, t, has two meanings: theoretically, it is
the time the mobile phase molecules need to travel through the column, but in practice
it also means the retention time of a non-retained solute. It is also obvious that ),
is smaller than the retention time of any other solute which has some interaction with
the stationary phase.

In exclusion chromatography, we can also write the retention times corre-
sponding to the three volumes:

V. =1tF. (2la)
V, = t,F, (21b)
V, = t,F, )

Owing to the similarity between V_ in exclusion chromatography and ¥, in
general liquid chromatography, we would easily make the same connection between
t, in exclusion chromatography and 7, in general liquid chromatography. This is,
however, incorrect.

In exclusion chromatography a sample component the molecules of which are
larger than the largest pores of the column packing will pass through the column
faster than the molecules of the other sample components and will emerge first. On
the other hand, the sample component the molecules of which are smaller than the
smallest pores of the column packing will enter all these and thus will be the slowest,
emerging last. If we have any substance present in the flowing system the molecules
of which are smaller than the molecules of this last sample component, it will emerge
from the column together with the last sample component. Obviously the mobile
phase represents such a substance. In other words, while in general liquid chromato-
graphy both the retention time of an unretained solute and the mobile phase hold-up
time (time of passage through the column) are the same, these are not the same in
exclusion chromatography: here ¢, represents the retention time of an unretained
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compound but f, represents the mobile phase hold-up time. Thus, while V_ is the
retention volume of an unretained compound, it is not also the mobile phase hold-up
volume: this is represented by V,. In addition, V, also represents the retention volume
of all solutes the molecules of which are smaller than the smallest pores of the column
packing.

This situation is best explained with help of Fig. 2. Here, peak A represents
the sample component the molecules of which are larger than the largest pores while
peak D represents the sample component the molecules of which are smaller than the
smallest pores of the column packing. Later, when discussing the specialized nomen-
clatures (cf., Table 7), MW, will be denoted by My and MW, by M,.
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Fig. 2. Calibration curve for exclusion chromatography. A standard sample is analyzed (top); sub-
sequently, the retention volumes (times) are plotted against the logarithm of the corresponding
molecular weights. For the explanation of the symbols and the interpretation of the plot, see the text.

The third value, V;, represents the volume within the pores of the column
packing, i.e., the intrastitial volume. As seen below (cf., eqn. 27), this value may be
interpreted as the volume of the “stationary phase”, implying that in exclusion chro-
matography the volume of the pores has a function similar to the volume of the
stationary phase in general liquid (and gas) chromatography, and the ASTM exclusion
chromatography nomenclature indicates this synonymous interpretation by calling
V., the “stationary liquid volume”.
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To summarize, V, represents the total volume of the mobile phase in the system
and is composed of V_, the interstitial (“between the particles”) volume and V;, the
intrastitial (“within the particles™) volumes:

V.=V, + ¥ (22)

In practice, the external volume, V,,,, may be added to the right-hand side of eqn. 22.
If we are using retention times instead of volumes, eqn. 22 becomes

=1, + 1 (23)

and again, t.,, may be added to the right-hand side of the equation.

It should be noted here that the nomenclature of ASTM Committee D-20 uses
the expression “liquid” for the mobile phase; thus, V', and V, are specified as the
“stationary liquid volume* and the “total liquid volume™, respectively. This is still
a left-over of the former usage when “liquid” referred to the mobile phase. In future
revisions, the term “mobile phase” should be substituted for “liquid”.

Capacity factor and distribution constant. 1t is evident from the aforementioned
discussion that the meaning of the capacity factor is also different in exclusion chro-
matography to that in general liquid (and gas) chromatography. Using, again, the
corresponding retention times instead of volumes, the capacity factor, k', for exclusion
chromatography is expressed as (¢f., Table 4)

tR_to
t

[

k' =

(24)
while in general gas and liquid chromatography, the capacity factor, k, is expressed as

k— IR — Iy (25)
Iy

We have mentioned the difference in the meaning of ¢, and t,,; thus, strictly following
the meaning of the capacity factor, 7, and not ¢_ should have been used in eqn. 24.
This, however, would give negative values for the capacity factor, which obviously
would be absurd. Thus, eqn. 24 should be considered as a special expression used in
exclusion chromatography. Because of this difference, we feel that a difference in the
symbols should be maintained: while k represents the capacity factor in general
liquid and gas chromatography, the corresponding symbol in exclusion chromato-
graphy should be &’ or preferably k..

Although the distribution between the two phases in exclusion chromatography
is based on different principles than in the other variants of chromatography, a
distribution constant (K,) is also described in this method. Its meaning is derived in
an analogous manner to the well known relationship in general liquid chromato-
graphy™:

Ve = Vi + KV, (26)

* Here Vp is the retention time, V,, and V represent the volumes of the mobile and stationary
phases in the column, respectively, and K is the distribution constant (the K. of eqn. 2). The same
relationship is also valid in GC but here, due to the gas compressibility, V', the volume of the carrier
gas in the column at atmospheric pressure, should be used.
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In exclusion chromatography, V_ represents the retention volume of a non-
retained compound (one of the two meanings of V) and V, is the intrastitial volume
in which the compounds are dissolved while within the pores; V; may be considered
as equivalent to (although not identical with) the “stationary phase” in general liquid
chromatography. Thus, we can write for exclusion chromatography

Ve=V,+ KV, 27
or
_ VR — Vo
Ko - Vi — (28)

This value is used in textbooks dealing with exclusion chromatography: Snyder and
Kirkland®® use the symbol K, and call it the “distribution coefficient”, while Deter-
mann®’ uses the symbol K, and calls it simply the “K,-value™.

It is important to realize the meaning of the distribution constant in exclusion
chromatography, which is different to that in the other variants. In all other chro-
matographic techniques the distribution constant corresponds to the ratio of the
solute concentration in the stationary phase to that in the mobile phase”. However, as
explained by Determann®’, the K_ (K,) value expresses the fraction of the inner volume
(i.e., the volume of the pores) available to the molecules of the particular sample
component for diffusion. Being a fraction, it is obvious that its value cannot be larger
than unity and indeed, for the last peak representing total permeation™, K, = 1,
while for the first peak representing total exclusion, K, = 0. Expressing it in a
different way, K indicates the retention of a given sample component as a fraction
relative to total permeation. Thus, it is similar to the R, factor which also varies
between zero and unity. In contrast, the “classical” distribution constants of gas and
liquid chromatography vary between zero and infinity.

We believe that the K term as the “distribution constant” should definitely
be included in any nomenclature dealing with exclusion chromatography.

It should be mentioned here that in the ASTM exclusion chromatography
nomenclature?® the equation for the distribution constant (called there the “distri-
bution coeflicient”, K) is given as

VR - VO
K= — (29)
which would give
Ve=V,+ KV, (30)

Comparing this with eqns. 26-27, it is obvious that eqns. 29-30 are incorrect because
V, has no connection with ¥ in eqn. 26. The most likely explanation is that ¥, in the

* As expressed by eqns. 2-5 and 15-17, “‘concentration” may be expressed as g/volume, g/g,
g/surface area, or a combination of these.

** In the case of the first peak, Vg = V,, and thus K, = 0/V, = 0. In the case of the last peak,
Ve =V, =V, + Vi, and thus K, = V;/V; = 1.
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denominator is a typing error instead of V. Unfortunately, however, the same error
had already been made in the original edition of D 3016?2, first published in 1972.
It seems to be that this typing error has never been discovered by anybody. Naturally,
it should be corrected in future editions.

Retention volumes vs. retention times. The exclusion chromatography nomen-
clature?® of ASTM Committee D-20 mentions only retention volumes and not reten-
tion times. With present, up-to-date instrumentation where proper mobile phase flow
regulation is provided, this is no longer necessary and retention times could be used
as well. Thus, the time equivalents of V_, V; and V, (i.e., t_, t; and t,) should definitely
be added to the nomenclature.

