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PREFACE TO PART I, SECOND EDITION

The object of the first seetion of this monograph is to provide a readily
aceessible source for some of the many uses of paper chromatography that
have appeared since the publication by Consden, Gordon, and Martin
approximately fiftcen years ago. No attempt has been made to list all
the references in which paper chromatography has been used but rather
an effort has been made to write a practical manual in which tried and
proved procedures, employing relatively simple equipment and available
reagents, are summarized. It is hoped that sufficient detailed information
is provided, in the majority of instances, so that the reader will be able to
apply the technique of paper chromatography to his particular problem
without recourse to an extensive search of the literature.

The authors will appreciate the corrections of any erroneous statements
and hope that readers will be so kind as to call to our attention important
papers which may have been omitted.

We wish to thank many workers in the field of paper chromatography
who contributed numerous photographs and drawings.

Ricuarp J. Brock
GUNTER ZWEIG
Summer, 1957






PREFACE TO PART Ii, SECOND EDITION

A number of chauges have been incorporated in the present edition,
particularly in Chapter XIX. A classified bibliography of more than 1800
articles on puper electrophoresis has been added.

The author particularly wishes to thank Dr. Henry Kunkel and Dr.
Rodes Trautman for valuable suggestions relating to the treatment of
mobility which appear in Chapter XV, Mr. F. G. Williams has afforded
great assistance, particulirly in connection with revisions of the chapter
relating to quantitative considerations. T also wish to thank Miss Er-
nestine Hutchins and Mrs, Eve Lier for their services in connection with
the organization and classification of the hibliography.

E. L. Dvrren
Stanford University School of Medicine
Palo Alto, California
August 13, 1957
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Chapter |
INTRODUCTION

“By chromatography is meant those proccsses which allow the resolution of
mixtures by effecting separation of some or all their components in concen-
trated zones on or in phases different from those in which they are originally
present, irrespective of the nature of the force or forees causing the sub-
stances to remove from one phase to another” (T. I. Williams, 1952).

Paper chromatography may have had its origin with the description by
Pliny (23-79 A.D.) of the use of papyrus impregnated with an extract of
gall nuts for the detection of ferrous sulfate. Oril may have had its origin
with the studies of “Kapillaranalyse” by Runge, Schénbein, and Goppels-
roeder’ in the period 1850 to 1910, (See also Weil, 1950, 1951, 19534, b.)

There is little doubt that M. S. Tswett should be given credit for dis-
covering the principle of preferential adsorption (adsorption chromatog-
raphy) of plant pigments on a large variety of adsorbents packed in a glass
tube. Tswett reported his findings to the Biological Section of the Warsaw
Society of Natural Sciencesin 1903. (See esse and Weil, 1954, for a trans-
lation of Tswett’s first paper on chromatography.) It is not within the
seope of this book to cover the field of column chromatography.

"The great popularity of the present-day paper chromatography is due,
in the authors’ opinion, to A. J. P. Martin of Cambridge and London and
his coworkers, R. Counsden, A. H. Gordon, and R. I.. M. Synge. In 1938
Neuberger was interested In separating the neutral amino acids and ob-
served that the partition coefficients of acetylated amino acids between
water and an immiscible organie solvent differed for the various amino acids.
This observation was extended by Martin and Synge (1941a), who built a
rather complicated forty-plate apparatus for the continuous separation of
acetylated amino acids.  In order to simplify the equipment and to enhance
the separation of substances with very similar partition coefficients by in-
creasing thenumber of theoretical plates, Martinand Synge (1941d) decided
o use an inett support (e.g., silica gel) to hold one of the phases (water) and
to pass the inimiscible solvent through a bed of the water-containing silica
gel.  The ideal conditious for this type of chromatogram employing two
liquid phases were, first, that the solute is not absorbed by the supporting
material and, second, that its distribution between the two lquid phases
is not influenced by its concentration or by the presence of closely related
solutes,  These ideal conditions were approached experimentally by Mar-

V([ W. (1. Brown (1939) for an adaptation of capillary analysis.
3



4 PAPER CHROMATOGRAPHY

tin and Synge and by a number of other investigators. The procedure was,
however, difficult and tedious, and the preparation of the inert support left
much to be desired.

In order to eliminate the preparation of silica gel and to reduce the quan-
tity of materials needed, Martin et al. (Consden, 1944) replaced silica gel
by filter paper as the inert support. With the use of filter paper the acety-
lation of the amino acids was no longer necessary, and they could now be
detected directly on the paper by treatment with ninhydrin (triketohy-
drindene hydrate}.

The method of paper partition chromatography consists in applying a
small drop of the solution containing the substances to be separated to a
strip of filter paper a short distance from one end. The drop is allowed to
dry, and the end of the paper nearest to the spot is placed in the develop-
ing solution, usually a water-containing organic solvent, so that the solvent
flows past the “spot” by capillary action and on down the length of the
paper.

Although it was originally believed that the paper functioned solely as
an inert support for the aqueous portion of the developing solvent, hence
the original name paper partition chromatography, it is now generally rec-
ognized that, although paper chromatography may function in some cases
purely by partition, it more commonly acts by a combination of partition,
adsorption, and ion exchange. Regardless of the mode of action, the
modifications, or the extensions of the method of paper chromatography,
there has seldom been a technieal development so thoroughly described and
so adequately presented. In spite of hundreds of studies with this pro-
cedure, no major improvements or changes have been made sinee the orig-
inal publication of “Qualitative Analysis of Proteins: A Partition Chroma-
tographic Method Using Paper” by R. Consden, A, H. Gordon, and A. J.
P. Martin in 1944.

The impetus given by Martin ef al. has encouraged other investigators
to apply the procedures of paper partition chromatography, capillary anal-
ysis (Goppelsroeder, 1899), and combinations of these methods to a host of
substances, natural and synthetie, organic and inorganic, with striking sue-
cess. The object of this manual is to present some of the rosults of these
numerous investigations on paper chromatography so that the student
may have a sufficient idea of past studies in order to allow him to choose
the method which appears to be the most promising for the solution of his
particular problem. ~Although experiments on both ualitative and quan-
titative paper chromatography are deseribed, the quantitative aspects are
stressed where possible.

Because this manual is of a practical nature, the theoretical aspects of
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chromatography are minimized, although it will be seen from the results
presented that certain simple rules should be employed:

1. The composition of the flowing solvent should be kept constant
throughout the development. This is done by keeping the chromatogram
in an enclosed chamber, the space of which is saturated with the developing
solvents at constant temperature.

2. The developing solvent should move at a relatively slow rate (ca.
2-3 em./hr.). The rate of solvent flow is dependent on the type of paper
used, on the ratio of the width of the “wick” to that of the paper chroma-
togram, on the composition of the solvent, and on the temperature of the
chromatogram chamber.

3. The choice of a solvent should be one in which the components to be
separated have a small but definite solubility. If the substances are too
soluble, they will appear at or near the solvent “front” of the chromato-
gram. If they are too insoluble in {he solvent, they will remain at the
point of application. If the factors of adsorption and jon exchange are
neglected, the movement of a substance in a paper chromatogram is a
funetion of its solubility in the developing solvent. Thus, solvents for
water-soluble substances are usually water-containing organic compounds,
whereas solvents for substances soluble in organic solvents but insoluble in
water are often aqueous solutions of organic solvents.



Chapter Il
THEORY OF PAPER CHROMATOGRAPHY

The resolution of mixtures of solutes on filter paper may depend on
surface adsorption, on ion exchange, or on partition between solvents.
Goppelsroeder’s investigations of the eapiliary ascent of organic and in-
organic solutes into strips of paper were examples of adsorption chroma-
tography. Substances adsorbed to filter paper were separated by passing
through the paper a solvent which would preferentially elute each sub-
stance in the mixture. The separation of materials on strips of filter
paper impregnated with alumina is another example of adsorption phe-
nomena (Flood, 1949).

Jon exchange may have an effect on the separation of substances on
paper. In the resolution of mixtures of ions, some exchange must oceur
with polar constituents of the cellulose and with impurities present in the
paper.

Although adsorption and ion exchange must be present to some extent
in all chromatographic work on filter paper, the predominant factor is
usually that of partition between two immiscible phases. In the carly
work on separation of mixtures of amino acids, Consden (1944) found
that excellent separations were obtained with solvents that were only
partially miscible with water. After equilibration of the paper with the
vapor of a solvent saturated with water, solvent development produced
separations.

The movement of a solute zone was explained conveniently as follows:
The cellulose fibers have a strong aflinity for the water present in the
solvent phase but very little for the organic liquid. The paper itself is
thought of as an inert support holding a stationary aqueous phase.  As
solvent flows through a section of the paper containing the solute, a parti-
tion of this compound oceurs between the mobile organic phase and the
stationary water phase. Thus, some of the solute leaves the paper and
enters the organic phase.  When the mobile liquid reaches 4 section of the
paper containing no solute, partition again oceurs. This time, solute is
transferred from the organic phase to the paper phase.  With continuous
flow of solvent, the effect of this partition between the two phases is the
transfer of & solute from the point of its application Lo the paper to a point
some distance along the paper in the direction of solvent flow.

The proeesses which oeeur during the chromatographic analysis on filter
paper may be compared with the-techniques of fractional distillation and
continuous liquid-liquid extraction. Martin and Synge (1941a) first experi-

6



THEORY OF PAPER CHROMATOGRAPHY 7

mented with a stage continuous liquid-liquid extraction train for the separa-
tion of amino aeids. This laborious procedure was simplified and im-
proved by immobilizing one phase on a mechanical support. known to have
weak adsorptive properties, such as silica, starch, or paper.

These investigators have worked out a theory of chromatography based
on its similarity to distillation with fractionating columns. This analogy
gives a picture of the concentration of solute at any time and place in a
chromatographic column and of the way in which the resolution of a mix-
ture depends on the length of the column. (Martin and Synge developed
this treatment of ehromatography in conncetion with separations on
columns of silica gel, but it is also applicable to partition chromatography
on paper.)

The ehromatographic column is regarded as being divided into successive
layers of such thickness that the solution issuing from each is in equilibrium
with the mean concentration of solute in the non-mobile (silica) phase
throughout the layer.  The thickuess of such a layer is termed the H.E.T.P.
(height equivalent to one theoretical plate). For the equations to be
manageable, certain simplifying assumptions are made. Tt is assumed
that diffusion from one plate to another is negligible and that the partition
of solute between the two phases is independent of its concentration and
of the presence of vther solutes. The following symbols are used.

h = 1ILET.P.

A = Area of cross section of the column.

A, = Area of cross section of the non-mobile phase.

Ay = Area of cross section of the mobile phase.

Ay = Arvea of cross section of the inert solid; t.e., 4, + A, + 4;
=1

v = Volunie of solvent used to develop the chromatogram.

a = Partition coeflicient = grams solute per milliliter of non-

mobile phase per gram solute per milliliter of mobile phase
al equilibrium.
Vo= h (A ad),

P Movement of position of maximum concentration of solute

simultaneous movement of surface of developing fluid in the
empty part of the tube above the chromalographic column.
r = Serial number of “plate” measured from top of eolumn.

Q, = Total quantity of solute in plate r. ‘
Suppose that a unit mass of a single solute is put into the first plate and
is followed by pure solvent; it is possible to calenlate the amount of solute
in each plate after infinitesimal volumes, 8¢, of the mobile phase have
passed (sec Table I).  The quantity of solute in each plate can be expressed
as a term of the binomial expansion of [(1 — sv/V) + 6 V|*. When n
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TABLE I
Volume
of solvent Serial number of plate, r

passed
zv 1 2 3 4
0 1 0 0 0
1 (1-av/V) | &/V 0 0
2 (1—-80/V)2 | 200—80/V)ow/V | (80/V)? : 0
3 (1—=0/V)* | 3(1—de/V)%u/V | 3(1=00/V)(o/V)* | (0/V)?
4 (=a/V) | 480/ V)%/V }‘ 6(1 -8/ V)2 (@0/V)? | 4(1—80/V){8v/V)

successive volumes of solvent dv have passed,

nl(l — &/ V)" (80 VY

= 1
Qris ri{n — r)! M
When = is large, this becomes
_ 1 n v g —ndvlV .
Q1 = o <7> € . (2
But ndv = v = volume of solvent used 1o develop the chromatogram.
Therefore,
Qr+1 1 <v>, —ulV .
o () et 3
z  r\V ®
By Stirling’s approximation this becomes, when 7 is large,
1 vy —/V l
1= ——— | = ) € . 4
Ut = s (Vr) @

When v/rV = 1, Qry is 4 maximum and has the value (2e1)™% If 7 is
the number of the plate containing the maximum concentration of solute,
its distance from the top of the column is rh.  But

hv .
th = 7 (3)
i.e., the position of maximum concentration has moved a distance ho/V
directly proportional to the volume of solvent used to develop the chromato-
gram. If

R = Movement of zone )

"~ Movement of surface of liquid '
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t= -3 -2 -1 0
vVe= 70 80 90 100 110 120 130

T1a.1. The points represent the relation between  and v/V for r = 100. The
full line is the normal curve of error with abscissa ¢, 7.¢., @/Quax = exp (—1462).

then
WV Ak A
R=SE =7 =it @
Therefore,
_ 4 A
Q= m; A——‘s. (8)

1f the concentration of =olute in plate (» 4 1) is plotted against »/V
using equation 4, the curve shown in Tig. 1 is obtained. This curve is
plotted for r = 1007 When r becomes infinite, this curve becomes identical
with the normal curve of error and ean be expressed in the form

Q —1422
=g, 9
Ql'ﬂﬂx ( )
»/V and ¢ are related by the equation
=T (10)
Similarly, the area under the curve can be expressed as
2
v wo t
—_ = - l
=T + ir)” + 1 (11)

The values of Q/Quax Tor various values of ¢ are shown in Table II.
For a given solute the position of maximum concentration is determined
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TABLE 11
- Area under tail of curve as
i Q/Qmax % of whole area under curve
1 0.606 15.9
2 0.135 2.27
3 0.011 0.13

by o/V. But V contains a term related to the partition coefficient of the
solute, and consequently, when two substances with different partition
coefficients are passed through the eolumr, separation oceurs. Separation
is complete when the two curves no longer overlap. The figures shown
indicate that this condition is fulfilled when ¢ = 3.

Now if two solutes are present with partition coefficients o and g, then
complete separation will be obtained when t = 3; then

Aitad, 1= 3()* + 225
A+ g4, r £ 3%+ 225

since less than 0.2% of the solute with partition coefficient 8 has passed
the (r + 1)th plate and morc than 99.8 % of the solute with partition cocffi-
cient o is passed the same plate.

In practice, the whole of the solute will not be itially concentrated in
the first plate but will be spread over a number of plates. The effect of
this will be for a number of chromatograms to be successively started,
and the concentration in any plate at a given time will he the sum of the
concentrations due to each chromatogram. Thus the region of maximum
concentration will be broadened, and the total width of the band will be
greater than that shown in Fig. 1 approximately by the initial width of
the band before development by solvent was begun, The number of
plates required for resolution will he correspondingly increased.

The separations obtainable in practice are less than the theory predicts
for two principal reasons. First, the partition cocfficient is seldom a
constant, usually decreasing as the solution beeomes stronger. This re-
sults in the front of the band heeoming sharper and the regr more diffuse
and wider, since the corcentrated part moves faster than the more dilute
part.

An increase in separation over the theoretical may be produced by inter-
action between two solutes. The more strongly adsorbed salute may
displace the weakly adsorbed one and form a sharp houndary between the
two.

