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INTRODUCTION

An equation relating the partition coefficient of a solute: between two liquid phases
to its Rr value on paper was postulated by CoNSDEN, GORDON AND MARTIN? in 1944 :

A};(I L (
o = — [ — —
As \Ryr I)

where ¢ = partition coefficient of solute between the stationary and moving phases,
and Ay and Ag are the cross sectional areas of the moving and stationary phases
respectively. '

Following on from this in 1949, MARTIN2 derivéd a relationship in which the
free energy required to transport a molecule from one ‘‘ideal’” liquid phase to another
was proportional to the logarithm of the partition coefficient of the solute between
the two phases. He then made two simplifying assumptions:

(1) that the total free energy of a molecule is composed of the sum of the free
energies of the constituents composing the molecule; thereby implying that all
isomers containing the same constituents would have the same partition coefficients;

(2) that the free energy required to transfer a given constituent (e.g. —~CH,-)
of the molecule, from one solvent to another, is independent of the remainder of the
molecule. ‘

From this he was able to predict that the ¢ ierence between the logarithms of the
parition coefficients for adjacent members of a 1omologous series would be constant
provided that the degree of ionisation of the members was the same. Therefore from
equation (1) above, if Az/As is constant over the whole paper, log (1/Rrp — 1) should
decrease by equal steps as the number of substituents is increased in a homologous
series.

In order to test this proposition BATE-SMITH AND WEsTALL? introduced the
term ‘‘Rps value’ such that I

Ry = log (—R—F— —_ I) (2)

and found practically constant ARy values for the introduction of hydroxyl and
glucose groups into a number of aromatic compounds. The relationship was further
investigated for organic acids by IsHERwooD AND HANES? in a range of propanol-
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ammonia solvents. They found ARy constant for unit increase of # in the homologous
dicarboxylic acid series HOOC:- (CH,),-COOH, but with the monocarboxylic acids
H-(CH,), -COOH the AR values for unit addition of ~CH ,— decreased.

In the present paper, this type of investigation has been extended to a large
number of organic acids in which several homologous series are included. The Ry
values of the acids are compared, both in an alkaline solvent where the acids were
ionised and also in an acidic solvent where the ionisation of the carboxyl groups of
the acids was suppressed. By relating the Rys values from the two solvents it is possible
to predict the number, type and configuration, of many of the substituent groups
present in the acid molecule.

The literature on paper chromatography contains numerous examples of factors
which affect the Rp value. These factors include temperature, purity of solvents,
equilibration, volume of solvent relative to volume of chromatogram tank, ascending
or descending solvent, distance travelled by solvent, type of paper, distance of point
of application of spot from solvent level, pH of solution applied to the base-line, etc.
Although the individual Ry values may vary with each of these factors, the overall
chromatographic pattern of spots is likely to be similar no matter what conditions
are chosen provided that a standardised procedure is adopted. Therefore the exper-
imental conditions actually used in this paper are described in some detail in the next

section and were always followed, very closely, for each set of determinations of Rp
values.

MATERIALS AND METHOD

Chromatogram jar, dimensions: 29 X 19 X 45 cm.
Whatman No. 1 filter paper, dimensions: 23 X 45 cm.
Alkaline solvent: n-propanol-z N aqueous ammonia (70:30).
Acid solvent: n-propanol-water saturated with sulphur dioxide (70:30).
Spray for acids: r5 ml Universal Indicator (B.D.H.) + 2-3 ml o.x N sodium
hydroxides.
Spray for amino acids: 0.4 % ninhydrin + 0.29% cobalt chloride + 5 9% water in
isopropyl alcohol®.
Spray for neutral compounds: 0.2 V silver nitrate + 880 ammonia (6: 1),
Whatman No. 1 filter papers were washed prior to use with 2 IV aqueous acetic
acid, followed by distilled water and then 10 N aqueous ammonia solution as described
by IsHErRwooD AND HANES?, All acids which were to be revealed later by a pH indicator
were prepared as 0.I or 0.2 IV solutions and those to be revealed by ninhydrin were
at 0.05 M strength. Within each homologous series all the individual members were
of the same normality and all acids were dissolved in 2z N ammonium hydroxide
solution. 4 ul spots of the solutions of the ammonium salts were applied on a starting
line drawn 7.5 cm from one end of the paper and the papers were then hung in the
jars for descending chromatography.
The reagents used in the preparation of solvents were the purest commercial
grades available and no further purification was attempted. Solvents were always
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prepared accurately as small variations, particularly in water content, had a signif-
icant effect on Ry value. This is important because the derived relationships depend
.on the fact that the final solvents were always of the same composition. The equili-
bration liquid, which consisted of 200 ml of either the acidic or the basic solvent, was
:splashed down the sides of the jar and the papers were gently flapped inside the jar
for 2 h by the method described by HANEs AND IsHERWOODS. Solvent was then added
‘to the trough and allowed to descend down the paper for about 10 h in which time the
:solvent front had advanced approximately 27 cm beyond the starting line. Chroma-
tography was carried out at a constant temperature of 20° + 0.5°.