7. SPECIALIZED NOMENCLATURES

Naturally, owing to the differences in the various liquid chromatography
techniques, each has some special symbols, terms and definitions which are not
necessarily applicable to the other variants. In this section we shall deal with these.

A. Ion-exchange chromatography

The specialized symbols, terms and definitions of the ITUPAC ion-exchange
nomenclature are summarized in Tables 5 and 6. While no comments are necessary
concerning the terms and definitions listed in Table 6, we have to comment on a few
terms included in Table 5.

The first comment concerns the capacity terms; their definitions are as follows:

__mequiv. of ionogenic group 31)
°  weight of dry ion exchanger

mequiv. of ionogenic grou
0, = 1 S (32)

" true volume of swollen ion exchanger

total amount of ions (expressed in mequiv. or mmol
0, = (exp q ) (33)

weight of dry ion exchanger

__total amount of ions (expressed in mequiv. or mmol)

Os = weight of dry ion exchanger or bed volume 34

mequiv. of ionogenic group
bed volume

(35

Bed volume capacity =

In Q,, the weight of the exchanger should refer to the H form in a cation exchanger
and the Cl form in an anion exchanger. In Q,, the ionic form and the medium must
be stated. Qp, which is the practical capacity of an ion-exchanger bed in a dynamic
system, is always determined experimentally under flow-through conditions and refers
to the amount which has been taken up when the species is first detected in the effluent
or when its concentration in the effluent reaches some arbitrarily defined volume. In
bed volume capacity, and in Q,, the conditions must be specified.
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TABLE 5

SPECIALIZED TERMS AND SYMBOLS INCLUDED IN THE IUPAC ION-EXCHANGE
CHROMATOGRAPHY NOMENCLATURE?

Parameter Symbol Notes*
Capacity See Note 1
Theoretical specific capacity Q.
Volume capacity 0.
Bed volume capacity No symbol specified
Practical specific capacity Q4
Breakthrough capacity of the ion-exchange
bed Os
Selectivity coefficient kain See Note 2
Corrected selectivity coefficient k%8 See Note 2
Separation factor da/B tuqrp = D4/Dp (Where D may be D, D,
or D)
Weight swelling in solvent Wi See Note 3
* Notes:

1. For the definition of the various capacity terms, see the text.
2. For example, for Mg?* — Ca?* exchange:

c — ( Mel Mg]
[Ca] /s \ [Cal /|

The brackets refer to concentrations; subscript S indicates the concentrations in the ion exchanger
(“stationary phase”) and subscript M indicates the concentrations in the external solution (““mo-
bile phase™). In the corrected selectivity coefficient the concentrations in the external solution are
replaced by activities.

amount of solvent taken up

5 e .
amount of dry ion exchanger

Note that the selectivity coefficient in the ion-exchange nomenclature has the
same symbol as the capacity factor in general liquid (and gas) chromatography but
its meaning is now different: it refers to the ratio of equilibrium concentrations. This
might result in a misunderstanding and thus should probably be changed.

Finally, it should be mentioned that the symbol for the weight swelling in the
solvent does not conform with the regulations set in the [IUPAC Manual of Symbols3®:
it should be W and not w.

B. Exclusion chromatography

Table 7 lists the terms and symbols expressing particle and molecular param-
eters and their definitions according to the exclusion chromatography nomenclature
of ASTM Committee D-20%. These are well defined and logical except the use of w
and n in the subscripts: we have already mentioned that the universal symbol for
weight is W and not w and thus it should have been used here also. This rule has been
followed in the ASTM liquid chromatography nomenclature!®, which also contains
some of these terms and uses My and M, instead of M, and M,,.
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TABLE 6

SPECIALIZED 10ON-EXCHANGE CHROMATOGRAPHY TERMS (OTHER THAN THOSE
IN TABLE 5) DEFINED BY IUPAC*

Term Notes”

Anion exchange
Anion exchanger
Base form
Bed volume See Note |
Cation exchange
Cation exchanger

Acid form
Co-ions See Note 2
Counter ion See Note 3
Fixed ions See Note 3

lon exchange
lon-exchange chromatography
Ion-exchange isotherm See Note 4
lon-exchange membrane
lon exchanger

Bifunctional

Macroporous

Monofunctional

Polyfunctional

Redox

Salt form
Tonogenic groups See Note 5
Permselectivity See Note 6
Redox polymers
Resin matrix
Sorption See Note 4
Sorption isotherm See Note 4
Volume swelling ratio

* Notes:

1. Synonymous with column volume for a packed column.

2. Mobile ionic species in an ion exchanger with a charge of the same sign as the fixed ions.

3. Counter ions are the mobile exchangeable ions of the ion exchanger while the fixed ions are the
non-exchangeable ions which have a charge opposite to that of the counter ions.

4. Ion-exchange and sorption isotherms refer to the concentration of a counter ion and a sorbed
species, respectively, in the ion exchanger expressed as a function of their concentration in the
external solution under specified conditions and a constant temperature. Sorption refers to the
uptake of electrolytes and non-electrolytes by ion exchangers through mechanisms other than
pure ion exchange.

5. In an ion exchanger, ionogenic groups refer to the fixed groupings which are either ionized or
capable of dissociation into fixed ions and mobile counter ions.

6. Permselectivity refers to the permeation of certain ionic species in preference to other species
through ion-exchange membranes.

C. Planar chromatography

Both the general IUPAC chromatography and ASTM liquid chromatography
nomenclatures contain some terms, definitions and symbols for planar chromato-
graphy but do not go into detail. However, a very detailed and excellent listing of the



58

TABLE 7
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TERMS AND SYMBOLS EXPRESSING PARTICLE AND MOLECULAR PARAMETERS
SPECIFIED IN THE EXCLUSION CHROMATOGRAPHY NOMENCLATURE OF ASTM?*

Parameter Symbol  Definition

Particle parameters

Number-average particle diameter D, First moment of the number distribution of
particle diameters

Weight-average particle diameter D, First moment of the weight distribution of
particle diameters

Weight-differential distribution of Piot of weight population density as a func-

particle diameter fw (D) tion of D, the particle diameter

Molecular parameters

Hydrodynamic volume Vy A polymer property proportional to [n]M

Intrinsic viscosity 7] It is equivalent to the reduced specific vis-
cosity at infinite dilution

Molar volume Vo

Molecular weight (mol.wt.) M

Molecular weight distribution MWD

Weight-differential distribution of molecular f,, (M)
weights

Number-average molecular weight M,
Weight-average molecular weight M,
Z-average molecular weight M,
(Z+ 1)-average molecular weight Mz
Viscosity-average molecular weight M,
Polydispersity factor (dispersity) d

Instrument symmetrical spreading parameter X,
Instrument skewing parameter X,

Uncorrected number-average molecular weight M, (1)
Uncorrected weight-average molecular weight MM, (1)

Corrected number-average molecular weight AN, (c)

Corrected weight-average molecular weight M, (¢)
Observable or ‘“‘true” number-average

molecular weight M, (1)
Observable ot “‘true” weight-average

molecular weight M, (t)
Lowest molecular weight M,
Highest molecular weight My
Exclusion limit Vhmax

Weight-cumulative (or integral) distribution 1, (M)
of molecular weights
Variance of molecular weight distribution o}