The conclusion that 12 and « are related was checked by Martin and
Synge in an actual experiment. They passed a solution of 2 mg. each of

(12)
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TABLE III
From band Direct
Acid R rate measurement
Acetylproline 0.37 9.4 9.5
1.3

Acetylphenylalanine 1.07 1.4

acetyl-L-proline hydrate and acetyl-pL-phenylalanine through a silica gel
column 1 X 20 em. The chromatogram was developed with chloroform
containing 1% by volume of n-butyl alechol until the two zones were well
separated, The R values were measured from the movement of each
band and the movement of the solvent, and the partition coefficients were
caleulated using equation 8, These values were compared with partition
coefficients obtained by direet measurement. The column contained 5 g,
of dry silica, 3.5 ml. of water, and 10 ml. of chloroform phase. Taking the
density of silica as 2.3 g./ml, A; = 0.11 em.2, 4, = 0.175 cm.?, and 4,
= 0.5 em.? they found the values shown in Table II1. The agreement is
seen to be excellent.

Consden (1944) showed that the theory developed for a chromatographic
column could be applied to partition chromatography on filter paper.
From equation 8§,

A

b=

(13

However, R is not conveniently measurable in paper chromatograms, so a
new symbol, R;, was introduced.!

o Movement of band (1)
77 Movement of advancing front of liquid *
Therefore,
R/ll .‘11 -
Rp= "= K
T T e, {9)

! Although By values ure given in numerous places in this monograph, the follow-
ing points are worth remembering: The R, values depend on (1) composition of de-
velopment phase, (2) kind of paper, (3) direction of paper fibers, (4) manner of de-
velopment (descending, ascending, ascending-descending, radial), (5) length of
paper used for development, (6) distance of starting line from solvent, (7) concentra-
tion of solute, (8) presence of other substances, and (9) temperature of development
(Zimmermann, 1953«). Although the rate of flow of the solvent in descending paper
chromatography is practically constant, the rate of flow of solvent in radisal or as-
cending chromatography falls off rapidly from the point of solvent contact with the
paper (Wood, 1954).
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or
a=£_é=il(i_1)_ (16)

A1/4, 1s equal to the ratio of the volumes of solvent and water phase
in the chromatogram. Assuming a given water content of the paper,
A1/ 4, may be deduced from the ratio of weight of dry paper to that of the
developed chromatogram.

The water content of the paper is apt to vary from experiment to experi-
ment and is difficult to measure in the presence of n-butanol or other
solvents. Table IV shows the partition coefficients of a number of amino
acids caleulated from the R; and A,/.1, values for four separate runs under
slightly different conditions. The water content has been so chosen that
the partition coefficient for glycine is equal to that given by England
(1935). The last column gives the direct measurements of England.

Table IV shows the validity of cquation 16, relating I, values to the
partition coefficients.  Of course, the deviations from the direct measure-
ment indicate to what extent this equation is a simplification of the true
chromatographic process. Interaction between amino acids, heterogeneity
of the paper, degree of saturation of the paper with water, and many other
factors would tend to prevent exactly similar values being obtained for the
partition coefficients. Unlike the chromatogram in a tube, the ratio of
solvent to stationary phase varies at different levels in a strip of filter paper.
This ratio hecomes progressively greater, the shorter the distance from the
trough. As a result of the distribution of solvent, the greater distance
between the trough and the starting point of the amino acid, the smaller
are the R, values. Finally, the aqueous phase present in the cellulose
cannot have the same properties as the water phase used in obtaining
values for partition coefficients by direct measurement,

The relationship between the partition cocfficient of a solute and its

TABLE IV
Number of run 1 2 3 4
Water in paper, % 28.7 18.0 22.6 17.7 Direct
A/A, 3.25 4.56 3.70 2.93  measurements
PartiTioN COEFFICIENTS
Glycine 70.4 70.4 70.4 70.4 70.4
Alanine 35.9 39.9 43.7 36.6 42.3
Valine 12.2 14.1 14.8 12.5 13.8
Norvaline 8.7 10.8 10.5 9.2 9.5
Leucine 4.5 5.4 5.6 6.0 5.5

Norleucine 3.5 4.2 4.4 4.6 3.2
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chemical structure has been predicted by Martin (1949). For ideal solu-
tions,

g pa =+ RThh N}, (1

where 1 is the chemical potential of the substance 4, u° is the chemical
potential in some defined standard state, and N is the mole fraction of A
in the phase S.

If two phases S and M arc in equilibrium, the chemical potential of all
components is the same in each. Thus,

p = =0 = - B L RTINY — RTINS, (18

or, if
KR — kA = Auy, (19)
Ny
Apa = RT In' 2% (20)
N

3. - . . .
NY/NS is the partition cocfficient, a, expressed in terms of mole fractions.
Therefore,

Ine =252 @n

and Ap, is equal to the free energy required to transport 1 mole of A from
phase S to phase M.

Now to a first approximation, Aus may be regarded as made up of
d Apeny + € Apcoo~ + f Aunnt + g dson + ..., ete.,

the sum of the potential differences of the various groups of which moleeule
A is composed. That is to say, as a first approximation the free energy
required Lo transport a given group, e.g., CII,, from one solvent to another
is independent of the rest of the molecule.

Now, if we consider the partition coefficients «, and an of two sub-
stances A and B which differ in that B contains, in addition to those con-
tained in A, a group X, we have,

In ax = ‘%, In an = ?EL;+ %“Tk, In 22 = %"—T". 22)
Thus, the addition of a group X changes the partition coefficient by a given
factor, depending on the nature of the group and on the pair of phases
employed, but not on the rest of the molecule,

Since A/, is assumed to be a constant for a given temperature, « is
directly proportional to (1/R;) — 1 (equation 16), and the relationship
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deduced by Martin mentioned above may be written:

(1/Rpp) — 1 _ Aps
=17 R w

Calling Ry = logy (1/R; — 1),

R Mp _ Allx
Rwy BT 9

Therefore, if Ry is plotted against the number of similar groups in a
homologous series, a straight line should result.

Bate-Smith (1950) has tested Martin's deduction on hydroxyl and glu-
cosidic groups in a large number of complex phenols and found it to be
fairly accurate. Bremner (1951) and Serchi (1953) found that when the
Ry values in various solvents of two homologous series of amines are
plotted against the number of methylene (—CHy—) groups a series of
approximately parallel straight lines is obtained. The mobility of an
amino acid is increased by decarboxylation or substitution by a phenyl
group of a hydrogen atom and decreased by replacement of a hydrogen
atom by a hydroxyl group.

Pardee (1951) has tested a relationship between the K, values on paper
chromatograms of peptides and the amino acids of which they are com-
posed. From Martin's theory, AF® = RT Ina = RT In (.4,/4,) (1/R,— 1),
(AF° = Ap), and AF® can be divided into the work required to transfer
separate parts of solute molecules from the water phase to the solvent
phase. Thus the total work, AF%, for a peptide containing »n amino
acid residues is divided into the work required to transfer n residues,
> AF%p ;n ~— 1 peptide bonds, (n — DAFEoxu ; and the terminal amino
and carboxyl groups, ZF%coo- + AF%xni . Therefore:

A1 .
Fe = In=={— - 2
A RT nA,(R, 1>P (25)

= (n — 1)AFeonm + AF%co0- -+ AFinu? + Z AFRe.  (26)

Similarly, the work required to transfer n free aming acids which make up
the peptide is:

AR, = Y RTIn (i - 1) @)
A\ Ry AA

= MAF\scoo- + nAFiANn{ + Z AF%an, (28)

where the subscript AN refers to an amino acid. The AF? tenns for amino
and carboxyl groups of amino acids are assumed tu be different, from those
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of peptides because the dissociation constants and spatial separations are
different.

If it is assumed that AFrp = AFRas, the following relation can be ob-
tained by combining constant terms:

RTln(i - 1) =(n— 14+ B+ ZRTln(i - 1) . (29
R, P R, AA

A is a constant which includes the AF® of the amino, carboxyl, CONH
groups, and A,/4,, and B is a correction term for the difference between
the terminal amino and carboxyl groups of a peptide and the corresponding
amino acids.

According to equation 29, a plot of RT In (1/R; — 1)p — Z RT In
(1/R; — 1) a4 against the number of peptide bonds should yield a straight
line of slope A and intcrcept B. Pardee obtained fairly good results for
twa solvents. Equation 29 was also tested by comparing R, values caleu-
lated by this equation with those measured experimentally. Constants
A and B were determined experimentally for each solvent, so that the
deviation between measured and caleulated Ry values was a minimum.
With the system phenol:water, A = —460 calories per mole and B =
4160 calories per mole. TFrom these values, the R, value for each of 33
peptides was calculated. The average deviation was 0.05 K, unit, and the
standard deviation was 0.06 R, unit. These deviations are only slightly
higher than those existing in duplicate experiments on filter paper, so that
the validity of equation 29 (in these experiments, at least) seems proved
(see Brockmann, 1951).

Isherwood (1951) has discovered an empirical relationship between the
movement of sugars on a paper chromatogram and the molar fraction of
water (N) in the solvent. The graph of Ry against — log N is a straight
line for cach sugar. The relationship holds over a wide range of solvent
mixtures, the only exeeptions being those containing phenols as the organie
solvent. The relationship is given a theoretical basis in terms of the strong
association of the hydroxyl groups of the sugars with the water molecules
in mixed solvents containing water. The sugars separate in the same order
in all solvents except pheuols.

Isherwood (1931) has made a detailed analysis of the contribution of
cach hydroxyl group to the observed R, value in the case of the aldohex-
oses, aldopentuses, and ketohexoses.

It follows from Martin’s theoretical treatment of chemical potential as
related to the number and kind of groups present in a molecule that the
chemical potential for o large molecule is correspondingly large. A large
enrichment ratio of one substance to another implies a large difference in
the changes of chemical potential of the two substances.  For similar com-
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pounds such a difference can occur only if the two phases themselves are
dissimilar in eomposition. TIn general, therefore, phases should be chosen
as far as possible from critical solution composition.

TFactors which affect the partition coefficient are those known to chemists
familiar with other laboratory techniques. Thus, in the distribution of a
CH; group between ether and water, partition highly favors the organic
phase. Benzene favors aromatic more than aliphatic substances, and in
cyclohexane this is reversed. Hydrogen bonding between the solute and
the solvents is of great importance in determining the partition coefficient.
These bonds are much stronger than van der Waals’ forces. Phenol and
collidine, when saturated with water, are excellent solvents for substances
capable of forming hydrogen bonds. They are of opposite character in
that phenol is a proton donor, whereas collidine is a proton acceptor.
Water, of course, is both a proton donor and acceptor. Thus we find that
the addition of an amino group has little influence on the partition between
phenol and water, but it greatly changes the partition between collidine
and water, in favor of the water. The amino group is a proton acceptor.
Collidine, on the other hand, can accept a proton from a hydroxyl group,
and thus the addition of a hydroxyl group makes little difference to the
partition between collidine and water, whereas a hydroxyl group displaces
moleeules from phenol to water. The earboxyl group contains both the
proton-donating hydroxyl and the proton-aceepting carbonyl group, with
the hydroxyl character usually predominating (see Berl, 1950).

In partition chromatograms using phenol as the solvent, proline runs
faster than valine. With butanol, valine is faster than proline. Here
the imino group of proline is a stronger proton acceptor than the amino
group of valine, and phenol is a stronger proton donator than butanol.

In the separation of inorganic substances, the addition of a complexing
agent to the solvent mixture often improves the partition into the organic
phase. In this case it is the partition of the complex between the two
phases rather than that of the cation or its salt. The addition of a strong
acid toa solvent system, e.g., butanol:water, will usually increase the resolu-
tion of cation mixtures. Increased solubility in the organic phase is the
result of the strongly polar acid. !

Solvents used to resolve mixtures of fatty acids usually contain a small
percentage of a strong acid.  Under these conditions, the ionization of the
fatty acids is repressed and the partition coefficient depends only on the
distribution of the free acid, not on the complicating circumstanees which
are present when both free acid and its hase are together in the same
solvent mixture. The latter situation usually leads to long diffuse bands
being formed on the chromatogram. Sinee ionization would tend to in-
crease partition in favor of the aqueous phase and since ionization is greater
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in more dilute solutions, it would be expected that the partition cocfficient
would be strongly concentration dependent. A concentration gradient
exists throughout any chromatographic zone, so that different sections of
the same zone will move at different rates, which results in spreading.

The authors hope that this review of some of the theoretical explanations
of the chromatographic process has not oversimplified in the mind of the
reader the intricate phenomena present. Although partition coefficients
have been of value assistance in predicting R; values, numerous exceptions
oceur, Adsorption? by the paper is always an important factor, and in some
cases the dominant one (as in the separation of mixtures of dyes), Water
alone can be used to separate a few amino acids on paper. In this case,
there is clearly no liquid-liquid partition involved. Craig (1950) reports
that the results of partition chromatography are of little use in selecting
systems for countercurrent distribution.

Structural Analysis

Reichl (1954, 1956) and Schauer (1955a, 19556; 1956) have attempted to
correlate the experimental B, values in several solvent systems and the
structure of chemical compounds. To this end two constants are deter-
mined for each solvent system, fundamental and group constant. These
constants are determined by the following method (example: amino acids):

Group Constant (CH, group) = Ry(alanine) — Ry(glycine)  (30)

Fundamental Constant = 2K y(methionine)
— Ry(cystine) — 4Kcn,

The group constant (Kcm,) caleulated in equation 30 is substituted in
equation 31. '

Similar caleulation for group constants may be made for any other fune-
tional group. If the Ry values for an unknown amino acid are determined
in three solvent systems, the following equation is set up for each solvent:
(L\’] + b‘\'g ‘|‘ C_\'a = R.’ll - K(i‘undsmental)

(31

X, = number of C-atoms, carboxyl, and e-amino 32)
groups
a, b, ¢ = group conslants

The three equations are solved simultaneously for X, which should reveal

2 Adsorption of materials on paper will increase as the solubility of solutes is
reduced by changes in the medium which do not appreciably affect the adsorbing
surface. Thus, if the lower portion (25%) of the filter paper 1s treated with a mixture
of M NusHPPO and 2 M NaH.P'Qy , the order of R, values of amino acids is to a cer-
tain extent reversed as compared to ordinary chromatography using n-butanol: water
as the developing solvent (Hagdahl, 1952).
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the structure of the unknown e-amino acid.  Similar caleulations have been
made for organic acids, sugars (M. F. Levy, 1954), and alkaloids (Macek,
1955).

Filter paper will enjoy its reigu of popularity only until a better support-
ing material is found.> When a more uniform material with less adsorptive
capacity is developed, the concepts of countercurrent distribution and
fractional distillation will undoubtedly be more closely allied with those of
partition chromatography.

The reader is referred to the theoretical and practical discussions by
Ackerman (1954), Balston (1952), Bergamini (1956), Boulanger (1952a, b),
Brimley (1953), Burma (1955), Calvo (1955), Cramer (1953), the mono-
graph by the Faraday Society (1949), Kirk (1954), Lederer (1957), Strain
(1954), and others. The books by Brimley and Barrett (1953), by the
Lederers (1957) and by Cassidy (1957) are recommended.