When the papers were sprayed with Universal Indicator, the acid spots appeared
immediately and their exact position was outlined because the contrast between
the spot and background was usually greatest at this stage. These chromatograms can
be retained as permanent records if stored away from acidic or basic vapours.

RESULTS AND DISCUSSION

Chromatography was carried out under the above conditions and the results are
presented in Table I as Ry and Ry values for each solvent. In order to emphasise the
structural relationship of these acids they are arranged in groups, in the Table,
primarily according to whether they are mono-, di-, tri- or tetra-carboxylic acids.
Each carboxyl grouping of acids is subdivided into the substituted groups, e.g.
hydroxyl, amino etc. and finally the acids themselves are placed in homologous
series, where possible, followed by any other acids of similar substitution in order of
increasing carbon number. To assist in the comparison of related compounds a separate
column is devoted to the number of carbon atoms in each acid. All the compounds in

Table I have been numbered consecutively from 1 to rrr and these numbers are used
in the figures and text.

Solvents

The solvents used were chosen as a result of the following considerations:

(a) In order to restrict the number of variables, systems of 1 organic component
only were considered, 7.e. 1 organic component + dilute aqueous acid (or alkali).
Furthermore it was considered desirable to have the two solvents as similar in com-
position as possible, differing from one another only in the small amount of acid or
" base which had to be added.

(b) A large difference was required between the Rp values of each acid in the
two solvents so that the effect of the ~-COOH group was accentuated. In a series of
investigations with solvents containing alcohols it was found that this difference
increases with the chain length of the alcohol but is limited by the low solubility of
water in the higher alcohols. In solvents with low water contents the salts tend to
streak and with the longer chain alcohols the di-, tri- and tetra-carboxylic acids in
the alkaline solvent do not move from the base line and therefore cannot be distin-
guished from one another. This meant that propanol was the highest chain length
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alcohol that could be used although its resolving power for closely similar acids was
not as great as the higher alcohols.

The investigation also included a search for a solvent that would give a constant
value of ARps tor the addition of —CH,~ in a few of the homologous series of acids.
This value was not always constant for all the series of acids examined in any one
alcohol but here again the two propanol solvents chosen were one of the best com-
binations.

(c) Acids and bases added to the solvent must be volatile to allow for the sub-
sequent operation of a pH indicator spray and they both must be strong enough to
suppress the ionisation of the acidic or basic groups in the acid to be investigated.

Ammonia is a strong enough base to form salts with all the organic acids studied
here and for many of the ampholytic amino acids but may not be strong enough to
suppress the basic groups in amino acids such as arginine. However its volatility and
purity made it superior to other bases. Paper chromatograms developed in alcohol-
ammonia mixtures and then sprayed with Universal Indicator or silver nitrate always
show a false front whose position is dependent on the nature of the alcohol and the
amount of water (and/or ammonia) in the solvent. With the solvent described above,
this front appeared at an Rp of approx. 0.40 as a line of demarcation behind which the
paper background was faintly alkaline and beyond which it was slightly acid.

On the acidic side sulphurous acid was preferred to the more commonly used
formic or acetic because of its greater strength (cf. Vas?). This is particularly necessary
when dealing with a strong organic acid, such as oxalic acid, in the form of its am-
monium salt as the method described depends largely on the fact that the acid was
forced completely into the unionised state. The ammonium ion (from the ammonium
salts of the acids applied to the starting line) interacts with sulphur dioxide in the
solvent and results in an extra acid spot which has an Ry value of 0.46. This should
not cause confusion with an unknown acid spot because it occurred in a part of the
chromatogram away from all other “indicator-positive’” organic acids studied, it
was also slower in colouring up and less intense than the free acid spots.

A further advantage of sulphur dioxide is its volatility which allows the paper
to be sprayed as soon as it is dry without any further treatment. This makes it possible
to chromatograph semi-volatile acids which would otherwise be lost in the steaming,
heating or leaving overnight required in the removal of formic or acetic acids from the

paper.