Plot of weight population density as a func-
tion of M

First moment of the number distribution of
molecular weights

First moment of the weight distribution of
molecular weights

First moment of the Z-distribution of
molecular weights

First moment of the Z+1 distribution of
molecular weights

A value related to the intrinsic viscosity
(see above) of the polymer

d= M,[IM,

Used to correct for symmetric band broad-
ening

Used to correct for non-symmetric band
broadening

} Values uncorrected for instrument

spreading
1 Values corrected for instrument
| spreading

l Values obtained by classical methods
such as osmometry and light scattering

Lowest value of molecular weight in the
mol.wt. distribution

Highest value of molecular weight in the
mol.wt. distribution

Maximum V), that entered the pores

Sum of weight fractions as a function of
molecular weight

Second moment about the mean of a
specific type of mol.wt. distribution
[j = n, w, Z or (Z+1)]. It is a measure of
the breadth of the distribution
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TABLE 8
PLANAR (PAPER AND THIN-LAYER) CHROMATOGRAPHY TERMS AND SYMBOLS
Parameter ASTM*'™ JUPAC?® Notes®
Mobile phase distance See Note 1
Number of theoretical plates n n See Note 2
Retardation factor R, R, See Note 3
1 - R
Ry value Ry Ry Ry = log ( R f)
!
R, values R, Ry R; = Rewiy/Ryesy
Solute distance See Note 4
Spot diameter See Note 5
* Notes:

1. The IUPAC nomenclature here retained the name solvent, calling it the solvenr migration distance.
This should be changed. No symbol is used in either nomenclature: it is equal to « in Fig. 3.
Stahl calls it the “‘length of run”, obviously as a translation of the German expression “‘Lauf-
strecke™.

2. The number of theoretical plates is calculated using the parameters defined in Fig. 3 as n =
16(b,/c,)?. If the spot is not circular, Note 5 should be followed.

3. It is calculated according to Fig. 3 as R, = b/a. As shown, the distance b should be measured to
the center of a spot while the distance a, the mobile phase migration distance, is measured to the
mobile phase front.

4. No symbol is used in either nomenclature; it is equal to b in Fig. 3.

5. No symbol is used in either nomenclature: it is equal to ¢ in Fig. 3. As pointed out by ASTM, if
the spot is not circular, an imaginary circle is used whose diameter is the smallest diameter of the
spot.

MOBILE PHASE
*' FRONT

L _Y Y o _o-Y__]JoriIN
(STARTING LINE)

Fig. 3. Typical planar chromatogram. 4 = spot of the solute of interest (i); B = spot of the standard
(reference) compound (s); a = mobile phase front; b = solute distance; ¢ = spot diameter.
R, = bija; Ry = Rf(l)/Rf(s) = bl/bs; n = 16(bl/cl)2-

various terms and their definitions has been compiled by Stahl'?, which, in addition to
English, also gives the appropriate terms in German and French. Here, we shall also
consider this listing in addition to the two standards.

Table 8 lists the few symbols used in planar chromatography; Fig. 3 illustrates
some of the parameters used to calculate these terms. It is interesting that no symbol
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is used for the solute distance and the mobile phase distance. The obvious reason for
this is that these are never used in themselves but always as a ratio, the R, value.

We have dealt earlier with the evolution and importance of the R terms and
its equivalent, the R, term introduced first by Consden et a/.*. It is a minor problem
but should still be mentioned that there is no apparent agreement on the proper form
of the subscript: while both IUPAC and ASTM use R,, Stahl and most of the litera-
ture use Rg. Probably the latter should be followed in future revisions.

The value of R, is always smaller than unity and, by convention, it is usually
given to two decimal places. In order to simplify this, one often finds in the literature
the so-called AR, values, representing 100R,, i.e., a value without decimal places.
This is a useful term and should be included in future revisions.

The R, value really represents relative retardation in planar chromatography:
it is the ratio of two R, values:

R; = R;)/ Ry (36)

Since the mobile phase distance is common, we can express R, directly as the ratio
of the distance travelled by the spot of the solute of interest to the distance travelled
by the spot of the standard (reference) compound; using the symbols of Fig. 3, we have

R, = b;/b, (37

IUPAC uses the symbol Ry for R, indicating the solute of interest and the standard
with the subscripts 4 and B, respectively. In our opinion, the ASTM symbol is more

TABLE 9

TERMS USED IN PLANAR (PAPER AND THIN-LAYER) CHROMATOGRAPHY DEFINED
BY THE STANDARD NOMENCLATURES AND STAHL

Term ASTMY [UPAC?® Stahl”  Notes®
Adsorption chromatography + + +

Apply (verb) -+ See Note 1
Ascending development +

Binder +

Chamber (developing chamber) + q- +

Chamber saturation +- + See Note 2
Chromatogram + + + See Note 3
Consecutive development + See Note 4
Coupling of techniques + See Note 5
Densitometer -+

Descending development 4

Detection + + See Note 6
Develop + +

Development + + See discussion in text
Elute + See discussion in text
Elution +

Equilibration + + See Note 2
Front (mobile phase front, solvent front) + + +

Fronting -+ See Note 7
Gradient development (gradient elution) -+ + 4

Gradient layer See Note 8

[+
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TABLE 9 (continued )
Term ASTM? JUPAC?® Stahl'”™  Notes*

Horizontal development +
Impregnation

Layer equilibration

Migration rate

Mobile phase

Multiple development

Paper chromatography

Radial development
Reversed-phase chromatography
Sandwich chamber

Saturated development
Saturation

Solute

Spot

Spotting device
Starting point (line)
Support plate
Tailing

Thin-layer chromatography
Transfer

Two-dimensional chromatography

(development)

Unsaturated development
Visualization

Visualization chamber

See Note 8
See Note 2
See Note 9

See Note 4

+ o+ o+ o+
+ o+t

See Note 2
Synonym for “‘sample”

+ 4 r 4t

See Note 7

A+ o+

+
44+ + o+ o+

See Note 5

See Note 4

+

See Note 6

+4++

* Notes:

. Recommended instead of ‘‘to spot™.

2. Stahl distinguishes between chamber saturation and equilibration. ““‘Chamber saturation” refers
to the uniform distribution of the mobile phase vapor in the chamber until reaching equilibrium
prior to elution (development). On the other hand, ‘“‘equilibration” refers to the saturation of the
stationary phase (layer) by the mobile phase vapor.

3. As already mentioned earlier, in planar chromatography, ‘‘chromatogram” refers to the paper
or thin layer on which the separation took place.

S. In coupling the two techniques are directly connected and no mechanical transfer takes place.
Transfer refers to the mechanical transfer of the sample from one analytical procedure to the
other.

4. According to ASTM, in consecutive development different mobile phases are used, but only
after the previous mobile phase is removed from the planar media. The technique is subdivided
according to the direction of the developments: if the second development is accomplished in
the same direction as the previous development, this is multiple development, while if it is at a
right-angle to the first development, this is two-dimensional development.

6. In planar chromatography, detection also refers to the visualization of colorless, chromato-
graphically separated substances using chemical, physical or biological procedures. Stahl pro-
poses the use of this more general term instaed of ‘‘visualization™.

7. In planar chromatography, fronting refers to a spot (zone) showing a diffuse region in front of the
zone in the direction of the flow while tailing refers to the situation when the diffuse region is
behind the zone. It is important to distinguish “‘fronting” from ‘“‘front”’, which refers to the front
line of the mobile phase.

8. Impregnation refers to the modification of the separation properties of the layer (or paper) by
appropriate additives. If geographically there is a transition in the layer (or paper) from one
property (e.g., pH) to the other, then it is called a gradient layer.

9. Stahl proposes this term to express the distance travelled by the mobile phase in unit time; in
other words, it is equivalent to the mobile phase velocity used in column chromatography.

—
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appropriate, particularly because in the literature the “Ry value” often refers to the
use of p-dimethylaminoazobenzene (“Butter yellow”, hence B) as the reference stan-
dard when analyzing alcohols and phenals in the form of their 3,5-dinitrobenzoates®.

Table 9 lists the terms (in addition to those already included in Table 8) for
which clear definitions are given in the two standard nomenclatures or in Stahl’s
compilation. There are two terms for which no clear agreement exists: elution vs.
development, and solvent vs. mobile phase.