Some Theoretical Factors of Horizontal Paper Chromatography
(Le Strange, 1954)

a. Factors Affecting Rate of Solvent Flow, Studies were made using the
system Bittt, Cutt, Hgtt) and the solvent n-butanol:3 N IICI = 1:1
v/v. (1) The increase in area developed by the solvent in unit time is
proportional to tab width and time of development. (2) An empirieal
relationship is established between ¢ (time of development) and & (dis-
tance between paper and solvent surface):

t = 1380 — 31.

(3) The zones due to the resolved substances are elliptical in shape for
filter paper with and without machine direction. The ratio of major to
minor axis was found to he 1.15 == 0.02.

b. Separation by Horizontal Filter Paper Chromatography. (1) R, factors
(radius to point of maximum density/radius to solvent front) are constant
and independent of development time. (2) Band widths become thinner
at first and then wider gradually with increasing time of development.

¢. Comparison Between Descending (Strip) and Horizontal Chromalog-
raphy. The speed of separation by horizontal chromatography is at
least as fast as by the descending technique, hut the definition in the first
is often superior. Since the concentric zones are thinner than the spots,

¥ Supporting media made from cellulose acetate, “Dynel,” glass fibers, polyvinyl-
chloride and zein celiulose have been introduced by H. Reeve Angel and Co. (52
Duane 8t., New York 7, N. Y.). The preparation of paper containing finely ground
ion exchange resins has also been announced (Hale, 1955, Amber Hi-Lites, 1957, H.
Reeve Angel and Co.).
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the separation occurs earlier by the horizontal method. There is also
less tailing in the horizontal technique.  As a gross observation, the fol-
lowing relationship holds:

B2 (disk) = B, (strips).

This relationship has been confirmed for other systems, e.g. amino acids
and sugars (Ganguli, 1955h).

(d) Factors Affecting K,. For some separations, development to a
cirele of diameter of 6 cm. or less is sufficient and takes about ten minutes.
The rate of solvent flow is proportional to the wick diameter. This does
not, however, influence the reproducibility of E;’s from one run to the
next (Saifer, 1953).  Other factors which apparently do not influence the
Ry are: (a) equilibration of paper, (b) time of development, and (c) con-
centration of solutes (amino acids). These observations suggest that
cireular paper chromatography is a more rapid and simpler method than
ascending or descending chromatography.



Chapter Il

GENERAL METHODS

The majority of methods which have been devised for paper chromatog-
raphy are based on the following principle: . . . [Paper chromatography is
the] separation of substances from a mixture by the passage of solvent in a
definitedirection and selective fixation. . ."” (Weil, 1953a,b). The phenome-
non of the resolution of a complex mixture by paper chromatography has
been likened to a schizophrenie dilemma which each component of this
mixture has to face (Asimov, 1955).

The mechanies of the process of paper ehromatography are simply this:
A drop of a solution eontaining a mixture of substances is placed on a
piece of filter paper near one end. Next, this end is placed in a suitable
solvent within a closed container. The solvent passes the spot where the
solution had been applied. Each substance in this mixture will ideally
move along with the solvent at a unique rate, so that after a while all of the
components of the mixture will occupy a distinet position somewhere
along the path of the flow of the solvent (Kig. 1).

In practice, of course, many eompounds of closely related structure will
not, separate in one single solvent development, and more elaborate pro-
cedures are necessary. Other difficulties are encountered when the sub-
stances to be separated are water-insoluble, and the “reversed phase chro-
matography” becomes the preferred technique.

The great advantages of paper chromatography lie in the relative sim-
plicity of the operations and, in many cases, the small expense of the
equipment. Even the amateur can agsemble a home-made piece of equip-
ment to demonstrate the separation of organic compounds or plant pig-
ments (Ingalls, 1953).

The following scheme outlines the procedure generally followed in paper
chromatography:

1. Choice of filter paper.

2. Preparation of sample.

3. Application of sample to paper.

4. Choice of solvents.

5. Development of chromatogram. ‘
6. Drying of chromatogram after development and detection of spots.
7. Quantitative estimation (Consden, 1954},

The Chromatography Laboratory

For the laboratory that is planning to do extensive work in paper chro-
matography, it is recommended to set aside a small room, approximately

20
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Fic. 1. Graphic representuation of paper chromatography (PB, March 1936).

the size of an average photographic dark room. For very careful work the
room should be air-conditioned and humidity-controlled. For most
routine analy=es, however, it is sullicient that the room has a2 minimum of
window space and is located somewhere i the center of the building, pro-
teeted from sudden draft and radical changes in the temperature. This
room may also be equipped with a standard-size laboratory hood which
should only be turned on when organie solvents are being handled (e.g.,
during the drving procedure following the development of the chromato-
egram). Many of the commonly used solvents in chromatography are
highly toxic (e.g., phenol), and others have offensive odors. It is needless
to say that the aiv-conditioning and the draft system of this “chromatog-
raphy room” be independent from the rest of the laboratory.  This room
should also contain a laboratory shaker for the equilibration of solvent
systems,  All solvents used in chromatography should be stored and mixed
in this roont.

The draft hood in this room will be used for the *‘drying” of the chro-
matograms, the spraying of the chromatograms for the deteetion of spots,
and the steaming of papers for eertain procedures (e.g. amino acid chro-
matography, organic acid chromatography, see Chapters Vand VII). It
is desirable, therefore, to have steam and compressed-air connections in



22 PAPER (HROMATOGRAPHY

this hood.  This room should he used mainly for the solvent development
of the chromatograms.

The prebminary preparation and final evaluation of chromatograms
should be done outside this “chromatography room.” Besides the usual
equipment found in a chemical laboratory, the following items may he
found useful for chromatographic work: a rotating evaporator (“Rineo”),
an ordinary hair dryer, an N-ray viewing box, an ultraviolet light source
(both short and long-wave), a storage cabinet for large sheets of filter paper
(18 X 22"), a large table for spotting samples onto the filter paper, and o
constant-temperature oven,

This brief description of the “ideal” chromatography laboratory may be
altered, of course, to fit the individual’s needs and means.  The reader is
also referred to the end of thix chapter where a list of manufacturers of
chromatographic equipment may be found.

Methods of Paper Chromatography

The solvent development in paper chromatography has been the sub-
ject of a great mumber of variations. The choiece of the method may
depend on the class of compounds being investigated, or it may be mainly
one of personal preference. [t ix curious that one particular method may
be predominant in a ecertain geographieal part of the world (e.g. cireulur
chromatography in India).  Most of the methods which will be deseribed in
detail are being used widely today with the exception of method I, “Kapill-
aranalyse,” which is mainly one of historical interest.

Method I:'‘Kapillaranalyse”

Around 1860, Schonbein recognized that in filter paper strips wafer
travels faster than the solute in solution, and that i a mixture of compo-
nents in solution one component travels faster than the others (Rheinboldt,
1921). This observation was made the hasis for the analysis of dwves,
Schonbein’s student, Goppelsroeder, named this analvsis of dyves using
filter paper *Kapillaranalyse.”  Goppelsroeder applied this method to the
separation of plant pigments, alkaloids, fats and oils, impyrities in food
produets, ete. The principle of the analysis was that the substances were
adsorbed on the filter paper directly from their solution; the height of the
substance and the solvent front were observed and correlated.  “Kapillar-
analyse” differed from paper partition chromatography, which was to be
developed eighty-odd years later, in that no developing solvent was used.

Goppelsroeder (1904) deseribes in- detail @ chromatographie chamber
(Fig. 2) which differs Httle from the more elaborate chromatographic
chambers of today.
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Fic. 2. Chromatograph chamber (Goppelsroeder, 1908): A, wooden tloor; B,
stand for samples; C. bheakers containing samples; 11, lead support; I, glass rods;
I, G, wooden eonneeting bars between glass rods; H, double-face glags rulers with
paper strips; J, thermometer; K, glass door.

Method II: Descending Chromatography

In thix technique the solvent is permitted to flow along the paper in a
downward divection.  Conxden, Gordon, and Martin (1944) first reported
the successful separation of @ mixture of amino acids by descending paper
chronmatography.

The essentipls of the apparatus consisted of a filter paper strip the upper
end of which was immersed in a glass trough (Iig. 3) containing the solvent.
The strip was hung in an air-tight chamber, a seetion of drain pipe.  After
the insertion of the paper, the chamber was scaled with a piece of glass
plate (Fig. 1), The bottom of the chamber was covered with water-
saturated organie solvent in order to provide a saturated atmosphere.  The
trough wax provided with a gliss bar which served as the paper support,
and the paper strip passed over a glass vod to prevent capillary siphoning
of the solvent down the paper.
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1. SoLvenT TrouGH

The eonstruction of a glass trough ix described by Atkinson (1918),
Longenecker (1948), and J. I. Thompson (1956). The ends of a 40-mm.
Pyrex tube of desired length are scaled, leaving a small vent on the side of
the tube. A onec-inch-wide strip of adhesive tape, covering the air vent, is
placed on the tube, extending the desired length of the trough. The rest
of the glass tube is taped up with four additional adhesive tape strips, and
the glass is eut with a two-inch Carborundum disk mounted on a flexible-
shaft power take-off. A stream of water is played on the disk and glass
while cutting. When the panel of glass has been cut around, it will fall
off intact (Fig. 3).

A simple tray and tray support rest on a steel band fastened on the

Solvent

Fii. 3. Cross section of small trough (Consden, 141).

Glass sheet

]
N
Trough
~ Drainpipe
Ly
Peper
Lead tray

Water and sclvent
Fig, 4. Diagram of chromatograph ehamber made from deain pipe (Consden,
1944).
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Pyrex tube 40 mm. O.D.
24" (orX”) long with
ends sealed

Air vent

1' Adhesive tape

Fia. 5. Disgram of glass trough. Left, hefore eutting; right, completed channel
(Longenecker, 1948).

inside of a glass eylinder (Porter, 1954a).  Glass troughs with support rods,
antixiphoning rods, and trough supports are commercially available.

Another type of glass trough, consisting of several segments, has been
used (o study the influence of the jonie strength of a solvent on the resolu-
tion of & mixture of amino acids (Wunderly, 1954).  This procedure enables
one to run replicates of mixtures on the same sheet of paper under identical
conditions except with different solvents. A stainless-steel trough fo
accommodzate fen chromatograms simultaneously is made from sheet metal
shaped into a shallow trough (von Arx, 1956) (Fig. 5.4). The bottom of the
trough is provided with ten 3.5 mm. wide slits and is divided into ten
compartments by 30 mm.-high stainless-steel dividers which are securely
soldered along the slits,  Four adjustable serew rods provide the support
for this multitrough. The advantage of this arrangement is that as many
as ten chromatograms can be handled at the same time (e.g. lifting the
papers from the chromatographic eabinet into the hood for drving). How-
ever, there scems to be no provision for antisiphon rods which may spoil
the chromatograms due to fast solvent flow by siphoning

If 1o suitable glass-cutting or metal shop equipment is available, any
glass, poreelain, stainless-steel, or polyethylene dish with a suitable support
may he improvised.

2. Cunoyarecrarl CHAMBER

Tvaporation of the solvent from the paper should be kept at a mini-
mun during a chromatographic run. - For that reason, an airtight chamber
nust be chosen, so that the chamber atmosphere will be at all times satu-
rated with the respective solvent.  Graduated glass evlinders fitted with
airtight covers may be used for ome-dimensional work.  Consden (1944)
found stoneware drainpipes to be convenient, the tops of which were ground
flat and covered by sheets of glass (Fig. ). The advantage of a glass-
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Fra. 5A. Stainless-steel “sHt trough' for descending chromatography (von
Arx, 19560,

walled chamber ix that the progress of the solvent front muy be followed
conveniently.

For the use of filter paper sheets, several models of cubinets are made
commercially (see Fig. 6). For two-dimensional chromatography, it is
recommended that two cabinets be used side by side, one for each solvent
(see method V).

A hygienically safe chromatographic cabinet has been equipped with an
iron outlet pipe on the hottom, so that the solvent vapors, which may be
highly toxic, can he safely removed at the end of a run. An exbaust fan is
attached to the outlet hy means of o flexible pipe (Mendenball, 1956).
Another feature of this same design is o frame which holds all of the anti-
siphon rods which are inuse. At the termination of the development, the
papers can be clipped to the rods with stainless-steel elips, and all of the
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Fra. 6. RECO Chromatographie eabinet (Chromatoeah),

papers can be moved to a drving cabinet at the same time. The frame
conzists of two parts, cach one an upper and lower picce of paraflin-coated
wood, drilled with cight holes, and held together by three stainless-steel
clips (Fig. 7).

3. Expermextan Procebuie

The direetions recommended tfor one-dimensional chromatography using
a large chromatographic cabimet of the type depicted in Fig. 6, are ax

Q A a
o I & o | _
Side End

Fr. 7. Wooden support for anti-siphon rods {one seetion) Qlendenhall, 1956).
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follows: The solutions to be analyzed are spotted by means of a micropipette
(see Section III, Experimental Techniques) on a line 3 in. distant and
paralle] from one edge of the filter paper sheet (18 X 22”). The spots
should be spaced at 214 in. intervals.  After the spots are dry, the paper is
folded sharply along a line 2 in. from the edge; the samples are, therefore,
one ineh from the fold. The paper is now transfered to the chromato-
graphic cabinet, where the paper is fastened to the antisiphon rod with two
stainless steel chromatographie clips. A second chromatogram may be
placed on the opposite antisiphon rod, so that both papers reach into the
same empty trough. The glass support rod, which is a heavy glass or stain-
less steel rod bent at right angles at the ends, is lowered into the trough
where it holds the papers in position. The clips are now removed. After
a convenient equilibration time, the solvent i added to the trough, and the
development proceeds, usually overnight. At the end of the run, the papers
are clipped again to the antisiphon rods, the support bar is removed, and
the papers are dried to be processed further (eg. color development,
elution).

A similar procedure is recommended for paper strip chronmutography,
using smaller troughs and glass evlinders (18 X 6 in.).  Frierson (1954)
has described an exceedingly simple arrangement. A 500-ml. graduated
evlinder is placed into a cvlindrical glass pipette washer (18 X 6 in.),
and a bacterial slide staining jar, placed on top of the graduated evlinder,
serves as the solvent trough.  The filter paper strip is tucked under a gluss
slide which is placed in the first groove of the jar.

For slow-moving substances better resolution may he achieved by per-
mitting the solvent to drip off the serrated lower edge of the paper. It
15 possible to carry out solvent development for several days and to effect
good separation of difficult mixtures, e.g. leucine and isoleucine; monosac-
charides. For lack of a better English word, this technique ix ealled
“Durchlauf” chromatography.

Method III: Ascending Chromatography

Ascending paper chromatography (i.e. the salvent travels in an wpward
direetion) is especially suitable for quick analyses of a largt number of
samples or for exploratory work involving the use of many different zol-
vents, The apparatus for this technique s exceedingly simple and yields
reproducible results (R, J. Williams, 1948). One must bear in mind, how-
ever, that the upward flow of solventis eventually counteracted by gravity,
resulting in a definite slow-up after the solvent front-has traveled more than
twenty-five centimeters, The chromatographic development should he
stopped at this point. In order to achieve maximum resolution by this
method, “multiple development” should be tried (method V).
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1. CuromaTOGRAPH CHAMBER

The choice of the chromatographic chamber for this technique depends
on the size of the filter puper one wishes to use. For paper sheets (5 X
5 in) in a museum jar, Size %4 (internal dimensions: 15 X 9 X 15 in.)
can be fitted with three wooden dowels (diameter 0.25 in.) inserted in the
grooves already provided for on the two narrow sides (Rockland, 1951;
Underwood, 1954). The paper sheets arc mounted on the dowels with
pressure adhesive tape. A soft-rubber gasket (e.g. sponge rubber weather
stripping) is mounted on the underside of the glass cover to provide for a
saturated ehamber atmosphere.