The effect of the carboxyl group on the Rp value (Fig. 1)

The dominating effect of the carboxyl group on the Ry values of the compounds is
illustrated in Fig. 1 which contains all the results of Table I in the form of a two-
dimensional graph of Ry values for the two solvents. Arbitrary boundaries have been
drawn to separate the acids according to their carboxyl number in such a way that
each acid of Table I falls into its correct grouping.

Neutral compounds, 7.e. those that contain no ionisable groups and which are
chemically unaffected by the presence of ammonia or sulphur dioxide, have closely
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similar Ry values in the two solvents. Ideally the Rp should be identical and the
values irrespective of constitution should fall on a 45° slope line. In practice it was
found that the values in the acid solvent were equal to or slightly higher than the
alkaline solvent. There was no visible evidence on the chromatograms of inter-action
between the sugars and sulphur dioxide, nor of hydrolysis of the polysaccharides.

.00 T Y T Y T T T T T
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ACIDS
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Fig. 1. Ry values in n#-propancl-ammonia plotted against Rp values in nz-propanol-water saturated
with SO,, for compounds listed in Table I.

The separation (in Fig. 1) between the slower running neutral compounds raffinose
and sucrose (code Nos. 104 and 105) and the monocarboxylic amino aicds, asparagine,
ornithine and lysine (code Nos. 40, 43 and 44) is achieved only by drawing an irregular
boundary between them. This would be impossible if other neutral compounds, with
Rr values intermediate between raffinose and sucrose, had been included. As the
neutral compounds and the amino acids were identified by different sprays there was
no difficulty in placing each in its proper group.

A few inorganic acids are also included in Fig. 1. The strong, monobasic, mineral
acids—hydrochloric, nitric and perchloric (code Nos. 101, 102 and 103) —are in the
monocarboxylic group whereas dibasic sulphuric acid (code No. 100) is just in the
dicarboxylic group. This is an unexpected agreement between the behaviour of the
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weak organic acids and the strong mineral acids because the sulphurous acid in the
solvent is presumably not strong enough to affect the ionisation of the latter. On the
other hand, tribasic orthophosphoric acid (code No. gg) is a much weaker acid and
therefore there is some justification for its appearance along with the other tricarboxylic
acids. A further investigation of inorganic acids was not attempted, so it is not possible
to say, at this stage, whether there is any direct relationship between the basicity
of inorganic acids and their Ry values.

Included in the monocarboxylic and dicarboxylic groups are a wide variety of
different types of acids e.g. unsubstituted, halogen-, phenyl-, hydroxyl-, amino-,
double bonded acids, etc. Each of these substituted groups is therefore of secondary im-
portance, compared with the carboxyl group, in determining the Ry value of the acid
in this class of solvent. This is well illustrated by the fact that aspartic and glutamic
acids (code Nos. 80 and 8r1) are in the dicarboxylic group whereas the corresponding
monoamides of these, asparagine and glutamine (code Nos. 40 and 41), occur with the
monocarboxylic acids in fact nearly with the neutral compounds as described above.

The Rpr values of homologues (Fig. 2)

If the different distances moved by the acids are primarily due to differences in their
partition coefficients in these single phase solvents, then the predictions of MARTIN
etc., outlined in the introduction, can be applied. Rjs values from series of structurally
related compounds, when plotted against unit additions of a substituted group in
each series, should form sets of straight parallel lines such that the identity of unknown
acid spots from a chromatogram could be obtained by extrapolation or interpolation.
LEDERER!® examined a number of homologous series in different solvents, from
published lists of Rr values, and came to the conclusion that a linear relationship
exists between plots of Rar values against the number of ~-CH,~ groups in each
series. The extent to which this ideal situation applies to the system described here
was investigated by considering the addition of —-CH,- to the molecule in nine
similar homologous series.

The Rps values for these homologues are plotted against carbon number in Figs.
2A and 2B for the two solvents. These plots show that the introduction of —phenyl,
—-Br, and —CH,~ into the molecule results in a decrease of Rys value (increase in Rp)
whereas -OH, -NH,, and —-COOH increase the Ry value in both solvents. The values
of the phenyl-substituted fatty acids (code Nos. 58-61, Table I) are plotted in these
two figures against the number of carbon atoms in the fatty acid part of the molecule
alone. Calculations on the Rr values of HAsHMI AND CULLIS? show that the substitution
of iodine into the fatty acid molecule also reduces the Rjr value of the acid in a very
similar propanol-ammonia solvent. The extent of the reduction is slightly greater than
that resulting from the corresponding introduction of bromine into the molecule.