As already mentioned, IUPAC particularly discourages the use of “develop-
ment” as an obsolete term and proposes the use of “elution” instead of it, both in
this form and in other words. It has already been stated that we feel that while this
is acceptable for column chromatography, in planar chromatography, where the
mobile phase usually does not leave the plate or paper, “development” is a more
appropriate term than “elution” although, naturally, planar chromatography is still
a variant of elution chromatography.

Concerning the term “solvent”, we have already discussed its ambiguity.
While ASTM and Stahl are clear in the elimination of this term and advocate the
use of “mobile phase” instead, it is unfortunate that IUPAC is still using both terms.
This should be eliminated in future revisions.

8. SUMMARY

The nomenclature of liquid chromatography in general as well as that of its
variants is reviewed, with special emphasis on the existing differences. Proposals are
made for the necessary modifications to create a uniform, general nomenclature for
liquid chromatography and to adjust the individual, specialized nomenclatures to
conform with such a generalized nomenclature.
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1. INTRODUCTION

In the discussion of the nomenclatures of gas and liquid chromatography in
Parts 1 and II''? of this series, we have already pointed out the problems which exist
with the present nomenclatures and proposed modifications and corrections to be
considered for future revisions. There is no reason to repeat these here. However, this
series could not be finished without drawing attention to the general rules proposed
in a major TIUPAC publication?, to certain rules followed by the major nomenclatures
in the selection of lower-case and capital letters used as symbols and subscripts and,
finally, to some basic considerations in the proper naming of certain important terms.

2. IJUPAC MANUAL OF SYMBOLS

A major IUPAC publication issued in 1970 by the Division of Physical
Chemistry?® discusses in detail the rules to be followed in setting up nomenclatures for
physical and physico-chemical methods, and the general symbols to be used for the
major physical and physico-chemical quantities and units. Table 1 lists those which
are also used in chromatography. These recommendations have important conse-
quences. For example, the table clearly defines that time is ¢t and not T while temper-
ature (always in degrees Kelvin) is T; that weight is always W and not w while width
should be w, etc. This distinction between lower-case and capital letters is very
important to avoid confusion. These rules are often violated, not only due to simple
sloppiness but also due to the use of lettering sets in the preparation of figures or to
the recent fad of preparing tables and graphs by computers which can only print
capital letters*. Not only should this habit be discouraged but journal editors shall

“ The use of capital letters only also creates confusion with various units. For example, one
often finds in graphs MV for millivolts although the correct symbol is mV; MV means megavolts.
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TABLE 1

GENERAL SYMBOLS RECOMMENDED BY IUPAC FOR PHYSICAL AND PHYSICO-
CHEMICAL QUANTITIES AND UNITS?

Quantity, unit or term Symbol

Area

Density

Diameter

Diffusion coefficient
Equilibrium constant
Length

Pressure

Radius

Rate constant
Temperature (degrees Kelvin)
Time

Velocity

Viscosity

Volume

Weight

SR MR

o]
=
v

%QSE“‘N]?\‘"

not accept such material. Authors who do this violate the elementary rules set up
by the highest international body in chemistry.

There is one symbo! where deviation from the IUPAC recommendatlom3 is
proposed: the use of L instead of / for “length”. The reason for this is the easy inter-
changeability in a printed, and particularly typed, text of the letter / with the numeral

13 *”»

one .

3. GENERAL RULES

Obviously, only the most important quantities and units are listed in the
TUPAC Manual of Symbols and therefore further differentiation is necessary. This
differentiation should be done by using subscripts and superscripts and not composite
symbols. Thus, symbols such as tm, ts and tms are not only against the words but also
against the spirit of the official, carefully compiled nomenclatures*. Naturally,
acronyms (e.g., HETP and GC) may be used, but these should be capitalized and
there is no need to use full stops after each letter.

Superscripts are generally used only for the various retention times and
volumes, such as t; and Vp for the adjusted retention time and volume, and ¢ and
Vs for the corrected retention time and volume (see ref. 1). Thus, practically all the
differentiation is done by subscripts. Through their proper use one can use the same
main symbol and still express quite different terms, such as r; ; representing relative
retention and r. the (inside) column radius.

The major nomenclatures®*—® generally follow distinct rules in the selection of
the proper subscripts. These rules are summarized below.

(a) In general, subscripts referring to the physical conditions or the phase
should be capitalized. In gas chromatography, G refers to “gas” or the gas phase and

* In fact, most of the compound symbols found in the literature are due to typing errors (not
typing the subscript half-way down) and sloppy copy-editing.
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L to “liquid” or the liquid phase; in generalized usage, M refers to the mobile phase
and S to the stationary phase. Thus, e.g., the diffusion coefficient in a gas is D and
not D,, the liquid diffusion coefficient is D, and not D, and, in general, the diffusion
coefficient in the mobile phase is Dy, and not D,,. Similarly, the mobile phase hold-up
time (volume) is t,(Vy) and not ¢,(V,). In subscripts, S should always refer to
“stationary phase” and never to “support”.

(b) In addition to those mentioned above, a few capitalized subscripts are used
to describe specific terms, such as R in tz and Vg for “retention”, N in Vy to express
“net retention” and 7 in ¥ for “interstitial”. In general, however, other capitalized
subscripts should be avoided except those used to identify peaks, such as 4 or B.

(c) Subscript o generally refers to the outlet of the column such as in «, or P,.
Thus it should not be used for “zero” because printers usually do not distinguish
between o (lower case letter) and O (zero) in small characters. This is the reason why
hold-up time (volume) is #,,(¥y) and not t,(V,) or to (V). As discussed in connection
with exclusion chromatography, an exception may be made there.

(d) Similarly to the rule against compound symbols, one should also avoid
compound subscripts. Compound subscripts should only be used to identify individual
peaks, e.g., I'i 5 g2 OF tre; 41y Sometimes, however, abbrevations have to be used as
subscripts, such as V,,, for the external volume or ., for the number of theoretical
plates required for a given separation.

(e) Individual peaks may be characterized either by arabic numerals (1, 2, ...)
or capital letters (4, B, ...) used as subscripts. It should always be assumed that the
smallest numeral or the earlier letter refers to the peak which emerges first; in other
words, by definition, tg; > g1, trpy > freay» €LC.

(f) If a symbol already has a subscript, one should not create a subscript to a
subscript; thus, it should be fg, and not t5,. Simple subscripts indicating a given peak
need not be placed in parentheses; however, parentheses are needed if complex
subscripts are to be used or there is the possibility of any misunderstanding. For
example, it is fg, and not fge,; on the other hand, the retention time of an n-alkane
with z+4 1 carbon atoms in the molecule is 7z, ;)

4. MAJOR TERMS

In Parts I and II we discussed in detail the modifications or further clari-
fications recommended in connection with the major terms, such as:

diffusion coefficients;

distribution (equilibrium) constants;

open tubular columns;

capillary columns;

capacity factor
Hence there is no need to repeat these discussions here. However, one more major
term should be mentioned where further revisions of the existing nomenclatures must
include clear specifications. This term is the retention index.

The retention index system was first introduced in 1958 by Kovdts'® as a more
precise expression of relative retention. By definition it gives the carbon number”

* The number of carbon atoms in the molecule of the compound.
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(multiplied by 100) of a hypothetical n-alkane which, under the given conditions and
in isothermal operation, would give the same adjusted retention time (volume) as the
component of interest. Mathematically, the retention index (/) can be expressed as

log X; — log X,
log Xz4,) — log X,

+ 7] (1

where X represents the adjusted retention time or volume, subscript i refers to the
compound of interest and z represents the carbon number of the n-alkane emerging
just before the compound of interest.

In the 20 years since its introduction the retention index system has become
more and more accepted universally, in recognition of its simplicity.