Filter paper sheets (18 in. wide; 10 in, high) may be developed in 10-gal.
glass aquaria which are fitted with glass rods running the length of the
chamber (sec method TV for detailed description). The sheets are fastened
to the rods with stainless-steel clips.

An inexpensive all-glass chromatographic chamber may be constructed
from single-weight window panes, held together with a fast-drying plastic
cement (Miwa, 1955).  This chamber is not completely air-tight which may
be desirable in order to minimize sweating but will not be satisfactory where
careful equilibration is essential.

When filter paper strips are used for rapid determination of a large num-
ber of samples, an ordinary Pyrex tube serves as a very satisfactory chro-
matographic chamber (Rockland, 1949b). A paper strip, narrowed down
at one end, is held by a paper clip which in turn is inserted into a cork,
The paper may also be shaped into the form of a trapezoid with the wider
end touching the sides of the test tube so that the narrow end is immersed
into the olvent.

A slightly more elaborate glass-tube chamber is made from a tube 51
mm. diameter and 380 mm. long (H. T. Gordon, 1953) (I'ig. 8). The ends
of the tube are fitted with Number 26 corks with 12 mm.-centered holes.
The bottom is fitted through a peg on u wooden board. The upper cork is
fitted with o small glass hook and a paper elip. A medical prescription
glass sawed off at the 30 ml mark rests on the bottom and serves as sol-
vent trough., A filter paper strip folded into a loop is held at its ends by
the paper clip, and a short piece of glass rod at the loop serves to separate
the two parts.  Two samples may be spotled about one inch above the
fold and developed at the same time,

When a completely saturated atmosphere is essential, as for the fatty
acids and steroids (see Chapters VII and VIII), a test-tube chamber with
4 wealed side arm may be advantageous (Pan, 1956).  Provisions are made
in this design to keep a small tube within the larger chamber, filled with
one phase of the solvent. The paper strip is equilibrated for a convenient
time, and the mobile development phase of the solvent is added through a
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side tube; in this manner the saturated atmosphere remains completely
undisturbed.

A popular technique for ascending chromatography using sheets of filter
paper is to shape the paper into a eylinder.  The samples are spotted in the
usual mamner about one inch from the bottom edge of the paper. The
vertieal edges are fastened together with staples (do not use metal if solvent
contains acid), cotton thread, or adhesive tape (Wolfson, 1949), or with
polyethylene clips (Sommer, 1955) (Fig. 9). In this technique the edges
of the paper must not touch.

When cylinder-chromatograms are wsed, a large variety of chromato-
graph chambers are available. In each case the paper eylinder must
conform to the size and shape of the chamber. A oneliter graduated
eylinder, fitted with a rubber stopper (Ma, 1944 and a wide mouthed
one-gallon screw-cap *‘pickle Jar” (Palmer, 1955) have been used success-
fully.

Fro. &, Glass tube arrangement for ascending chromatography (H. T, Gordon,
1955,
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Fia. 4. Plastic elip for paper cylinders for ascending ehromatography (Sommer,
1955).

2. CHROMATOGRAPH Racks

A frame for the rigid support of up to fifty paper strips may be con-
structed from 4 X 4 mm. strips of cold-rolled steel (Singer, 1951). Two
strips of the steel (73 em. long) are bent into two eireles with a diameter of
225 em., and the ends are brazed together. The circles are brazed at 90°
intervals to four strips each 50 em. long.  Friction tape is then wound
around the rings, pointing toward the center.  The paper strips may then
he fastened on the lower and upper pins and pulled taut.

Another stainless <teel holder for paper evlinders hax the advantage that,
with & movable coil, any size of filter paper can he shaped into a cyvlinder
and held in place without staples or adhesive tape (Ma, 1949),

A erosseshaped aluminum holder around which the paper strips may be
wound i cotl formi features the advantage of space-saving with a long
solvent path (Rehwartz, 1952). Another stainless-steel rack of compact
size will hold five paper sheets, 9 X 89 in. (Hunter, 1956) (Fig. 10). The
papers are clipped to the frame, and rest against crossbars A4 (Fig, 10),
=0 that contact between adjacent papers is prevented, although the dis-
tance between papers is slightly more than one inch. Eight of these
racks can fit into a tank of appropriate =ize, and forty chromatograms can
be developed at one time ina comparatively small space (40 X 24 1),

A, ExrrrieNTAL PROCEDURE

When it ix convenient to work with filter paper evlinders, the following
technique is recommended: Filter paper sheets, 18 X 111 inches, are used.
Along one edge of (he paper, about 2.5 em. fromn the margin, are placed, at
intervals of about 2 em., drops of the samples to be analyzed.  After the
spots ave dried, the sheet ix formed into a eylinder, about 6 inches in diam-
eter, by stapling the edges together so that the edges do not quite touch.

The paper evlinder ix placed in an upright position into a Pyrex dish (10-
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Fre. 10, Metal rack for ascending ehromutography holding fonr sheets {Hunter,
1956).

inch pie plate) containing the =olvent mixture. The spots comprising the
samples to he analyzed are on the hottom of the evlinder, just shightly
ahove the level of the solvent.  For good equilibration, expeeially of highly
volatile solvents the following techniques may be adopted:

The hottom of the rhromatographic tank is covered with the solvent
(usually the aqueous phase for a two phase solvent combination}.  Thick
sheets of filter paper (Whatman No. 3 or Eaton and Dikeman 301) are
pressed against the wall of the tank, and development is started when this
paper is soaked with solvent.  In most cases it is necessary to add large
amounts of solvent to the bottom of the tank, sinee hoth paper grades are
very absorbent.

For the one-gallon “pickle jar,” the atmosphere i best saturated by
immersing a small roll of filter paper into the stationary phase of the sol-
vent contained in a small vial in the center of the Jar.  The smuall filter roli
should reach almost to the top of the jar, and the paper eylinder will
surround it (Palmer, 1955).
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The chromatographic cabinet is covered with a glass plate during chro-
matography. By grinding the upper edge of the jar to a plane surface und
sanding the glass cover at the arca of contact, an airtight seal is made hy
the use of desiceator grease. The serew cover for the “pickle jar” is of
metal and should be painted with paraffin. Chromatography is com-
pleted when the solvent front hus traveled almost to the top of the paper
eylinder.

4. Miscernaveots TECHNIQUES

T'wo miniature chromatographic cabinets have been designed to handle
strips as long as 50 cm. in a plastic “chromatobox” of overall dimensions
7 X 7 X 4 em. (Oertel, 19560, Barrollier, 1955). In one design the paper
strip is loosely wound around two glass rods and the two bottom edges of
the square-shaped solvent trough. The front end of the strip reaches
through a slit in the cabinet to the outside atmosphere, so that the fastest
moving substance will be concentrated at the front due to evaporation of
the solvent. This latter prineiple has been incorporated in another ascend-
ing chromatography tank (Iischbach, 1955a). Barrollier (1955) winds a
50-cm.-long strip around a spiral-<haped plastic film (e.g. Teflon) with a
raised surface to minimize the wetting properties of the plastic even further.

Method IV: Ascending-Descending Chromatography

The technique of Block (1950) combines the better features of both
ascending and descending chromatography. The filter paper sheet con-
taining spots of samples to be analyzed is draped over a glass rod, and the
long end is immersed into the solvent, in such a manner that the solvent
climbs by capillary action up the paper past the support rod and down the
other side.

1. CuroMaToGrAPH CHAMBER

Ten-gallon rectangular glass aquaria, 32 em. long, 32 em. high, and 26
e wide, are used.  The lower portion of the sides and all the joints are
covered hy a layer of paraffin.  Two glass rods running the length of the
chamber are sealed with paraffin to the sides of the chamber about 3 em.
out and 2 3 enw. from the top. A third rod is scaled halfway between the
other two at the same height.  Glass troughs are made by scaling the ends
of u 2-inch borosilicate glass tubing and cutting longitudinally down the
middle. (They may also be obtained from the Yonkers Laboratory Supply
Company.) The chamber is covered by a heavy glass plate and held down
with a lead weight (Fig. 11).



34 PAPER CHROMATOGRAPHY

Chromatogram Chamber
(515% 26.5% 3icm.}

GlossRod

Gloss Support

Solvent Trough

Fig. 11, Chromatograph chamber for the ascending descending techuique
(Bloek, 19530).

2. EXPERIMENTAL PROCEDURE

Three sheets of filter paper, 18 X 19 inches, are cut, and the unknown
solution is applied as drops about 2.5 em. from the bottom of the sheets
and 2 em. apart. The spots are dried with an infrared lamp or a hair
dryer. The lower edge of the sheets is immersed in the solvent. The
chamber is covered with the lid, and the solvent is allowed to travel 40-50
em. bevond the point of application of the substances.

Comments. A “bridge unit” for puper chromatography of carbohydrates
has been devised by Kawerau (1951) (Fig. 12). An all-glass apparatus
consisting of two 500-ml. round-bottom flasks and two T-shaped connect-
ing links makes up the chromatograph chamber. The filter paper strip
is inserted by opening the “bridge” and is immersed on one end into the
organic layer. The other flask contains the agqueous luyer of the =olvent in
order to saturate the atmosphere with respect to the solvent and water.

Assembly-line of bridge

A ]
9-10 mm. diam. holes
in cone + socket
22 mm. x 4 mm. slot
F16. 12, Assembly of bridge unit for filter paper chromatography (Kawerau, 1951).
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Fig. 13, “Two-way" rack for ascending two-dimensional (echnigue, holding
twelve paper sheets (Shandon Scientific Co.; Micro-Metric Instrument Co.).

Method V: Two-Dimensional Chromatography

IFor maximum resolution of a complex mixture, two-dimensional paper
chromatography is recommended, The principle of this technique is the
suecessive development of the chromatogram with two different solvents
(e.g., a basic and an aeidic solvent), whose advancing fronts are at right
angles to each other.

1. Fivrer Parer Rack

A filter paper rack accommodating 12 sheets, 8 X 8 inches, for use in
two-dimensional chromatography is manufactured by Shandon Scientific
Co. and Miero-Metrie Tustrument Co. The rack (Fig. 13) is made of
aluminum and eonsists of two square plates connected by four rods, fastened
to the plates with nuts, Tour holes are punched into the corners of the
filter paper sheets (it i suggested that a template be made), and the sheets
are placed on the rack by stacking them on the rods through the holes.
The sheets are separated from each other by 3 (- to 1-inch washers [itting on
the rods.

2. EXPERIMENTAL PROCEDURE

The same apparatus as deseribed for unidimensional chromatography
will lend itself to two-dimensional chromatography with the difference that
w single spot is applied 2.5 em. from the lower corner of o sheet, 27 em.
square.  After the first solvent has traveled almost to the top edge, the
sheet is removed, dried, and re-run in a second solvent whose front is at
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right angles to that of the first solvent. After the development with a
second solvent, the chromatogram is ready for further processing and
evaluation.

When the paper cylinder technique for ascending chromatography
(ef. Method III) is used, the eylinder is unfastened after the first develop-
ment and re-formed into a new cylinder whose axis is perpendicular to the
axis of the first cylinder. The development with the second solvent pro-
ceeds as before,

A new technique for two-dimensional descending chromatography utilizes
large sheets of filter paper (18 X 22 in.), the upper edges of which are cut
at 1.25 in. mtervals to a depth of three inches. The tabs arc folded back
to serve as wicks, and the paper is shaped into a cylinder. The chromato-
graphie eabinet is a 12 X 24 in. glass eylinder, and the solvent trough is a
six-inch pie plate supported on a funnel.  The funnel is inserted through a
rubber stopper which is placed on a 230 ml. graduated eylinder (Yama-
guchi, 1955). The two-dimensional chromatographic development pro-
ceeds as above; however, no great advantage is gained over the simpler
ascending chromatography of paper eylinders,

With three different solvents and three zetx of two-dimensional chromato-
grams, it has been possible to separate the amino acids from a protein
hydrolyzate (Decker, 1951b).  Forexample, the following different, solvents
may he chosen: (a) water-saturated phenol; (b) e-picoline:water; (e)
isopropanol:acetic acid:water. Three setx of two-dimenstonal chromato-
grams may then be run with the following solvent combinations:

Chromalogram Solvent, firs( dimension  Solvent. sccond dimension
I u b
II i ¢
I b ¢

These methods are generally applicable to any elass of compounds, and a
study of the K; tables usually will suggest » suitable combination of sol-
vents, .

3. MisceLLaNEoUs TECHNSIQUES

A segment of a one-dimensional chromatogram ix woven or sewed (with
a sewing machine) into a second sheet of filter puper which is developed with
another solvent (Boggs, 1952). 1If complete resolition has not resulted
after these two operations, another development with a third solvent may
he undertaken (Stockli, 1954).  Further transfers are impractical since the
spots become too diffuse.
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After the development of a chromatogram with one solvent, segments
containing still unresolved substances are cut out and attached with a
stainless steel pin to a new paper strip. These substances are eluted and
transferred to the new strip by an ascending chromatographic technique in
a specially constructed glass flask.  The paper strip is then developed with
another solvent (Winteringham, 1953).

Method VI: Multiple Development

Multiple development technique is used to gain a greater effective dis-
tance of solvent front while retaining a shorter length for the paper itself.
After the mixture has been separated by the solvent and the paper dried,
the paper is returned to the solvent trough for a repetition of the passage
of solvent.  After two to four such developments, an excellent resolution of
a mixture of simple sngars was effected (Jeanes, 1951). A similar technique
is applied to the separation of amino acids with acetic acid: water as solvent
{Csobdn, 1952).

A simple formula for the multiple development of amino acids for strip-
and cireular chromatography may be found to be generally applicable
(Chakrabortty, 1456). The rule states: The distance between two sub-
stanees will increase in the second development if

Riay + Ripy <1

(R ix the ratio of distance traveled by solute to the distance traveled by
the solvent.)

It is sometimes desirable to use a “fast” solvent to get rid of unwanted
substaneces or impurities.  These may then be located by suitable detec-
tion methods, and the paper sheet is cut off parallel to the solvent flow just
below this region. The remaining part of the sheet is fastened with a
sewing machine to another piece of filter paper of the same width, and a
second development (with the same or another solvent) is undertaken.

In the chromatography of P*-labeled nucleotides (see Chapter IX), it
is first necessary to remove phosphate lons by a preliminary short-time
ascending development (Krebs, 1953). Whatman No. 1 filter paper, 20 X
60 em., is folded for this purpose 38 em. from one end and fastened with two
paper elips. The solutions are placed 3 em. from the fold.  The fast-mov-
ing phosphate front loeated by a Geiger counter is cut off, and the second
development takes place in the opposite direction.

Method VII: Circular or Horizontal Filter Paper Chromatography

The principle of this fechnique is that the substances (o be analyzed are
resolved into cireular zones instead of spots. A “tail” ix cut from a circular
filter paper disk and is immersed into the developing solvent after a drop
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Fra. 14, Petri-dish arrangement for eircular filter paper ehromatography (Rut-
ter, 10487,

of the substance to be analyzed has been deposited on the paper at the
Joint (Ig. 14).