In both solvents the majority of series show a close approximation to linearity
up to compounds containing 8 carbon atoms; above this value the straight-chain
and hydroxy-monocarboxylic acids rapidly approach a limiting value as found by
IsuErRwWoOOD AND HANES? in similar alkaline solvents. Although straight lines or regular
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curves have been drawn to represent the behaviour of the series, the individual
members often show small departures from the line. By always comparing all members
of any one series on the same paper, at the same time, these minor variations have
been shown to be repeatable and in most cases are true expressions of the individuality

of the separate acids. A good example of this is often shown by the first member of
a homologous series.
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Fig. 2. Variation of Ra; values with number of carbon atoms in homologous series. 0 W amino
acids, O @ non-amino acids.

The lines representing the series show a general similarity of slope but they are
not strictly parallel to one another. In fact the divergencies from parallel are such
that it is not possible tq give a precise ARys value for the addition of —CH,~ in all
the series; even over the linear parts of the graph the ARy, values of different lines
vary, from 0.05 to 0.15 approximately, in both solvents.

The short homologous series of a-amino-iso-acids are very similar to the a-amino-
n-acids a condition which corresponds to the lack of distinction of #- from iso- in the
non-substituted acids butyric and valeric. On the other hand, as noted by SCHAUER
AND BuLIrscH!!, the position of *he amino group in the molecule has a relatively
large influence on the final Rys value of the compound. An acid containing a terminal
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(w-) amino group has a higher Rjs value (lower Rp) than the corresponding acid
with an a@-amino group. The two amino acids containing —NH, substituted part
way down the chain (7.e. f-amino-n-butyric and y-amino-n-valeric) adopt intermediate
positions between these two extremes.

At least part of the explanation of these divergencies must lie in the assumptions
made by MARTIN which were to a first approximation only. It must be assumed there-
fore that the partition coefficients of isomers are of the same order of magnitude only.
Furthermore that the free energy required to transport —CH,- from one phase to
another is partly dependent not only on the other groups present in the molecule but
also on the manner in which they are arranged. This cannot of course be directly
verified with the two single phase solvents used here. If these practical reservations
are allowed for, the theoretical predictions prove to be of immense value in the deter-
mination of the structure of unknown acids. From the practical point of view the
difference in Ry values shown by some isomers increases the usc of the chromato-
graphic method of identification.

No attempt has been made to follow the work of REICHL or of SCKFAUER AND
BuLrirscH!! who calculate average ARy values for many substituent groups from the
Rar values of relatively few compounds. In the present results the AR,, values for
unit additions of —CH,- were not constant when a large number of acids werc
examined, therefore it was considered premature to attempt such calculations on the
substituent groups. ’

The alkaline solvent— acid solvent Ryy difference (Fig. 3)

RE1cHL? expressed his results as Ry = log [Rp/(1—Rp)] because this function
increases as the Rp value increases. This value is the negative logarithm of the value
defined by equation (2) above and therefore to avoid any further confusion in the
literature, REICHL’s values will be referred to as (— Rjps) values in this paper. He
examined 36 acids in 2 pairs of solvents and plotted his results as a two-dimensional
graph of the (— Rjp) values in one solvent against those in the other. He found that
on drawing parallel lines across his graph he could separate the acids into groups
according to the number of ~-COOH groups they contain. In one set of sclvents the
amino acids occurred in the wrong group and in both sets of solvents phthalic and
maleic acids were anomalous, which he concluded was due to interaction between
the adjacent carboxyl groups—an ‘“‘ortho effect” (¢f. BAKER, BATE-SMITH AND
WESsTALLS). In the present paper, no such anomalous behaviour was noticeable with
these or other acids containing adjacent -COOH groups.

REICHL also noted that the difference in the (— Rjps) values for each acid, between
an acidic and a neutral solvent, was a good index of the number of carboxyl groups
in that acid. A similar Rj, difference has been used by MACEK AND VEJDELEK!S to
determine the number of a-glycol groups in the veratrum alkaloids. In their method
the Rz difference is between the values obtained for each alkaloid, chromatographed
first on an ordinary paper and then, under similar conditions, on a paper impregnated
with boric acid.
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Values of the expression (Ras) alkaline solvent— (Rps) acid solvent are tabulated
in Table I. With the larger number of acids considered here the range of values included
in the monocarboxylic group (0.02 to 0.75) overlap somewhat the range covered by the
dicarboxylic group (0.53 to 1.22). However, to illustrate the value of this expression,
the homologous series and other compounds are graphed in Fig. 3 with the Ry
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Fig. 3. Ry values in s-propanol-ammonia of compounds listed in Table I, plotted against the
difference in Iy values between the two solvents. X, neutral compounds; A, inorganic acids;
O M, amino organic acids; O @, non-amino organic acids.

difference between the two solvents as abscissa against the Rps in propanol-ammonia
as ordinate. Plotted in this way the overlapping of values from one carboxyl group
to another is avoided and it is possible to draw an equi-spaced series of parallel lines
to separate the acids into their correct groups.