In addition to the retention index system of Kovits, other similar systems have
also been described in the literature. At the beginning, very correctly, these similar
systems were indicated by different names, such as the carbon number! and equivalent
chain length'?, both of which use the methyl esters of straight-chain saturated fatty
acids instead of the n-alkanes as the reference series, the steroid number'3, where two
hydrocarbons with steroidal structure are used as the bracketing reference compounds,
the methylene unit'®, which is identical with the carbon number of the hypothetical
n-alkane (i.e., omitting multiplication by 100) but is determined under programmed-
temperature conditions, the arithmetic index®, which is similar to the retention index
but calculated without the use of logarithms, and the physico-chemical index'®, which
is a theoretical retention index value calculated from vapor pressure and molar
volume data. Unfortunately, however, more and more authors are describing similar
systems by keeping the term “retention index”, indicating the difference by an adjec-
tive only. Examples are the standard retention index of Robinson and Odell', the
linear retention index of Vigdergauz'®:!® and the molecular retention index of Evans?.
Sometimes the difference is not even indicated in the name, such as the retention
index calculated for programmed-temperature runs?!, where the logarithm is omitied,
the retention index for iodoalkanes??-23, where the 1-iodoalkanes are used instead of
n-alkanes as the reference series, or the retention index system for polynuclear
aromatics?*, where a series of polynuclear hydrocarbons are used as the reference
compounds.

This uncritical use of the term “retention index” for other expressions starts to
create confusion in the proper interpretation of the data published in the literature.
For this reason, it is recommended that future revisions of the major nomenclatures
clearly define the meaning of the “retention index” and specify that only data corre-
sponding to Kovdts’ original definition can be listed under this name: all other ex-
pressions, however similar, must be clearly defined by another name.

5. SUMMARY

General rules of IUPAC concerning symbols for physical and physico-
chemical units are discussed which should be considered in any future revisions of
chromatography nomenclatures. In addition, other important questions related to
future nomenclature revisions are also discussed.
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1. INTRODUCTION

In 1975 Tomlinson' published an extensive review on the application of thin-
layer chromatography (TLC) to the correlation analysis of quantitative structure—
activity relationships (QSAR). Another paper was published by Bhutani?. Although
fundamentally Tomlinson’s remarks still remain valid (and are not repeated here),
numerous papers have subsequently been published in which new approaches and
modern techniques are described. At present, chromatography is routinely, and
perhaps mechanically, used by medicinal chemists. In such a situation it seems
worthwhile to bring together more important recent achievements in the field.

Chromatography is most widely applied in the Hansch approach to QSAR
based on linear free energy relationships®. It should be noted that an analogous
approach to the evaluation of substituent contributions to chromatographic retention,
quantitative structure-retention relationships, has recently been proposed by Chen
and Horvath*. The Hansch approach consists of the assumption that, to a first
approximation, the free energy change in a standard biological response is a linear
sum of individual energetic contributions, namely hydrophobic, electronic and steric.

The change in the free energy of a biological response due to the hydrophobic
nature of the drug can be represented by the logarithm of the oil-water partition
coefficient or quantities related to it. The electronic term is usually expressed by
means of Hammett’s constants or dipole moments. Expressing the steric effect in a

0378-4355/81/0000-0000/$02.60 © 1981 Elsevier Scientific Publishing Company
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linear free energy relationship has long been a problem. Usually Taft’s steric constant,
E,, and molar volume are used.

2. HYDROPHOBICITY AND CHROMATOGRAPHIC PARAMETERS

Most of the papers published on chromatography in QSAR concern hydro-
phobicity changes. That part of the free energy change which can be attributed to
hydrophobic bonding usually gives the major contribution to the biological response
compared with the electronic and steric terms. Hydrophobic interactions in a chroma-
tographic process can be separated from other types of intermolecular bonding.

The hydrophobic nature of a drug might be represented by the logarithm of
the partition coefficient (log P) obtained from studies of the distribution of the drug
between an immiscible polar and a non-polar solvent pair. The recommended solvent
system for measurements of partition coefficients is |1-octanol-water. This reference
system was chosen®S as reflecting the partition between lipid membranes and extra-
cellular fluids.

Following Green and Marcinkiewicz’-%, who found that ARy is additive for a
number of benzenoid compounds, Iwasa et al.’ suggested usefulness of chromato-
graphic data for QSAR. At the same time, Boyce and Milborrow!® published the
paper in which they correlated molluscicidal activity of a series of N-n-alkyltrityl-
amines with Ry, data. In 1974 Haggerty and Murriil'* suggested the utility of reversed-
phase high-performance liquid chromatography (HPLC) for the determination of
partition coefficients. The logarithm of the capacity factor, log k', the quantity
measured by HPLC, is analogous to Ry in flat-bed chromatography.

At first, the partition coefficient was considered as a measure of the ability of
a given compound to penetrate through various biological membranes. In other
words, it was considered as a measure of the probability that a given molecule would
reach its site of action in a given time interval. Another mechanistic interpretation of
the meaning of partitioning properties is based on the concept of the hydrophobic
bond formed between the drug and a hydrophobic protein receptor.

Although the choice of 1-octanol as a compound reflecting the properties of
the lipid components of the cell membrane has been questioned, the large number of
l1-octanol-water partition data collected by Hansch’s group has made 1-octanol a
common reference standard. Fujii et al.?, in studies on 15 compounds of a series of
Ci6» Ci5 and C,, fatty acids and their esters and alcohols, found linoleic and palmitic
acids to be the best for reproducing the fatty acid components of the cell membrane.
However, the differences among the compounds studied have been of little importance
for the quality of QSAR concerning the antistaphylococcal activity of w-amino acids
and their L-histidine dipeptides. This is in agreement with Collander’s'? finding, further
developed by Leo and Hansch!* and Leo et al%, that rectilinear relationships exist
between partition coefficients found in one system and those found in a second
system, provided that the polar phase is water and the non-aqueous phases are
similar.

Measurement of log P by the conventional “shake flask” method is tedious.
It is difficult to determine log P for compounds that are poorly soluble in water or
that cannot be detected by conventional methods. Instead of measuring log P values
by equilibration methods, partition chromatographic data can be used. According
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to Tomlinson!, the main advantages of chromatographic methods over direct parti-
tion methods for obtaining an index of hydrophobicity are that they are simple to
use, rapid and less tedious, little material needs to be used, they are able to accomodate
drug molecules with very high or low log P value (such solutes require a long equili-
bration in normal “shake flask” methods), the material need not be uitrapure, there
is no need for specific quantitative analysis of the solute and more reproducible results
are usually obtained.

2.1. Conditions of chromatographic determination of hydrophobicity

2.1.1. Control of partitioning mechanism

It is important to make chromatographic determinations in systems where
partition either is the sole process taking place or it predominates over others. Un-
fortunately, in many recent papers concerning chromatographic determinations of
lipophilicity the partition mechanism has been assumed but not, however, always
proved.

Partition chromatography can be carried out by means of TLC, paper chro-
matography and HPLC. Reversed-phase techniques are commonly applied, although
a few successful biological correlations have been obtained using the direct technique
in paper chromatography!s and TLC. As hydrophobic stationary phases, silicone
oil, 1-octanol, oleyl alcohol, liquid paraffin and chemically bonded phases, e.g., ODS,
are usually used. ODS is commonly used for reversed-phase HPLC, but Siouffi et al.'?,
based on extensive studies, proposed a practical approach to the application of bonded
phases in TLC.