Rutter (1948, 1950) is generally credited with originating this technigue,
which ix sometimes referred to as the “Rutter teehnique.”  Weil and Wil-
liams (195301 give the eredit to Runge, whose book, **Der Bildungstrich der
Stoffe’” (18533), ix illustrated with numerousexamplesof “radial” chromatog-
raphv. Tt seems, however, that Runge’s “radial” chromatography was
another variation of capillary analysis (see Goppelstoeder). The first
deseription of horizontal paper chromatography was given by W. (¢, Brown
in 1939, thus preceding the “classteal” publication on the subject of paper
chromatography by Consden, Gordon, and Martin (1944,

1. APPARATUS

The apparatus consizt= of two upper or Jower sections of a Petri dish and
a filter paper disk slightly Jarger than the glass sections (Fig, 14). The
“tail’’ is fashioned by making two parallel ents, about 2 mm. apart, from
the same edge up to the center of a circular filter paper, and the tail is
bent at the joint perpendicular to the plane of the paper and eut down to
about 1.5 em. in length, Care must be taken that the euts are of equal
length; otherwize the development may not result in truly cireular zones,

Insteard of fashioning the wick from the filter paper disk itself, it may he
formed from another strip of (ilter paper (0.5 X+ 5 en), which is folded
in the center and inserted into a 05-en-long slit in the senter of the
filter paper disk. The wick may also be made from a strip of filter paper,
rolled into a eviinder (2-3 mm, thick), cut at the end into the form of a
brush and inserted through a small hole at the centerof the disk (Giri, 19524)
or the solvent may be fed onto the paper disk by means of a glass capitlary.
The size of the capillary regulates the rate of feed and thus the rate of
development (Lakshminarayanan, 1951). A small cone madeof filier paper
and placed with its apex at the conter of the disk is used as an irrigating wick
(Berlingozzi, 19520).
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A versatile apparatus accommodating various sizes of filter paper disks
may be made simply from two glass funnels (Irreverre, 1954). A 115-mm.
and an 80-mny. funnel are joined by their tubes and fastened by a Teflon
ring with a setscrew. A erystallizing dish set on top of the cone of the
smaller funnel serves as the solvent trough.  The cone of the other funnel
serves as the base.  The paper disk rests on the upper edge of a paper cyl-
inder which surrounds the glass funnels.  The wick is made from a cotton
thread pulled through the center of the paper disk. The entire apparatus
is placed into a 6 X 18-inch glass cylinder.

The use of glass desiceators for large filter paper disks is recommended.
The paper disk, having a larger diameter than the bottom half of the
desiceator, is supported on the rim and held down by the desiccator top.
The solvent is fed from the bottont by a cotton wick (Sehwerdtfeger, 1953)
or from the top by a self-regulating pipette (Brockmann, 1853). The bot-
tom of a bulb-shaped pipetie (capacity 25-50 ml.) is bent at such an
angle that the opening is perpendicular to the paper disk and placed about
2-3 mm. from the surface of the paper. A stopcock at the upper end of the
pipette is closed until the first drop of the developing solvent touches the
paper.  The stopeock is then opened, and the flow of solvent will be self-
regulating.

A commereial cireular chromatography apparatus (Shandon Scientific
Co.y s designed so that reprodueible results are obtained (IKawerau, 1956)
(Fig. 14A). The solvent feed is from a glass capillary tube, and a drop
of solvent placed at the center of the circular filter paper startz a run.
The filter paper disks are specially machine-stamped into five triangular
seetors (Whatman Papers KCT 14 and 26). This sector analysis permits
the analyses of five saniples per disk and also achieves better equilibration
on the top and bottom of the paper. A similar apparatus utilizes the glass
apillary wick and has an added feature for the equilibration of the paper
with the volatile solvent phase prior (o the actual development (Wolf,
1956).  This is accomplished by a concentric upper capillary tubing
reaching throngh the top of the apparatus and just touching the filter paper.
The solvent flow is simply started by applying suetion to the upper capil-
lary tubing. ®

Another variation of the apparatus for cireular paper chromatography
results inexcellent resolution of a complex mixture of amino acids (Krishna-
murthy, 19336) (Iig. 13, The chromatographic chamber is a glass
erystallizing dish (30 em. diameter) inverted over a glass plate. A ewrcular
glass stand with four legs (26 em. diameter) serves as the support for the
filter paper disk.  The solvent is kept in a small Petri dish in the same
plane ax the filter paper by resting on an inverted beaker of appropriate
size. This arrangement permits the saturation of the chamber atmosphere
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Fie. 4A. Exploded view of cireulur chromatography apparatus using sectored
filter paper disks (Kawerau, 1936;. A, bottom; B, adjustable capillary feed tube in
holder; C, filter paper disk; D, top.

by keeping the aqueous solvent phase in two additional Petri dishes on
the hottom of the apparatus.

2. EXPERIMENTAL I’ROCEDURE

The drop to be analyzed is placed on the puper disk at the joint of the
wick and is air-dried. The disk is then placed between the two glass
dishes, the lower containing the developing solvent.  The sofvent rises, by
capillarity, and the rate of development may be readily controlled hy the
width of the tail and the distance between the liquid surface and the plane
of the paper.

In most cases of chromatographic identification it is advantageous to
analyze hoth standard and unknown solutions on the same chromatogram.
This may he accomplished by applying six to eight equidistant spots on a
pencil-drawn cirele with a radius of | em. from the center of the paper
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Fra. 15, Cirenlar paper ehromatogrum of amino acids developed in Krishna-
murthy (195601 apparatus.

disk (Proom, 1951, 19530; Gird, 1952a, b, ¢, ). In this case a series of seg-
ments, instead of concentrie eireles; result after an appropriate color de-
velopment.

A modification of the above technigue consists in the shift of the wick
fronu the center of the paper disk to a spot near the periphery (Rao, 1953;
Matthias, 1936).  Several cquidistant spots are placed on an are with a
1.5 em. radius with the wick as center.  This technique apparently results
in a better resolution of compounds, e.g., ghitamie acid and glyeine, using
n-butanolzacetic acid: water (see Chapter V). An improved wick may be
fashioned from a 17" shaped piece of filter paper (20 X 20 mm.) the
erosshar of which is rolled up and inserted through a small hole in the
center of the filter paper disk (Ganguli, 1955q).

Cireular paper chromatography is  adaptable for two-dimensional
technique (Afran, 1953). A ring about 0.5-1 cm. wide is cut from Whatman
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No. 1 filter paper. The mixture to be resolved is placed about 1 inch from
one end of the strip which is bent downward just below the point of applica-
tion. This serves as the wick for horizoutal development with Solvent No.
1. The ring is then stitched onto a 24-cm. Whatman No. 1 paper disk
which is then developed in the usual manner, with another solvent,

3. IDENTIFICATION OF ZONES

Solutions containing colored constituents give sharp separations into
individual zones.

In the case of colorless chromatograms, a test seetor is cut out after
development and pressed between filter papersimpregnated with a suitable
color reagent.  The chromatograms also may be sprayed with or dipped
mto the reagent.

After the positions have heen marked on the main chroma{ogram using
the developed test sector ax a guide, the bunds are cut out as eirculur
strips.  Both ends are placed into a solvent o that the sabstance in each
hand is concentrated in the center of the xtrip, whenee it is drawn off by a
capillary pipette in order to be analvzed by micromethods,

4. MrsceLLaNeoUs TrCHNIOUES

A technique analogous to cirewlar paper chromatography i the following
(Marchal, 1951; Reindel, 14530 X strip of filier paper & 10 em. wide ix
trimmed at one end so that a tab 2 en wide and 4 em. long = left attached
to the main section by a seetion 1015 mm, long and 2 mm, wide, The
mixture ix placed at the lower wide secetion, and the strip is developed by
the ascending method.  The substances separate ina series of concentrie
ares,  Thix method huax been applied 1o the =eparation of amino acids,

By serrating a large sheet of filter paper (10X 28 ey and shaping the
etds in the same manner as in the above teelmigue, as many as ten sumples
can be chromatographed at the same time (Matthias, 1954 Sehwerdtfeger,
1951, It Qs necessary to pull a glass rod throtugh the Jower tabs in order
to facilitate the transfer of the filter paper into the cabinet and the solvent
trough,  Similar chromatograms are obiained when reetangular sections
(10 X 2 nun.y are eur ont with a razor blade, and the chrématogram is
developed horizontally (Gangali, 19510, 6.

There i a certain winount of extra labor involved in the preparation of
the filter puper for these mixeellaneous techniques which have been de-
seribe. The improved resolution which mea be gained by these modifi-
-ations may not warrant thix additional effort.

A novel modification of cirenlar paper chromatography has heen ealled
“Ladder Papyrography™ (Ambe, 1954). Six filfer paper disks can be
developed at the =ame time, being wetted by the same wick,  This is
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accomplished by cutting holes in the center of the paper disks of mereasing
diameter.  The wick is of cone-shape and is pushed through the holes, with
the apex immersed in the solvent. A three-hour development concludes
the chromatography.

For samples of miero size it is possible {0 prepare well resolved chromato-
grams of several sugars using a filter paper square, + X 4 em.  The wick is
a capillary of 0.005 em. diameter which is supported by a small square piece
of cardboard.  The chamber is a 12 X 4 em. flat-mouthed glass cylinder,
and a 2 ml. vial serves as solvent trough.  The developed bands are ob-
served under the microscope by first mounting the chromatogram on a
slide.  Reproducible chromatograms have been oblained (Lakshmirayanan,
1954).

Fora more detailed description of eireular paper chromatography and its
application to the resolition of a wide variety of compounds, the following
additional papers are cited: Giri (1951, 1952, 19534, 1933b), Rao (1952,
1953), Kariyone (1952), Luderitz (19520, 19520), Zimmermann (1951),
and Berlingozzi (1952), Ceriotti (1955).

Method VIII: **Reversed Phase” Chromatography

When water-insoluble compounds are separated by paper chromatog-
raphy, one cannot use water as the stationary phase.  For this purpose the
filter paper is impregnated with rubber, silicone, or Vaseline (Boldingh,
148 Banigan, 1933; Strain, 1953; Metealf, 1953; Markwardt, 1954;
Ashley, 1953).  Paraffin oil has also been used to impregnate the paper
(Michalee, 1955).  As an example, Boldingh (1948) has separated water-
insoluble fatty acid exters by “reversed phase” chromatography. Schlei-
cher and Sehitll No, 595 filter paper strips are immersed in vuleanized
rubber latex; dried in air, rinsed with aleohol and acetone, and stored in
acetone.  The rubber content of the paper amounts to 30 per cent. The
rubber aets as stationary solvent phase or the carrier for the less polar
component of the solvent mixture. Substances such as fatty acid esters
are developed with methanol or methanol:acetone v v, (see Chapter VII).
Other substances like rubber itself, chloroplast pigments, parathion, and
steroids have Been resolved by this method (see Chapters VIIL, N1, and XII).

Method IX: Preparative Paper Chromatography
1. Tur Curosarorine
The essential features of this apparatus, which was designed by Mitehell
(1949) are depicted in Figure 16. These features are a pile of filter paper
disks (7), a elump arrangement for packing the filter paper disks tightly in
order to prevent channeling (5), and a solvent distributor on top of the pile
(1, 2). 'The principle of the operation of the “chromatopile” is a large-
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seale descending chromatogram using a cellulose column. The detailed
instructions for its use are as follows:

Forty filter paper disks of Whatman No. 1 paper, 9 enw in diameter are
placed on top of the perforated steel plate (6). Above them are placed
twenty-five paper disks which were soaked in the solution to be separated
(e.g. amino acids) (4). Above these are stacked nine packages of filter
paper disks. The cover plate is now put in place, and the wing nuts (8)
are evenly tightened by the eriss-cross “tire” method.  The solvent distrib-
utor is now connected with a piece of rbber tubing to a two-liter flask
containing the solvent. The distributor is filled with the solvent through
the opening (1); this operation will automatically start the siphon action
from the solvent reservoir. The level of the solvent should he adjustable
by raising or lowering the reservoir.  After a 28-hour development, the
column is disassembled and the paper disks are extracted. A 92% re-
covery of amino acids has been achieved, containing 50 mg. of each com-
ponent. Flavin dinucleotide (I'DN) from pig liver has been isolated by
this method (Yagi, 1950).

2, Frurer Paper Coruvay

This column for preparative paper cliromatography conststs of a roll of
filter paper tightlv machine-wound around a central solid polyethylene
rod (Hagdahl, 1954}, The columm itself is also of polyethylene, and both

—2

Fra. 16, Diagram of “Chromatopile’” (Mitehell, 1949): 1, rubber tube conneetion
for filling siphon; 2, conneetion for siphon tube; 3, rabber gasket; 4, filter paper disks
containing sample; 3, stainless steel plates; 6, perforated stainless stee] plate; 7
filter paper disks; 8, wing nuts; 8, holts at four corners of steel plates.
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cnds consist of plastie covers which are sealed to the column with paraffin.
The solvent distributor consists of an inlet tube (connected to the solvent
reservoir as in the “chromatopile”) and the air space between the cover and
the filter paper roll. ‘The separation of mixtures proceeds by the descend-
ing flow.

Since the filter paper is so tightly wound around the central cure, the
column behaves essentially like a filter paper sheet, and exploratory experi-
ments can he conducted on strips of the same grade filter paper as is used
for the roll.  Solvents are limited to those that do not attack polyethylene,
like dilute ethanol.

It is impossible to prepare the paper roll without special machinery, so
that the column must be purchased from the manufacturers (L. K. B,
Sweden) (Fig. 16 A).

Fra. 16A. Column for preparative chromatography (Hagdahl, 1954).
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3. “Isornrerpack” (A, Fischer, 1952)

The solution to be separated is applied as a line 8 e, from the lower edge
on each of about one hundred filter paper sheets (58 em.?).  The sheets are
placed on top of each other, separated by pieces of glass slightly longer
than the paper. The ends of the glass sheets, thus protruding, are tied
with rubber bands, and the “jzolierpack” is developed as a single chromato-
gram by the ascending method, using one trough. At the end of the run
the regions are cut out and eluted (see Experimental Technique, pp. 82
83).

A lesselaborate technigue is to apply the sample on any desired number of
single sheets of Whatman No. 3 paper (Specify: for chromatography) and
t develop each sheet individually by the ascending method (Decker, 1951)
in the form of evlinders or by the descending method,  Ax nweh as 0.5 ml,
to 1.0 ml. of a solution may be applied ax a stripe without overloading the
paper.

4. CHroMaToBLock™ (von Arx, 1936)

A creular segment = cut out of the top edge of one hundred sheets of
Whatman No. 1 filter paper, leaving 25 mm. straight edge on both sides
of the segment. .\ desived volume of the solution to be separated ix applied
to each sheet on u straight line 90 mni. from the top edge.  All of the
papers are now tightly fastened on the top (o a stainless-steel press; so that
the lower parts of the papers are relatively loose.  The whole apparatus is
plaved into a chromatographic cabinet, and solvent is fed from a reservoir
until the front has reached the lower edge.