Neutral compounds occur on the extreme left of the graph and are represented by
the vertical line at 0.0T Rjs difference between the two solvents. The same overlapping
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with a few of the amino acids, as previously explained for Fig. 1, is also noticeable here.
The homologous series are shown connected point to point by full lines which are
nearly vertical and the points composing them are in order of increasing carbon num-
ber downwards. A vertical line for these series would mean that the addition of
—~CH,~ to an acid produced the same change in partition coefficient irrespective of
whether the acid was ionised or unionised.

The homologous series of monocarboxylic a-amino-iso-acids (code Nos. 34—36)
are not connected by lines in the figure because they would obscure part of the series
of a-amino-n-acids (code Nos. 24—29) and w-amino-n-acids (code Nos. 30-33) which
are shown connected. These three homologous series together with S-aminobutyric,
y-aminovaleric and isoleucine (code Nos. 37-39) all occupy a very small sub-area of
the monocarboxylic group. Therefore any unknown acid spot which occurs in this
sub-area is likely to be an isomer of the amino-substituted fatty acids. Tyrosine (code
No. 48), an aromatic amino acid, also falls inside this area and is therefore an exception
to the statement.

Similar sub-groups and areas can be marked off for other derivatives and con-
figurations, For example, all the amino acids of Table I occupy the left hand area of
their respective carboxylic groupings in Fig. 3, whereas all the non-amino organic
acids are quite separate to the right. The intervening space between these two sub-
groups will probably be occupied by the mono-, di- or tri- etc. hydroxy-substituted
organic acids. A start in this direction can be seen in the sequence succinic—-malic—
tartaric acid (code Nos. 66, 78, 79) which have o, I and 2 hydroxyl groups respectively
with-the same number of carbon atoms in each. The addition of each hydroxyl group
brings the acid position nearer to the amine acid sub-group. It is anticipated therefore
that certain heavily hydroxylated acids will occur in with the amino acids.

The three homologous series of monocarboxylic acids 7.e. unsubstituted, bromo-
and hydroxy-substituted respectively, also occur very close together. But the homolo-
gous phenyl-substituted acids (code Nos. 58-61) together with phenyl-lactic and
cinnamic acids (code Nos. 62, 63) are to the right of these and suggest the presence
of a separate aromatic sub-group. Finally, it is worth mentioning that the few
inorganic acids studied occupy positions to the left of each carboxylic group.

Recently it has been found that certain substituted aromatic acids such as
syringic and protocatechuic acids do not fit into their correct carboxyl grouping.
Detailed discussion of these and other inter-relationships contained in this paper will
be postponed until more information concerning related compounds has been obtained.

CONCLUSION

As there is such a close and definite relationship between. Ry value and molecular
structure of an acid it is clear that there will be many more acids than those already
studied which will fit into the carboxyl group areas drawn here.

The scheme outlined should prove useful not only in conjunction with selective
spray reagents but also in the examination of unknown compounds detected by non-
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specific reagents. For example, with radioactive isotopes revealed by autoradiographs
it may be possible to show by this method

(a) whether the compound is neutral or not;

(b) the number of carboxyl groups in the molecule;

(c) the presence of -NH, groups;

(d) an indication of other substituted groups such as phenyl or hydroxyl.
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SUMMARY

An acidic and a basic solvent containing the same proportions of propanol and water
have been used for the study of about 100 organic acids by paper chromatography.
The acid and the base were solutions of the gases sulphur dioxide or ammonia in water
and therefore were readily removed after chromatography. Sulphurous acid has the
advantage of being a stronger acid than those normally used, e.g. formic and acetic
acid. The Rjs values of the organic acids in the two solvents can be arranged into
clear-cut groups dependent on the number of carboxyl and other substituted groups
present, in such a way that the number of carboxyl groups in an unknown acid can
be confidently predicted. An indication can also be obtained of other groups such as
alkyl, aryl, amino, hydroxy, bromo etc. which may be present, and the manner in
which they are arranged. The results include nine homologous series whose members
differ from one another only in the additon of ~-CH g~ to the molecule.
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