To check whether the Ry values of compounds in reversed-phase chromato-
graphy are determined exclusively by partitioning between the stationary phase and
the mobile phase, Hulshoff and Perrin'® employed the relationship

1/Rr =1 4+ (P*kC,, €8]

where (P* is the partition coefficient in the system oleyl alcohol/methanol-water,
analogous to a chromatographic system, k is a constant and C,, is the oleyl alcohol
concentration in the mixture used for impregnation of the plates. When no adsorption
of the compounds (benzodiazepines) on to the support phase during the migration
took place, straight lines were obtained when 1/Ry was plotted against C,;, with
intercepts close to unity and slopes of (P*k. To avoid interaction of the compounds
being chromatographed with free silanol sites on bonded ODS supports, silylation
with hexamethyldisilazane (HMDS) or trimethylsilyl chloride (TMSCI) has been
suggested!®. However, a few of the silanol sites on chemically bonded phases will
always be sterically protected from silylating reagents. As is evident from recent
studies by Knox er al.?°, electrostatic interactions then occur, resulting in marked
exclusion of anionic species due to Donnan equilibria. Donnan exclusion may be
reduced by increasing the ionic strength of the mobile phase.

When one relates the partition chromatographic Ry, value to the logarithm of
the partition coefficient, log P, determined in a system identical with the chromato-
graphic system, one should obtain Martin’s relationship:

Ry = log P; + log V[V #)
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where ¥, and Vy are volumes of the stationary and mobile phases, respectively. In
practice, the slope of eqn. 2 deviates slightly from unity. This may be explained
according to Bird and Marshall*! as resulting from difficulties in adjusting ionic
strengths in the “shake flask” and chromatographic processes to exactly the same
value. Generally, a slope of exactly unity could be expected only if the two chromato-
graphic phases were precisely identical with the two phases in the classical “shake-
flask™ experiment??,

2.1.2. Choice of the partitioning system

Chromatography with pure water as the mobile phase is not always possible
owing to too low or too high a solute polarity. Accuracy in TLC demands 0.2 << Ry <
0.8 (ref. 23). This gives a range of Ry of less than 1.5 decades, whereas HPLC is
capable of 3-4 decades®®. In such a situation it is often necessary to change composi-
tion of the mobile phase in order to obtain reliable Ry, values when one deals with a
series of compounds of various polarity. Acetone and ethanol are the most popular
organic modifiers of the aqueous mobile phase. Ry, values of all compounds of a
series for any fixed organic solvent concentration in the mobile phase can be used for
QSAR purposes. However, the Ry, values are commonly used, which are obtained
by extrapolation to a 1009, water concentration in the mobile phase. Such an extrap-
olation is generally valid as Ry varies linearly with the volume fraction of organic
solvent in the aqueous mobile phase as represented by the Soczewinski-Wachtmeister
equation®:

Ry = Ry, + bC (3)

where Ry, is the value of Ry for pure water as the mobile phase, b is a constant and
C is the concentration of organic modifier in the mobile phase.

2.1.3. Effect of ionization of solute

Special care must be taken if one deals with ionizable compounds. The effects
of ionization are unfortunately ignored in many new methods for the determination
of partition coefficients®®. The reference partition coefficient, P, refers to the ratio of
neutral, un-ionized compound in each phase. What one actually observes are the
distribution coeflicients. The distribution coefficient is defined?’ as the ratio of the
concentration of a compound in the organic phase to the concentration of all species
(neutral and ionized) in the aqueous phase at a given pH. The organic phase is assumed
to contain only un-ionized species, which is never true as there may be some solution
of an ionized compound in the hydrophobic phase as an ion pair with the buffer ions.
If one knows the effects of ionization, one can simply use the distribution coefficient,
D, in place of the partition coefficient, P, but one must correct for relative differences
in hydrogen bonding effects when comparing different experimental procedures®.
The reference partition coefficient, P, of neutral species is

P =D/l — a) @

where « is degree of ionization. Thus, for acids

p= (% +1) O
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where K, is the dissociation constant and H is the hydrogen ion concentration. Unger
et al.* rearranged eqn. 5 into the form

D = P + K,(—D/H) ©6)

Correlating the distribution coeflicient, D, or the capacity factor, K’ from HPLC, with
—D/H for acids or —DH for bases, they determined the intercept P and the slope X,
(or 1/K,* for bases). To determine it most accurately, measurements should be made
near pH 2 and approximately the pK, for acids and near pH 8 and the pK,® for bases.
Unger et al.’s method is capable of determining simultaneously lipoid-aqueous parti-
tion, distribution and ionization coefficients (P, D and KX,, respectively), all of which
are of value for QSAR purposes. The method has further been developed by Unger
and Feuerman?, based on the work by Horvdth er al.?°, to model bulk phase parti-
tioning for lipophilic acids, including ion-pair partitioning. The equation used has
the form

log D = log (P + P'K,/H) — log (1 + K,/H) @)

where P’ is partition coefficient for the anion. The constants P, P’ and K, were derived
from the non-linear least square fit of eqn. 7. Unger and Feuerman® supported
Wahlund and Beijersten®! in concluding that anions of lipophilic acids can be consid-
erably more lipophilic than is commonly assumed and their partitioning should be
taken into consideration for QSAR purposes.

2.2. Preparation of the partitioning chromatographic system

. Much effort has been directed to preparing proper lipoid phases for partition
chromatography. In TLC (or HPLC) silica gel, Kieselguhr G or microcrystalline
cellulose have been impregnated by allowing a solution of a reversed-phase compound
in a volatile solvent to cover the support. The solvent was then evaporated, usually
with heating at 40-60°C. n-Hexane has commonly been used as a solvent for paraffin
oil, after Boyce and Milborrow. Fatty acids and their derivatives have usually been
dissolved in diethyl ether!? or toluene®?, I-octanol in acetone®"'** and silicone oil in etha-
nol**. The polar mobile phase has been saturated with the stationary phase substance.
Hulshoff and Perrin'®?*® obtained Kieselguhr G impregnated with oleyl alcohol by
coating glass plates with a slurry of Kieselguhr G in a mixture of oleyl alcohol,
acetone and dioxan. A similar procedure was adopted by Kucha¥ et al.*® for coating
silica gel G with silicone oil, the volatile components of the impregnating solution
being evaporated off within 16 h at 20°C.

When performing direct partition chromatography, usually paper chromato-
graphy or TLC on cellulose layers, a support is impregnated with a polar solvent, e.g.,
formamide in ethanol®®,

Octadecyl chains chemically bonded to pellicular silica gel formed a hydro-
phobic phase used in the first HPLC determinations of partition coefficients!!--%7,
McCall*® blocked unbonded silanol sites present in commercial stationary phases by
treating them with HMDS and TMSCI in hot pyridine. Mirrlees et al.** argued that
the only true model for 1-octanol (the reference partitioning solvent) is 1-octanol
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itself. According to them?*, a bonded ODS support must have essentially the partition-
ing characteristics of a hydrocarbon (there is no ideal correlation between 1-octanol
and hydrocarbon partitioning). In such a situation, Mirrlees et al.2* coated the column
packing (Kieselguhr) with water-saturated 1-octanol. 1-Octanol-saturated water
(buffered) was used as the eluent.

Miyake and Terada®® described a method for preparing a 1-octanol-coated
column that had high stability. Hot Corasil I was mixed with 1-octanol, the mixture
was slurry packed and excess of 1-octanol removed by elution with buffer saturated
with l-octanol.

Unger et al.?® prepared a 1-octanol-coated ODS column by injecting 1-octanol
directly into the column under pressure until droplets appeared. The column was
then flushed with 1-octanol-saturated buffer until the eluate appeared clear. As 1-
octanol itself is very lipophilic it bonds strongly to ODS and gives a stable column.
Moreover, 1-octanol is bonded to octadecyl chains with its hydroxyl end free to
interact with the solute, as is expected in “shake flask™ octanol-water partitioning.