Using one sheet of Eaton and Dikeman Paper No, 320 (0.1 in. thick) and
enclosing 1t into a glass press, it ix possible to isolate mitligram quantities
from a mixture {Frierson, 1954). In order to prevent “erecping” of sol-
vent along the edges of the paper, strips of platinum foil wre fastened along
the edges of the paper curtain, The paper may be shaped to a point, and
the solvent may be wllowed to flow off the end. The elnant may be further
resolved on g fraction collector, obviating the elution progess as i the
previous methods,

Milligram quantities of sngars have heen separated on a horizontal
schromatopack,” consisting of five pieces of paper disks held together by
two thick glass plates (4 in. thick) (Gir, 1955a). The glass was provided
with 1 in. holes in the center for the insertion of a evlindrical paper wick.
Five 0.2 ml. aliquots of the solution (o he separated were applied at the cen-
ter of each disk.
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5. Conrinvous Parkr CuroMarocrariy (Solms, 1955)

This ingenious apparatus, depicted in Figure 17 consisls of a rotating
paper cylinder (2), a stationary capillary solution applicator (1), and a
circular bank of stationary collecting tubes (3). The principle of the
method is that the inert carrier (cellulose) moves at right angles to the
elution stream.

Operating Procedure. A filter paper cylinder Is serrated at the bottom
edge,  The top edge is cut every centimeter and is hung into the solvent
trough. The solvent starts flowing down the paper by capillarity.  The
evlinder and the trough are turned <lowly around their common axis by a
synchronous motor.  The mixture to be separated is applied from a capil-
lary tubing in a fixed position. The application is automatically inter-
rupted at the seam of the paper cvlinder. The fractionated sample is
collected off the drip points into twenty-cight stationary collection tubes.
About ten milligrams cach of xylose and galactose were separated in a
twenty-hour period.  LiCh and KCI have also been separated by this
method.  The apparatus will beeome commercially available (AG. fir

Fre. 17, Schematie drawing of continuous chromatography apparatus (Solms,
1955): 1, sample applicator (stationary); 2, rotating paper cylinder; 3, colleeting
tubes (stationary ).
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Chemie-Apparatebau, Méannedorf ZH, Switzerland; U. 8. Distributor:
C. A. Brinkmann & Co., N. Y.).

X, Miscellaneous Methods
1. Grabient ELtTioN ANALYSIS

Brief mention should be made of a method of chromatography employ-
ing a solvent the composition of which is varied during development of the
chromatogram (Lederer, 1953b). Ascending chromatography is used, and
the solvent at the bottom of the chromatographic jar is agitated with a
magnetic stirrer.  The chromatogram i+ placed in the tank, and a second
solvent is added dropwise with a buret mserted through a hole in the cover.
A mixture of Hg, Cd, Bi, Fe, Ni, Cu, and Co was resolved with n-hutanol
as the first solvent and concentrated HCI as the added solvent.

2, “Rear-PHAsE CHROMATOGRAPHY”

Certain chromatographic solvent mixtures split into two phases (acid,
base) during development. This may be the explanation for single com-
ponents producing two spots (“multiple spots™) n chromatograms  the
spots may represent different ionic species of the same component.  In
“rear phase chromatography” the solvent is first allowed to fow a certain
distance so that the phase houndary has reached the desired point (Pol-
lard, 1953h).  The sample is applied at this time, and the chromatography
Is continued. In this manner the solute will traverse only the slower,
single phase of the solvent,

Procedure.  Descending chromatography s modified by the introdue-
tion of two glass bars, one inch apart, on the sume side, and one inch above
the solvent trough. The paper is inserted into the solvent and ix allowed
to rest over the two bars. A penedl line is drawn on the paper somewhere
hetween the two bars.  The lid of the chromatographic cabinet is provided
with a slit directly above this peueil line.  Sinee the solvent will have to
flow off the paper, a filter paper pad s chipped to the bottom edge of the
chromatogram. The sainple is applied to the paper at the peneil mark
by inserting a capillary tubing through the <lit. This teehmigue has been
applied to the separation of thionic acids without cansing Illlllllipl(‘ spots
(see Chapter XIV).

3. Compixation CoLvymn-Disk CHROMATOGRAPHY

The difficulty of analyzing extremely dilute solutions by paper chro-
matography may be solved by a combination coliunn-disk teehnique (Krb-
ring, 1954). A celludose column is inserted through a rubber stopper indo
the lid of & varnum desiccator. The hottom of the chromatography tube
touches the center of a filter paper disk. By a preliminary sepuration of
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plant extracts, for example, on the column, the components of the mixture
have already undergone a multifold concentration. As the components
are cluted off the column, they are then further separated by circular
chromatography. The chromatograms can be evaluated by quantitative
teehniques, deseribed in Chapter 1V,

4. TrFLoN BARRIERS

If two spots are very close together on a chromatogram, it may be diffi-
cult to identify the origin of fast moving spots due to lateral movement
during solvent development. In order to confine the migration of each
spot, solvent-proofl barriers may be drawn along the length of the paper.
Teflon Resin Dispersion (E. I. DuPont, Wilmington, Delaware) is applied
as lines with a medieine dropper, bent at an angle of 45° and drawn out
into a capillary (Usdin, 1955).

The migration of a substance may also be confined by paraffin barriers
(Mori, 1951). By foreing the substunce to move through a narrow pas-
sage, the resultant chromatograms produce rectangular instead of the
ustually round spots.  The length of the rectangle has been found to be
related to concentration, in the case of auramine (see Chapter XII).

5. CENTRIFUGAL CHROMATOGRAPHY

By combining two vectars, chromatography and centrifugal accelera-
tion, it is possible to =eparate within a fow minutes a simple mixture of
dves (MeDonald, 1957).  The apparatus consists of 4 motor-driven disk-
shaped head, rotating in a horizontal plane and inclosing a circular sheet
of filter paper ov other suitable material. The head is made of two round
picees of stainless steel or Plexiglas in the shape of a shallow pie-plate.
The paper disk is held only at the center and assumes a taut position dur-
ing the operation.  The sample is spotted slightly off-center on the moist-
ened paper, and the disk is slowly set in motion.  When the desired speed
is attained (300 1,000 r.p.m.), the aqueous solvent is fed in a continuous
jot stream through an opening of the top plate near the center. The
difficulty is the even control of the solvent flow which has a tendency to
cause sputtering, thus resulting in rather diffuse bands on the chromato-
gram. This technique, with some refinements, may make possible rapid
analyses of comparatively simple mixtures of water-soluble compounds.

Experimental Technique

L. Filter Paper

“In its most elementary aspeet, there is much about the physics and
¢hemistry of paper that is cither unknown to the chromatographer ot ig-



50 PAPER CHROMATOGKAPHY
nored by him as a consequence of more urgent duties;” so writes Clegg-
Miller (1952). It is also probable that many of the abnormalities oveur-
ring in paper chromatography of ionizable substances may be explained
by the ion exchange of the H* ions of the solute with the cations of the
paper (Schute, 1953e, 19530). In many ecases it may be necessary to re-
move metal lon impurities from the paper. This is best accomplished by
washing the paper with dilute hydrochloric acid or oxalie acid, followed by
water, The papers may also be washed with dilute solution of ““Versene,”
which serves as a metal-complexer.  Washing filter paper with ether scems
to remove traces of vegetable oil, thus resulting in improved amino acid
chromatograms (Kellner, 1954). Subsequent chapters will contain sec-
tions on filter paper applicable to specifie elasses of compounds.
Generally, however, it may be stated that commereial filter paper, desig-
nated by the manifacturer for “use in chromatography” will give very
satisfactory results for qualitative paper chromatography.  Rounder
chromatographic spots are usually obtained when the first solvent develop-
ment occurs in the machine direction of the paper.  Some paper manu-
facturers indicate machine direction hy an arrow on the wrapping of the
filter paper sheets,  Other papers can be simply inspected by holding them
against a light and observing “lines” of the machine direction.

1. Croice or FILTER PaPER

A study of the suitability of various grades and types of filter paper for
the separation of amino aeids by different solvents resulted in the following
classification for the filter papers (Kowkabany, 1950):

1. Degree and clarity of separation.
. Diffuseness of spots.
. Degree of formation of stains or streaks, presumably eaused by
impurities in the paper.
4. Extent of formation of *tals,” 1Le, zones other than amino acids
giving color reactions with ninhydrin.

90N

3. Deviation from vertical development.
fi. Rate of movement of solvent front.

Rockland (1951} has tested thirteen different grades and types of paper
as to their texture, uniformity, and =olvent speed (Table 1), These paper
characteristies, however, cannot be correlated with the resolving power
of each of the papers, and it is not possible to prediet on the hasis of these
characteristies which paper is most suitable for the separation of certain
compounds. It is necessary, therefore, to try several grades of paper in
preliminary experiments before undertaking o long-runge chromatographic
study.
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TABLE I
FrLter Parer CHARACTERISTICS {(Rockranp, 1851)

Solvent speed,d

Filter paper® Texture Uniformity min.
S, & 8. 589 Blue B A 260
8. & 8. 507 A A 240
S. & 8. 589 Red B A 180
S &S 602 K &D. B A 270
W.1 B B 190
S. & 8. 602 B3 A 280
S. & 8. 576 A A 280
Munktells O C B 60
8. &8S.598 YD 3 A 100
E.&D.7 B C 120
Munktells IF D B 80
. & D. 248 D B 240
E. & D. 613 D A 180

¢ W.—Whatman filter paper; 8. & 8§ —Schleicher and Sehiill filter puper (G.8.A.); E. & D.—Eaton and
Dikeman filter paper
A, smooth; B, medium rough; C, rough; D, very rough.
€ Based on per cent transmittance over four different areas of the paper. Mean deviation: A, 0-1¢; B
1-2%,; C, more than 207,
4 Time required at 26°C. for water:phenol solvent to aseend 120 mm.

2. Moptriin Frinrer Parer

By modifying filter paper chemically, it may be possible for the paper
to become less hydrophyliie, behave like an ion exchange resin or it may
even be possible to resolve a racemic mixture of amino acids.

a. Miylation of Filter Paper. Whatman No. 1 or Schieicher and Schuell
Paper 602 ED may be partially acetylated by the following procedure
(Buras, 1953): A large sheet of filter paper 1s rolled into a cxlinder together
with a glass eloth. This is inserted into a glass cylinder filled with glacial
acetie acid and 5% acetie anhydride where it is allowed to stand at room
temperature overnight.  The solution is then replaced by 22.53% acetic
anhydride: 1.8 % perchloric acid in acetic acid (8:2 v v). The perchlorie
acid is slowly added with cooling, o that the temperature remains at
28-29°C1, After two to three hours the filter papers are removed, washed
with cold water, and rinsed with methanol.  The papers are dried at room
temperature.  The acetyl content is about 26 % by weight (dry).

For the ehromatography of hydrophobie substances (e.g. tetraacetylated
sugars; see Chapter VI, it i useful to prepare butyryl-cellulose filter paper
by the following procedure (Micheel, 1954¢): Whatman No. 1 paper is first
kept in a solution of benzenesulfonie acidiacetie acid (20:400 v/v) for
two hours, after which the papers are vemoved and dried at roonm tempera-
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ture. These pretreated papers are immersed for two hours at 21°C in a
solution of 250 ml. butyric anhydride, 1.09 ml. concentrated sulfuric acid,
and 1475 ml of petroleum ether (60-90°C.). The butyrie anhydride
should contain some butyric acid, and this is accomplished by distilling
butyric acid and acetyl chloride at 82-88°C., 14 mm./Hg. The papers
arc washed with pefroleum ether and dried at 70°C. in a fresh air draft.
They are then washed with methanol and water and dried at 110°C. for
ten minutes.

b. fon Exchange Paper. The chemical modifieation of filter paper, such
as the introduction of carboxyl, sulfonic acid, phosphate, and amine groups
has found application in the separation of dicarboxylic acids (Lautsch,
1953, Kember, 1955). The introduction of these groups converts the
cellulose to cation or anion exchange material.  One per eent-varboxylated
paper has been used to separate the basic amino acids, using 0.05 .V sodiun
phosphate buffer, pH 7 (Strile, 1935).

Another type of ion exchange paper is made by impregnating filter paper
withion exchangeresin (e.g. Dowex 50) (Lederer, 1956a).  Whatman No. 1
is drawn through a water suspension of 500 g. of volloidul aggregate Dowex
50, previously treated with 6 N HCl.  The paper is quickly blotted be-
tween two other sheets of Whatman No. 1 filter paper and dried overnight.
The paper is examined for irregularities. Ton exchange paper has been
useful in the separation of inorganic anions, like Ne();  and TeO,~ -1

¢. Miscellaneous Impregnated Papers. A Whatman No. 1 filter paper
strip is divided alternately into buffered and untreated zones,  The buffered
zones range from pH 4.2 to 6.4, These bulfered zones are brushed on or
rolled on with glass rods, using double strength Mellvaine's buffer solu-
tions. This technique has been helpful in the identification of alkaloids
(Schmall, 1956 (see Chapter XID. By impregnating the paper with
D-10-camphorsutfonic acid, it = possible 1o resolve a racemic mixture of
an amino acid (0. L-aminophenylacetie aeidy (Berlingozzi, 19510,

II. Preparation of Sample
No attempt is made in this seetion 1o give o generalized experimental
procedure for the preparation of w sample prior 1o separation by ehro-
matography. These procedures will be found in later chiapters dealing
with specific elasses of compounds,

1. DESALTING OF Sampris
The most common interfering factor in the chromatography of sugars
(Westall, 1948) and umino acids has heen found to he the high inorganic

" Whatman papers have been incorporated with ion exchange resin, and the fol
lowing papers may be obtained from H. Reeve Angel & Co. for experimental evalu
ation: TR-120, TRC-530, IRA- 100, and 1R 4B,
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salt concentration of the sample.  Common cations, e.g., AltHFet Agt,
and Cutt, abolish the ninhydrin color of alanine when the cation concen-
tration is 107% mole per 10 mg. of alanine. The addition of Versene re-
verses this effeet (Meyer, 1953).

Another method to reduce the cation concentration is to “desalt” the
sample prior to chromatography. This may be accomplished by ion ex-
change treatment (see Chapter V) or by the use of an elecirolytic desalter
(Research Specialties Co., Oakland, California). Ninety per cent of all
the inorganic salts of a water-soluble tissue fraction are removed during
10 minutes of desalting at 40-50 volts (Katz, 1951) (sce Chapter V).

An improved version of the original apparatus by Consden, Gordon, and
Martin (1947) operates on the principle that cations are discharged at a
mercury cathode, becoming amalgamated. The amalgam decomposes
when coming into contact with water. The chloride ions are discharged
as chlorine gas.  Whereas in the Martin and RECO apparatus the solution
flouts on top of the mercury cathode, in this modified desalter the mercury
passes through the solution by constant dripping, thus furnishing a fresh
mercuty surface and also helping to cool the solution (Astrup, 1951).  Fur-
ther modifications of this electrolytic desalter utilize a Viscose bottle seal
as semipermeable membrane,  Volumes ranging from 0.5 ml. (o 3.0 mi,
of the solutions may be treated (Stevens, 1956).

A microdesalter has been designed by Zweig (1957) for the qualitative
chromatography of amino acid mixtures having a high salt content. 'The
essential parts are shown in the photograph (Figure 18).  The novel feature
of this apparatus is that the sample 1s first spotted on the paper and is then
desalted; a treatment which only requires about two minutes per sample.
After ahout twenty-fve to fifty microliters of the sample have been spotted
on the filer paper, the paper (G), while the spot 1s still damp, is placed
undereath the anode (A), taken from a RECO desalter. A slow stream
of 19 sulfurie acid trickles through the anode during the operation. The
stopeock () 15 now turned, which causes the mercury in the thistle tube
(B) to spill into the plastic dish (13}, while at the same time closing the
vireuit from a direct-current power supply.  While the current is kept at
a maximum of 40 ma., the voltage is slowly raised manually to 30 volts, and
is kept there until the current has dropped to less than 10 ma. About
99% ol the salt has been removed in less than two minutes, as demon-
strated with the nse of NaaS¥(0y . Since there results some loss of the
more highly ionized amino acids (especially eysteie acid), the apparatus
may only he recommended for routine qualitative chromatography of bio-
logical samples, ¢.g. body fluids, plant sap.