Systems with adsorbed 1-octanol ideally reflect partitioning observed in equili-
bration methods. However, reversed-phase chromatography of very lipophilic com-
pounds cannot be performed with l-octanol as the stationary phase because the
polar solvent concentration in the mobile phase, ncessary for obtaining measurable
retention times, would solubilize 1-octanol®®. For this reason, other stationary phases
have been proposed. Hulshoff and Perrin'® impregnated Porasil C and Chromosorb
P NAW with oleyl alcohol by the solvent evaporation technique*. A similar technique
was applied for coating pellicular Corasil II silica with squalene?!.

In the author’s opinion modern commercial ODS columns, without any addi-
tional coating, give results that are precise enough for QSAR purposes (especially if
one considers the low precision of the biological data involved) and are convenient
over a wide range of operational conditions.

Recently Riley et al.*?, based on extensive studies on ion-pair reversed-phase
HPLC, proposed a system using sodium dodecylsulphate as the pairing ion and
methanol as the organic modifier for the determination of indices of hydrophobicity.
They successfully applied their hydrophobicity indices to describe the antibacterial
activity of a series of 1,3,5-s-triazines.

So far, little attention has been paid to the type of buffer used in partition
experiments. However, Wang and Lien*® reported recently that the true partition
coeficients (corrected for ionization) of acidic and basic drugs obtained from different
buffer systems could not be suitable for regression analysis without additional correc-
tion. According to the authors*, for acidic and neutral drugs phosphate buffer
(pH 7.4) appears to give corrected partition coefficients closer to the values obtained
from the l-octanol-water system than acetate and bicarbonate buffers. Therefore,
the phosphate buffer system is probably the most suitable system for measurements
of corrected partition coefficients for QSAR work, provided that the drug is soluble
enough in this system. It should be emphasized that the possibility of precise pH
control during the partitioning is a great advantage of HPLC over TLC. HPLC is
also a rapid and reproducible technique.

The determination of partition coefficients of volatile substances is often very
difficult and time consuming. For this reason, Bogek** developed a gas-liquid chroma-
tographic (GLC) method using water and oleyl alcohol as liquid stationary phases.
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Bocek assumed the partition coefficient of a compound in the system oleyl alcohol-
water to be equal to the ratio of partition coefficients in the system oleyl alcohol
(saturated with water)-nitrogen and water-nitrogen which could be determined by
GLC. The method is complicated as care must be taken to eliminate the influence
of adsorption and thus to determine true partition coefficients.

3. STERIC DATA CHROMATOGRAPHICALLY DETERMINED

Normally, GLC retention data are not related to the hydrophobic properties
of the solute. During GLC separation Van der Waals and polar rather than
hydrophobic interactions take place. The lack of correlation between GLC retention
data and the hydrophobicity parameters has been shown by Steurbaut ez al.*.

Gas chromatography on nematic phases, however, can be utilized to obtain
some information concerning the steric characteristics of the compounds being studied.

It has been reported by Kaliszan et al.*® that the biochemical activity of poly-
cyclic aromatic hydrocarbons (PAHs) depends quantitatively on the shape of the
hydrocarbon molecules. The shape parameter has been numerically expressed by the
ratio of the longer to the shorter sides of the minimum rectangular envelope around
the structure, drawn proportionally to the atomic dimensions. Recently, we turned
our attention to gas chromatography on nematic phases as a possible method for the
determination of steric differences in PAHs.

Nematic phases are forms of liquid crystals. They are a state of matter inter-
mediate between crystalline solids and “normal” isotropic liquids. They are formed
by certain compounds with elongated, relatively polar molecules. Mutual attraction
of these molecules tends to orient them with their long axes parallel. Such compounds
first melt to an anisotropic liquid, in which the molecules are free to move about only
so long as they remain parallel to one another. At higher temperature the melt under-
goes a sharp transition to a normal liquid.

It has been observed by several workers*’~*° that on a liquid crystal phase,
increased retention correlates (to a first approximation) with increased molecular
length-to-breadth ratio of the solute isomers; e.g., p-xylene (being more rod-like) can
more readily penetrate the liquid crystal phase than m-xylene, and thus experience a
stronger solute-solvent interaction.

We attempted>® to correlate the shape parameter (the ratio of the longer to the
shorter sides of the rectangular envelope) with chromatographic data for a group of
PAHs. We determined the retention indices, Iy, for a series of compounds on the
nematic phase BMBT [1.59%, of N,N-bis(p-methoxybenzylidene)-a,e’-bi-p-toluidine
on Chromosorb W HP]. We also used the data for I; obtained by Grimmer and
Bohnke® for the same compounds on the isotropic phase OV-101. We assumed that
interaction forces between the molecules studied and both the nematic and isotropic
phases are of the same origin. Thus we could expect the difference in retention indices
on the two phases to reflect molecular shape differences. In general, the shape param-
eter, 7, should be described by the equation

n = kg — kyJy + ks 3

where k -k, are constants. We obtained a significant correlation, with a correlation
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coefficient of 0.91. Taking into consideration the approximate nature of the shape
parameter, 7, the correlation is considered to be satisfactory.

4. ELECTRONIC DATA CHROMATOGRAPHICALLY DETERMINED

Following the Hansch approach to QSAR, one is often interested in obtaining
numerical data on the electronic properties of the compounds studied. Assuming
that polar interactions between the drug and the receptor are of importance for
biological effects (which must always be true owing to the hydrophobic nature of the
majority of protein receptors’?), it seems worthwhile finding a convenient method
for the determination of molecular polarity. In many instances various kinds of
Hammett substituent constants are precise enough, but often additional physico-
chemical measurements are required. Amongst others, adsorption chromatography
could be utilized. However, there are almost no examples of successful QSAR appli-
cations of adsorption chromatographic data. Perhaps it is difficult to separate the
various interaction forces that take part in this mode of chromatography:.

In the light of earlier work by Kovats, and especially a recent paper by Gassiot-
Matas and Firpo-Pamies®, it seems possible to obtain some information concerning
the electronic character of compounds from their gas chromatographic behaviour.
The latter authors® suggested that the gas chromatographic retention index is a
function composed of two terms: the “bulk” term, related to the solute polarizability,
e.g., via its molar refractivity, MR, and thus to the ability to form non-specific disper-
sion bonds between the solute and stationary phase, and the polar term, related to
the solute polarity, e.g., via its dipole moment, u. Thus the retention index, 7, should
be generally described as follows:

I=au +bMR + ¢ )

where a, b and ¢ are constants; « is related to the polarity of the stationary phase and
b characterizes its polarizability. This idea is in agreement with our earlier observa-
tions® 37 and we have developed it for QSAR purposes®®. Following the idea for a
series of solutes chromatographed on two phases of different polarity and similar
molecular weight, the dispersion term should be the same, to a first approximation,
and one should obtain

Ine = ay i + BMR + ¢, (10
Iy =ay® + bMR + ¢, an

where Iyp and I are retention indices on non-polar and polar phases, respectively.
From eqn. 10 one obtains

Ive — BMR = a,p + ¢ (12)
Thus, the term I/yp — MR relates directly to a measure of the solute polarity, e.g.,
4#*. With the retention indices determined and knowing the value of b, one can easily

calculate fyp — bMR. The b value can be calculated as follows. From eqns. 10 and 11
one obtains

Iy — Inp = (a2 — app® + ¢, — ¢, (13)
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#* can be obtained from eqn. 10:

]Np—bMR_Cl (14)
a

2

/4:

Substitution of u? in eqn. 13 by eqn. 14 yields

a a a
Ip — Inp = (72— — 1)1NP — (7:— — l)bMR — (i- — 1) co e — (15)
1
Then
=2 _ (% _ _

Ip =% I (a1 l)bMR ks (16)
or

Ip = kIINP - kzMR - k3 (17)

where k,~k; are constants.
Eqn. 17 is valid and proof has been published. Grzybowski et al.*® published

empirical equations relating retention indices on a polar phase NGA, Iyga, and a
non-polar phase, SE-30, Isg_30, for a group of 53 phenols via the molecular refractivity,
MR:

Inca = 2.12 (4:0.16)[sg_30 — 24.7 (4-2.6)M R + 339.9 (4-182) (18)

n=32s=46.1, R = 0.983I:
Inga = 1.94(40.22) gz 30 — 20.9 (4-6.9)MR + 247.7 (4-243) (19)

n=11,5s =459, R = 0.9931; where n is the number of compounds studied, s the

standard deviation and R the correlation coefficient.
Thus, having k; and k, experimentally determined, b can be calculated as

follows:

b= (20)

Based on Inp, b and MR (refractivity data are given in ref. 60), the polarity can be
determined chromatographically according to eqn. 12.