A small eleetrodialyzer niilizes ion exchange membranes and only causes
a loss of 16 % organic material in a two-hour run while removing all of the
inorganie ions (Wood, 1936).
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Fie. 1%, Microdesulter for gquaditative paper chromatography of aming acids
(parts explained in text) (Zweig, 19570

2. ULTRAFILTRATION

For the analysis of small organic molecules in blood plasma it is essential
to remove the proteins.  Chemieal precipitation of the proteins with
tungstate or trichloroacetic acid causes severe mterference in paper chro-
matography. Heat-coagulation may destroy or alter some organie com-
pounds. A method of ultrafiltration by eentrifugation may he recom-
mended as the preferred method for the preparation of protenr-free plasma
filtrate for chromatography (Toribara, 1953). Three milliliters of plasma
are introduced into a knotted strip of Visking Nojax Casing (size 2ty,).
The open end is also knotted after the bag is collapsed, the two ends are
fastened together with a rubber band, and the bag is carefully pushed down
into the apparatus (Fig. 19). The bag rests on the stntered glass separator
which protects the bag from breakage during the cemtrifugation. N side
arm is used for flushing out the tube before it s centrifuged and for the
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removal of the protein-free filtrate afterwards. At least 0.5 ml. of ultra-
filtrate may be collected when centrifuging for three hours at 2,000 r.p.m.
The tube and adapter are available commercially (Will Corp.).

III. Application of Sample (Spotting)

Probably the most important single factor for successful paper chro-
matography is the proper application of the sample onto the filter paper.
The original spot must be small (3 mm. diameter), and for quantitative
work the spot size and the deposited volume must be absolutely uniform.
It is no wonder, therefore, that with these aims in mind a variety of devices
have been developed for “spotting” samples.

I, MICROPIPETTES

Self-filling micropipettes arve available in sizes ranging from 1 to 10 micro-
liters (1 wl. = 1IN = 0.001 ml.), The sample is immersed in the solution
to be chromatographed, and it is filled to the mark by capillarity. The
tip 1s then lightly touched to the mark on the paper onto which it empties
with an even flow.  In order to keep the spot size to a minimum diameter,
the solution may be dried as it flows on the paper either with an infra-red
lamp or a hair dryer. The operator can easily manipulate the pipette in
one hand and the dryer in the other (Fig. 20).  The filter paper may rest
on a clean glass plate, and there is very little loss of material, because any
solution which reaches the glass is immediately reabsorbed on the underside
of the paper.

These pipeties may be cleaned with hot soap water, distilled water, and
acetone, in this sequence.

Fra. {0, Ultra filtration apparatus (Toribara, 1953).



56 PAPER CHROMATOGRAPHY

Fia. 20. Application of xample; self -filling pipette.

In ascending chromatography, the spots are wsually placed about 23
cm. from the lower edge of the paper, 2-2.5 em. apart from each other,
The positions are indicated by weak peneil marks. X simple deviee for
marking 4 large number of sheets is as follows:

A strip of sheet aluminum is marked with raised points,) 2-2.5 en. apart,
with the point of a nail. The lower edge (13”) is bent slightly back to
form a small ledge.  The chromatogram is then placed between two sheets
of filter paper and fitted into the aluminum template. X quick movement
of the thumb across the protective paper will thus mark the chromatogram
conveniently., It is advisable to place the initial spot as close to the solvent
surface as possible, as the B, decreases with the increase of that distanee
(Kowkabany, 1952).

When more than one chromatogram is run simultaneously, the filter
papers are placed on clean glass plates, one over the other in echelon, each
separated by a glass plate. It is important to hold the papers flat on the
glass plates. This is accomplished by placing the covering plate about
1 em. ahbove the point where the spot will be applied,  Spotting platforms
made from wood with removable glass plates (1 inch wide) and flush with
the surface of the platform have also been used. This technique is more
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convenient than the former, sinee hetween runs only the thin glass plates
instead of the larger plates of glass have to he cleaned.

For hest results not more than 3 gl. of solution should be applied at one
time. If more than this quantity is desired, other aliquots are applied
on top of the initial spot.  The spots are dried after each application with
an infrared lamp or the warm air blast from a hair dryer. If the applied
spot is too large, initially, the shape of the spots on the developed chro-
matogram becomes diffuse and indefinite.

When applying as much as 25 to 50 microliters of a solution, it 1s recom-
mended to use Kirk transfer-type pipettes.  The flow of liquid from this
pipette is controlled with a micro syringe equipped with a screw control
(Fig. 21). By a careful turn of the thumbserew as little as 1 pl. of solution
an he delivered by this method.

Fre. 21, Application of sample; Iirk-transfer 1ype pipette.
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2. MiscELLANEOUS TECHNIQUES

Livingston (1953) states that a principal factor i obtaining reproduc-
ible results in paper chromatography from day to day and by different
operators is the placing of the micropipette at right angles to the paper.
This is not always possible as is shown by the technique depicted in Figure
21. A parallelogram arm pipette holder was developed to eliminate the
personal error iy paper chromatography. (Blue prints for this apparatus
may be obtained from Dr. . Livingston, Chemistry Department, Colorado
State College of Agricultural and Mechanieal Arts, Fort Collins, Colorado.)

The problem of applying sufficient amounts of dilute solutions has heen
solved in various ways:

a. The paper strips are stretched horizontally above a hot plate, and
both ends of the strips are weighed down by window display hooks or
clothes pins (Urbach, 1949).

b. The sample may be applied directly on the paper as w streak (Slotta,
1952) or the total sample is first absorbed on a small strip or disk of filter
paper which is then fastened to a larger paper sheet (von Buler, 1952;
Clark, 1954).

¢. The size of the spot application may be limited by depositing o small
drop of a nixture of 52.5% hexachloroethane and 17.5% naphthalene
with a fire-polished end of a glass tube. The sample is =potted, and the
ring of hexachloroethane-naphthalene is removed by sublimation at 50°C.
(Ultee, 1952).  Similarly, the spot <ize may he confined by a one en? par-
affin boundary which is formed by tourhing the paper with the edge of «
hot mierascope slide dipped into paraftin, - Ax large a volume as 500 micro-
liters may be deposited within this area.  Prior to solvent development
longitudinal razor blade cuts are made through the paraflin dikes to per-
mit the free flow of solvent (Wiegand, 1956).

d. A glass device has been made by which warm air is eireulated on the
top and hottom of the paper near the point of appheation while using a
conventional micropipette for spotting (van Gulick, 1954).

¢. An automatic pipetter has heen designed, which utilizes a svnehro-
nous motor {2 r.p.m.) whose shaft is connected to the piston of @ microm-
eter head which in turn actuates a small syeinge (Figure 22) (Levenbook,
1957). The pipetter may be adjusted 10 deliver a definite volume of
liguid by means of a simple disengaging mechanism (D, K, F) G Fig. 22).

- Modified paper electrophoresis has heen applied 1o the problem of
spotting & very dilute solution of one metal cation in the presence of much
higher concentrations of another metal jon (de Vres, 1935). This is ac-
complished by immersing the lower end of a paper strip near the point of
application in the solution to be analvzed.  This solution also serves as
the anode, using a platinum electrode.  Another platinum wire is inserted
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through the paper at the point of application and serves as the cathode.
By applying about one hundred volts de for several minutes, a compact
circular area containing bhoth ions will form around the cathode by elec-
trophoretic migration.

IV. Solvent Development
[. C'HOICE OF SOLVENT

As has been discussed previously, most developing solvents in partition
chromatography are two-phase systems or mixtures of miscible organic
solvents.  The chemical nature of the solutes to be chromatographed
usually suggests the class of solvents or mixtures to be used. (In each
subsequent chapter a list of solvents and their preparation are given.)

The choice of a suitable developing solvent may be governed partly by
the observation that slower moving solvents produce rounder and less

INCHES

Fra 92, Diagram of autamatic pipette (Levenbook, 195714, synehronous motor;

13, brass plate; (. thumb serews D, brass sleeve; E, slot; FLoping G, shaft; H. brass

support rad; I, micrometer ratehet stop; J, syringe.
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TABLE 11
Cuoick oF FiLTer PAPER roRr a GiveN SOLVENT

Filter paper®

Solvent (Arranged in descending order of excellence)
Collidine W. 3,8 &S. 595, W. 4, W, 1
Phenol W.3,8. & 8505, W. 1, W. 4
1-Butanol 8. & 8. 589 Black Ribbon, 595, 598, W. 3
2-Butanol:formic acid W.3,1,2,8. &S.602
2-Butanol:ammonia 8. & 8. 589, Blue, Red, White Ribbon, W. |

¢ W.—Whntman filter paper; 8. & 8.—Schleicher and Schiill filter prper; B. & 1.-—Eston and Dikeman
filter paper.

diffuse spots (Kowkabany, 1932).  The rate of movement of the solvent
1s governed, among other propertics, by its viscosity, surface tension, and
density. It is also observed that the R increases by raising the water
content of a miscible pair of solvents, e.g., collidine:lutidine. This £,
inerease is also true for the component, which is most soluble in the mobile
phase. The choice of solvent may also be governed by the grade of filter
paper used for chromatography (see Tuble 11).

2. EFFEcTs OF TEMPERATURE AND SATURATION

It is preferable to run a chromatographic separation at constant tem-
peratures.  Elaborate thermal control does not improve the resolution,
and it is sufficient, for example, to wrap an clectric blanket with thermo-
static control around the chromatograph chamber if higher temperatures
are desired. It is preferable in reporting £, values to specity the temper-
ature at which the experiments have been condueted. A change in tem-
perature from one run to another will change the R, value inasmuch as
the partition coefficient in the system is changed.

The atmosphere of the chamber must be saturated with respect 1o the
solvent or solvent mixtures, It is usually suflicient (o place @ small vessel
containing the solvent to be used at the hotton of the chamber 24 hours
prior to the experiment.  Another technique to saturate the atmosphere
ix to line the walls of the chamber with filter puper extending the height of
the chamber and to immer=e thi< paper into solvent covering the hottom of
the chamber (McFarren, 19514).

In most reports, the paper actually is not truly saturated with respect
to the volatile portion of the solvent (Miiller, 1952). By elromatograph-
ing standard und unknown solutions on the same sheet or i the same tank,
however, any variations of temperature and saturation are canceled ont.
To minimize the formation of an uneven solvent front, the following rules
have heen suggested by Miinz (1954): ¢) Use Whatman papers. b) Use
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solvent-saturated papers on the walls of the cabinet. ¢) Use a well-insu-
lated tank. d) Control temperature closcly. ¢) Keep chromatographic
cabinets on an unheated floor in a room with a minimum of window space.
Rule (a) certainly seems too exelusive, although there seems to be less
disagreement on the other points,

3. EFrecT oF CHAMBER SIZE

A study has been made to show how the chamber size affects the R
values of amino acids (Clayton, 1956). Some of these observations may
be just as well applicable to other classes of compounds. A eritical sol-
vent volume has been found which is dependent on the size of the chro-
matographic cabinet.  For example, a 37 liter cabinet had a critical solvent
volume of 375 ml.  Above the critical solvent volume the B, values are
at a minimum, even when the solvent volume is increased. Below the
critical solvent volume the R, values are at a maximum. It Is, therefore
recommended to stay above the critical solvent volume for constant Ry
values, No significant change in R, values was noted with or without
pre-equilibration time with the solvent system that was used in this study,
n-hutanol, acetic acid, and water.

An explanation has been advanced for these observations. Below the
maximum critical solvent volume unequal vaporization oceurs, the solvent
becomes rvicher i water, and, hence, the 2, values of the water-soluble
amino acids, tend to increase.

V. Detection of Spots

The procedure for detecting the spots ou the chromatogram after sol-
vent development ix as important as the actual chromatography. The
simplest method 15 the detection by a suitable color reaction,  If no such
color reaction is applicable, the spots may be revealed by fluorescence or
absorption in the ultraviolet range. Tt is also possible to detect radio-
active or “tagged’” compounds by autoradiography and biologically active
compounds by bivantographie methods.

1. DRYING OF CHROMATOGRAM

[t is necessary that the chromatogram is dried thoroughly to remove
all of the =olvent prior to color development.  When phenol is used as a
solvent, it is recommended to dry the chromatogram at room {emperature
in order to prevent decomposition of some compounds, like glutathione,
for example.  For the detection of organic acids by indicator dves, the
chromatagrams are usually treated with steam to remove any acid com-
ponent of the solvent by steam-distillation (see Chapt. VIT, Section II).
Drying the chromatograms at elevated temperatures may be accomplished
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Fro. 23, RECO Chromatographie oven.

in a hood with the aid of a fan-type electrie heater.  For faster solvent
evaporation an electrie, forced-air oven is recommended.  Several com-
mercial chromatographic ovens (Research Specialties Co, and Seientific
Fabrications Co.} with explosion-proof safety deviees are available.  These
ovens are large enough to handle up to 10 paper sheets, 181 X 221, inchex
(Figs. 23 and 24).

A simple home-made oven from a cookie tin box is deseribed as follows
(Proom, 1951): The box (9-inch cube) is fitted with a 60-watt electrie
lamp inside the box.  The filter paper is suspended from o rod, and the
solvent vapors are removed by attaching an outlet to a water aspirator.

2. Coror DEVELOPMENT 0N CHROMATOGRAM
The choice of color reactions is given i subsequent ehapters for each

class of compounds.  If the research worker is confronted with a com-
pound or class of compounds not heretofore investigated by paper chro-
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CUTAWAY REAR VIEW

EXHAUST : HEATING

ADJUSTABLE ADJUSTABLE AIR ELEMENTS
AIR INTAKE VELOCITY CONTROL  JUNCTION BOX

Pra, 24, RECO Chromatographic oven (rear view).

nuatography, he may use Feigl's »Spot Tests” (1956).  Many of the spot
tests can be ensily adapted to spraying or dipping technicues.

a. Dipping. Dipping of chromatograms s recommended for smaller
size sheets and disks. It s necessary, of course, to choose a solvent for
the color reagent in which the substances to be detected are msoluble.
Several advantages for the dipping of amine acid chromatograms in an
acetone solution instead of spraying are as follows (L Smith, 1933):

1. Amino aeids are insoluble In acetone and do not spread.

2. There is no offensive smell (e.g., n-butanol).

3. 1t s eeonomieal.

4. It conserves space.
A tray for dipping chromatograms consists of a free-rolling glass rod fitted
loosely into glass sleeves which are sealed to the ends of a glass trough.
The dried chromatogran is slipped under the roller tube and is drawn
quickly through the reagent solution (Morris, 1956).
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A multiple dipping procedure for the amino acids utilizes three to four
successive color reagents: ninhydrin or isatin, Ebrlich reagent (dimethyl-
aminobenzaldehyde), Sakaguchi or diazo reagents (Jepson, 1956) (see
Chapters [V and V for details). The spots should be marked in peneil
after each reagent. In this manner most of the amino acids may be iden-
tified on the same chromatogram by their position and characteristic eolor
reactions.