5. APPLICATIONS IN MEDICINAL CHEMISTRY

Tomlinson' reviewed the applications of chromatography in QSAR published
before 1975.

Biagi and co-workers were one of the first groups to apply TLC Ry values
successfully to the description of various types of biological activity in several groups
of chemical compounds. After Tomlinson’s publication, Biagi’s group reported corre-
lations between Ry values and bioactivity of steroids®!, phenols®?, naphthols and
acetophenones® and benzodiazepines®. With steroids there is a parabolic relation-
ship between the data for haemolytic activity and the membrane binding of the steroids
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and their lipophilicity expressed by Ry values. On the other hand, introduction of the
R,? term does not improve the correlation between either the protein binding or the
duration of action of testosterone esters and lipophilicity. Haemolytic activity, anti-
bacterial activity against Staphylococcus aureus and acute toxicity to mice for a
group of phenols have been shown to be linearly dependent on Ry values®?. The data
for phenols were later combined with the corresponding data for naphthols and
acetophenones®®. In spite of the fact that the Ry values for phenols, naphthols and
acetophenones were determined at different times, the linear relationships between
either acute toxicity or haemolytic activity and Ry values for a group of nearly 60
compounds were satisfactory (for five halogenated acetophenones an indicator variable
was additionally used). Biagi’s group preferred silicone oil as the stationary phase.
They found the R, values from the silicone system to be better correlated with
bioactivity of benzodiazepines than those obtained on 1-octanol-impregnated TLC
plates.

TLC data obtained with the l-octanol/acetone-water system served as a
better model for the transfer of simple acetanilides from an aqueous environment on
to bovine serum albumin macromolecules than did the liquid paraffin/acetone—water
system®. It was found, however, that the liquid paraffin chromatographic system
gave improved replication of the determined AR, values. The logarithm of the
intrinsic association constant for the primary binding site was linearly related to ARy,.

Linear relationships between TLC partition data and the absorption.velocity
for a series of S-substituted barbiturates have been reported by Duran and Pld
Delfina®?,

Ru data from the liquid paraffin/acetone-water system gave no significant
correlation with antibacterial activity against Mycobacterium tuberculosis in a series
of isonicotinic acid hydrazide derivatives®®. Correlation improved when pK, data
were included, thus providing a correction for ionization to the R,, data.

A similar situation has been observed for the tuberculostatic activity of
pyrazine carbothioamide derivatives®” and 2-cyanomethylbenzimidazole derivatives®.
Here also TLC data from the liquid paraffin-water system gave a satisfactory corre-
lation with bioactivity when used together with spectroscopic data related to polarity.

A parabolic dependence of activity against eight bacterial species on Ry
values determined on Kieselgel 60 F,s, silanisiert plates with acetone-water (60:40)
as the mobile phase for a series of «,f-unsaturated y-lactones was observed by Dal
Pozzo et al.®®.

Direct partition TLC data on silica gel and cellulose support impregnated
with formamide were linearly correlated with the local-surface anaesthetic activity of
a series of 2-morpholinoethyl esters of 2-, 3- and 4-alkoxycarbanilic acids'®. The
correlations were derived for ortho-, meta- and para-substituted derivatives separately.

Hulshoff and Perrin®® obtained an excellent correlation of the Ry values
(extrapolated to 1009, water in the mobile phase) with the bovine serum albumin
binding constants, antihaemolytic activity and the inhibition of Na*K *-activated
adenosine triphosphatase activity for a series of phenothiazine derivatives. However,
the correlations were good only when the biological activities were corrected for the
state of ionization. They demonstrated the binding of phenothiazines to albumin to
be hydrophobic in origin, which is contrary to the hypothesis™ suggesting electronic
interactions.



CHROMATOGRAPHY IN QSAR STUDIES 81

TLC partition data proved useful for QSAR studies with a series of rifamycins
as inhibitors of viral RNA-directed DNA polymerase and mamalian e- and S-DNA
polymerases™!.

Partitioning into erythrocytes of potential antimalarial sulphonamides was
also related to Ry values obtained in TLC in the liquid paraffin-phosphate buffer
(pH 5) system™.

Ferguson and Denny”*”#, based on Ry, values from partition chromatography,
concluded that for the tumour-active but mutagenic 9-anilinoacridines separation of
the two classes of bioactivity was possible by simple manipulation of the agent
lipophilic-hydrophilic balance.

Chromatographic data have been utilized to evaluate the biological activity of
prodrugs. Prodrugs are inactive compounds that undergo metabolic transformation
in a living organism into active species. Fujii and co-workers applied Ry values for
the description of in vivo antistaphylococcal activity in mice of w-amino acids and
their L-histidine dipeptides!? and carboxylic acids™.

Maksay et al.’® found a good correlation between pharmacokinetic constants
characterizing oxazepam brain levels observed after intravenous administration of
produgs (oxazepam esters) and the chromatographic Ry, values. They found that an
increase in the hydrophobicity of the esters decreased oxazepam brain penetration.
To explain this, they suggested that hydrolysis precedes brain penetration and hydro-
phobicity might primarily influence the hydrolysis rate. The amount of tissue storage,
total excretion rates and serum binding was also correlated with hydrophobicity”.

Another class of pharmacokinetic data (areas under effect-time curves) has
been correlated with Ry, values for some hypoglycaemic sulphonamides’.

In spite of the existence of well established” HPLC methods for the determi-
nation of hydrophobicity, few practical applications in QSAR have been reported.
The ability of a short series of 1,3,5-triazine herbicides to inhibit the Hill reaction has
been correlated with HPLC retention times determined on ODS columns with
water—methanol (95:5) as the mobile phase®°.

An extensive study on the application of HPLC data in correlation with the
activity of sulphonamides against Escherischia coli and inhibitory potencies of barbi-
turates on rat brain oxygen uptake and Arbacia egg cell division was described by
Henry et al .

Data concerning the induction of an enzyme N-demethylase by a group of
polycyclic aromatic hydrocarbons have been correlated with the shape parameter
calculated from GLC data determined on nematic phases®!. In the same work, the
chromatographic shape parameter was used for a quantitative description of the
mutagenicity of the compounds.

If polar interactions between the receptor and drug molecule are of importance
for drug action, then the chromatographic measure of polarity®®, determined in a
non-polar environment, could better reflect such interactions than Hammett’s sigma
values, obtained from solution reactions —a drug molecule in contact with the hydro-
phobic protein of the receptor is actually placed in a non-polar environment. We
tried to use the chromatographic measure of polarity for QSAR studies in a group of
phenols®®. We determined the olfactory activity of compounds as detection thresholds.
This activity, however, has been satisfactorily described by hydrophobicity param-
eters and the introduction of no electronic data gives a statistically significant
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improvement. On the other hand, the chromatographic polarity measure proved to
be useful as a correction factor for ionization to the hydrophobicity parameter.

6. SUMMARY

The rational bases, experimental techniques and conditions required for the
chromatographic determination of the structural data of importance for studies on
quantitative relationships between chemical structure and biological activity of drugs
(QSAR) are reviewed. Practical applications of the information gathered from
various chromatographic modes in correlation with bioactivity data are discussed.
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