A polychromie dipping reagent (isatin, zine acetate) has been used for
the quantitative analysis of amino acids (Barrollier, 1956). Different
colored spots are produced for various concentration levels of a single
amino acid. The spots are compared with a color chart, and gocd semi-
quantitative estimations may be made by simple inspection (details in
Chapters IV and V).

b. Spraying. For the spraying of chromatograms, a glass atomizer may
he made with only moderate skill in glass blowing (Wingo, 1953) (Fig. 25).
A bulb, A, is blown on one end of a piece of 3-mm. borosilicate glass tub-
ing. The tubing is cut 1.5 inches below the bulb, and the end 1s fire-
polished. The bulb is sealed intoa piece of 9-mm. tubing and a hulge, €
is blown in the larger tube just below the ring seal.  While the tube 1s
still plastie, the tubing is manipulated so that the inner and outer tubings
are concentrie; the assembly is allowed to cool, and the outer tube is con-
stricted, D, leaving a clearance of about 1 nim. between the wner and
outer tubes. A side arm for the air hose, £, of 7-mm. tubing 15 now at-

(a == 8
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Fro. 25, Diagram for the construction of an wll-glass atomizer (Wingo, 1953).
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tached, and a 5-mm. hole is blown in the bulb, F.  The liquid feed tube
@, is prepared from 2-mm. capillary tubing, and sealed to F as shown.
Finally a control hole, I, 5 mm. in diameter, is blown in the top of the
bulge; the outer tube is cut off and polished to be flush with the inner tube.
The atomizer is attached by fixing the fluid feed tube in a two-hole rubber
stopper so that the tube reaches nearly to the hottom of a 250-ml. Frlen-
myer Flask. An all-glass atomizer may he easily constructed from a 250
ml. reagent bottle (Ortegren, 1951). De Vilbiss atomizers are satisfactory
if the spray solution is not metal-corrosive (e.g. some spray reagents con-
tain perchloric acid). Commercial all-glass spray bottles of various sizes
are available; the 250 ml. RECOQ indicator spray botlle is recommended
for most spraying. A ninhydrin-acrosol spray for amino acid chromato-
grams has also beeun developed.  This atomizer does not require a source of
compressed air and may be useful for portable applications (Zweig, 1956).

Chromatograms are sprayed in a chemical hood by hanging the papers
on a suitable rack by means of chromatographic stainless-steel elips, The
atomizer is held at a distance twelve to fifteen inches from the paper and
is moved in a slow but even, left-to-right movement, starting at the top
of the paper and working downwards. Care must be exercised not to
overload the paper with spraying reagent since the spots tend to diffuse
and migrate, especially when aqueous reagents are employed.

A spray box has heen made from a metal box fitted to an exhaust fan
with an adjustable diaphragm (von Arx, 1956; see Fig. 25A). On the

60 cm
S0 cm

L

— 50 cm

Fra. 254, Spraying chamber (von Arx, 1956); 1, metal eabinet; 2, adjustable dia-
phragm; 3, frame with wire sereen; 4, chronutograms.
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front of the hox is a removable wire sereen on which the chromatogram
1s held by the suction of the fan.  Any excess spraying reagent is removed
through the exhaust.  The back of the box is painted white, or it may be
equipped with illuminated frosted glass,

The spots of a chromatogran may be detected by laying the dried chro-
matogram next to a wet sheet soaked with the color reagent (Bowden,
1954). The technique has been upplied to the detection of thyroxine and
related substances (see Chapter V).

A detection method of “differential charring” may have limited applica-
tions for substances for which no suitable sprayving reagent is available
(Caldwell, 1935). The chromatogram, which must be developed with a
solvent that is completely volatile, 1z heated over a hot plate until the
paper gradually begins to darken.  Regions in which substances are pres-
ent tend to darken more rapidly than the rest of the paper, so that the
spots appear as brown-black on a light brown background.

3. ULTRAVIOLET ABSORPTION AND FLUORESCENCE SCREENS

A number of compounds are detected by ultraviolet absorption and
fluorescence (e.g., vitamins .\ and E, purines, pyvrimidines; flavonoids,
steroids).  These spot= may be deteeted by visual observation with ultra-
violet illumination, by contact photographs with the aid of selective filters,
or by scanning procedures tsee Bection VI helow).  The Chromatolite
(Hanovia, Ltd., Slough, Buecks, Englandy or G150 Bacterieidal Lanps
are good ultraviolet light =ources,

A method for the fluorescent visualization of barbiturie acid and de-
tivatives ix deseribed (Grieg, 19521 The chromatogram in firm contact
with a fluorescent sereen s placed in front of an ultraviolet light sourer;
the puper faces the hight. A low-pressare mereury lamp with a 253374
filter ix used.  Barbiturates spraved with 0.5 N NaOIl <how up u= black
spots on the fluorescent sereen.

Anultraviolet seanner camera consists of a hght-tight hox eontaining a
Ia-watt ultraviolet germieidal lamp with an adjustable shutter (Fig. 26
(Drake, 1056). .\ trausmission filter (Cornmg 9863 is placed on top
of the shutter, and the chromatogran ix placed on top of the filter.  Next
comes a fluorescent sereen which is made by depositing Dulont zine sili-

cate phosphor 609 on a plate of glass with polyvinyl aleohol (Dulont
Elvanol 71-24).

Operating Procedure. The chromatogram is pluced on top of the filter
in a darkened room, and any altraviolet-absorbing substanees appear as
dark sputs on a fluorescent sereen. For a photographic record; the fluo-
rescent sereen is replaced by Kodagraph contact paper, and the exposure
time is two to four seconds. The spots apprar us white on black back-
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Fia. 26, Labline Fluoroscopie Papergram Scanner (Drake, 19365,

ground in the print. This camera is commereially available (Labline,
i, Chicago 22, Hhnois).

An alternate fluorescent sereen is made from zine orthosilicate (Westing-
house Eleetrie Co., Lamp Division) (Feigelson, 1936).  The phosphor is
spread as a thin layver on a sheet of filter paper, and the screen may e
preserved by enclosing it with a polyvethylene envelope.

Comments.  Attempts to use infrared spectrophotometry o deteet sub-
stances direetly on paper have not been found suitable, because the quan-
fities necessary for successtul deteetion by thix method have been of the
order of milligrams (Kalkwart, 1956).  However, when an anknown nin-
hydrin-positive spot wax eluted off the paper, and a potassium bromide
pellet was pressed, a satizfaetory mirared specteum could be obtained and
tentative wlentitication was made (Toribara, 1954,

Lo Hcn-Freguexey axp CoNbUCTOMETRIC PAPYROGRAPHY

The chromatogriun is seanned between the plates of a condenser in a
tuned-grid-type high-frequency vireuit. Large changes in the grid cur-
rent due to resolved eations are observed and recorded (Hashimoto, 1953q,
Ochme, 1956, 1t is important that the developing =olvent be completely
removed prior (o seanning. Tt s adso necessary that filter paper with a
small baekground noise be used. This method has heen applied to the
deteetion of Phi*tand Ag! after chromatography.

The air-dried chromatogram is passed between two steel rolls at a po-



68 PAPER CHROMATOGRAPHY

tential difference of from 4 to 80 volts, The changes in resistance are
read on a galvanometer (coil resistance, 450 ohms). 1De Vries (1954) has
used this procedure to identify Na*, K+ and Lit after separation of the
chlorides with amyl] alcohol:methanol = 3:7 v/v.

An impedance method for zone localization has been developed by
Blake (1953, 1956a, 1956b). The prineiple of this method is the measure-
ment of the variation of rectified radio-frequency, caused hy changes in
solution concentration. The method uses electrodes which come in direct
contact with the paper which is sufficiently hydroscopic to be conduetive.
The electrodes are separated from the solid conductive substance (paper)
by a piece of glass or other dielectric through which displacement currents
operate. The separation of 1 M solutions of KCl and CuCly could be
followed by this technique.

If these detection techniques can be refined so that they become suffi-
ciently sensitive to detect 1onized and unionized substances of chromato-
graphic concentrations, they will answer a great need for a “universal
detector.”

5. PovarocrapHIc Seansixag (Langer, 19506)

Substances which can be analyzed polarographically have been detected
on chromatograms by a new technique. A strip chromatogram of metal
cations 1s supported on a porous porcelain tube which is rotated by a syn-
chronous motor at slow speeds.  As the porous tube rotates, it is moistened
with potassium chloride solution from a saturated calomel half-cell, The
paper strip is stowly passed under an amalgamated gold wire which serves
as the polarizable electrode.  The whole unit iz enclosed in a plastic ¢on-
tainer which can be flushed out with nitrogen.  The polarizing potential
of the wire clectrode 1s — 1.6 to —1.8 V, and the voltage 1s recorded on a
Sargent XXI recording polarograph.

6. MicroBioLoGicaL axp Exzvaarie MerHons

Antibloties separated by paper chromatography may be detected by
zones of mhibition of growth produced when the paper strip is laid on a
suitable assay plate (see Chapter XIIT). When dealing with proteolytic
enzymes, an exposed photographic film may be substituted for the assay
plate (see Chapter V).

VI. Radioisotope Techniques
1. AUTORADIGGRAPHY

The technique of autoradiography (or radio-autography; for semanties
see Tauxe, 1934; Joftes, 1936) has heen widely used sinee radioactive
tracers became generally available.  With the aid of C*) antoradiography
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has advanced greatly the fields of photosynthesis and intermediate metah-
olism. Space docs not permit the desceription of the many experimental
details involved in the handling of radioisotopic materials but is confined
merely to the description of the detection of radioactive “tagged’” com-
pounds after their separation hy paper chromatography. (See Aronoff,
1056, for a detailed description of radioisotopic techniques.) The first
experiments involving autoradiography were reported by Fink (1949) and
Calvin (1949).  An alcohol extract and protein hydrolyzates of the alga
Chlorella, which had been photosynthesizing in the presence of C*0s,
were analyzed by paper chromatography. The resolved substances were
deteeted by exposing the chromatogram to X-ray film, and the resultant
picture was called autoradiogram.

Faperimental Procedure.  'The developed and dried chromatogram, con-
taining “tagged” substances is first marked with a stamped number, con-
taining some radioactivity. A few drops of a weak heta-emitter (e.g.
H,8%0),), containing several microcuries, are added to the stamp pad and
spread thoroughly over a marked area.  This number serves as an iden-
tification of a particular chromatogram as well as a marker when the auto-
radiogram is superimposed on the color-developed chromatogram.

The c¢hromatogram is loaded in the dark room equipped with a safe
light (vellow filter) by placing it face-down against an X-ray film keeping
both film and paper in the protective cover [urnished with each film. Tt
is recommended to use Ansco No-Sereen film or Dulont Type 507, single-
side emulsion.  The latter film cconomizes the fixing bath, hut care must
e taken to place the chromatogram against the emulsion side (concave).
The film and echromatogram are next placed mside a cardboard X-ray
holder.  These lolders may he stored by distributing an even weight on
tup. A special press has been found helpful when two or three holders
have to be stored for long periods of time (Lotz, 1952) (Fig. 27).

PLYWOOD

RUBBER

Fra, 27, Uress for antoradiography (Lotz, 1952).
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Fia. 25, Autoradiogram of 8% water-<oluble vompounds of Chinrella p. 1 Zweig,
1954).

The press consists of two 3 g-inch pieces of plywood, padded with foam
rabber 1ineh thick, and is tightened with four bolts and wing nuts passing
through the wood and the rubber (Fig. 27) at the corners.  After an ex-
posure of 1-7 days (depending on the activity of the sample), the filn is
developed with X-ray developer, using standard darkroom procedures.
Darkened spots on the film indicate the presence of *“tagged” compounds
(Fig. 28).  For short exposure times or low radioactivity the optical den-
sity of the autoradiographic spots may be enhaneed about five-fold by
using Dulont X-Ray Film Intensifier.  The black spots on the filmy appear
now as dark blue spots and may be viewed to the best advantage on an
illuminated surface with a red filter.  Caution should be exercised in the
interpretation of the results, as some spots may be of chemographie origin.

In order to identify the spots corresponding to the blackened areas on
the autoradiogram, the following procedures may be tried (Katz, 1951):
Spots on the chromatogram are cut out, eluted with suitable solvents, and
rechromatographed anidimensionally in several solvents in the presence of
added carrier (nonradioactive compound). Coineidence of area of radio-
activity on the radiogram and the arex defected by color reagents may be
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considered as proof of identity. By a similar technique, “tagged” refer-
ence compounds may be substituted for the added carrier. A greater
blackening of the arcas on the autoradiogram is tuken as tentative identi-
fication.

2. RavroacTive Scaxying TECHNIQUES

One-dimensional strips containing radioactive compounds may be
seanned with a Geiger tube using various designs of movable stages, some
of which are deseribed below. By attaching a recorder to the rate meter,
“distance-versus-counting rate” curves may be obtained, which can be
compared directly with the chromatogram.

A simple strip scanner has heen deseribed by Frierson (1931): The chro-
matogram is attached to the strip chart of a recording Brown potenti-
ometer. As the chart feeds, the chromatogram is brought under a slit
arrangement (from the mechanical stage of a microscope) and a Geiger
counter.  The pulses from the counter are fed to a counting rate meter
in which the rate meter is veplaced by a 10-ohm resistor.  The potential
drop across the resistor s proportional to the counting rate and is recorded
by the Brown instrument. A similar arrangement may be made by at-
taching a Geiger-Miiller tube to an automatic densitometer (ITofmann-
Credner, 1933).

Another scanning deviee has been adapted from the paper strip drive of
a commercial densitometer (Photovolt) (Cohn, 1933). The Plexiglass
channel of the paper drive is set into the absorber or saniple-slide slot of
a Tracerlab G.-M. lead shield (Figs. 29 and 30).  The paper is pulled
through the channel by a rubber wheel attached (o a synehronous clock

.~ Slit ;
\' 2X1 78
! r=——> ~Leod Absorber

Note
%" Plexiglos Stock

Fra. 20, Channel for automatie paper strip seanuer of radiograms (Cohn, 1955).
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Fia. 30, Automatic puper =trip scanner for rudiograms (Cohn, 1933).

motor (Haydan Co., Torrington, Connecticut). By selecting the appro-
priate size wheel, one mayv =ynchronize the scanning speed with the re-
corder chart speed.  An adjustable opening through a lead shield is pro-
vided on the top surface of the channel (Fig. 295, For continuous scanning,
the strip chromatograms are spliced together with Seoteh tape, and each
chromatogram may be indexed by spotting a radioactive dye spot ahead
of each solvent front. A paper-feed reel and a weight-powered take-up
reel may be used to wind up the consecutive strips (see Fig, 30,

For greater sensitivity, especially for scanning weak beta emitters, the
end window of the counting tube mayv be constructed of Dulont Mylar
(0.25 mil. thickness) (Fuller, 1956). .\ mixture of 90% argon and 10%
methane is kept flowing through the tube as quenching gas. Other gas-
flow counters have heen designed by Demorest (1934), Roberts (1956),
and Bangham (1956). The lust design is a collimated windowless counter
(Fig. 31}, An effective gas seal is achieved by the paper strip itself rest-
ing on a sponge rubber pad. A commereial gax-flow chromatograph sean-
ner features an exchangeable window in case of contamination (Forro
Scientific Cn.) (see Fig, 31 X).

Several atterpts to scan two-dimensional radiograms suffer from the
necessarily cumbersome arrangement of seanning the paper from left o
right, counting each square centimeter for one minute (Piper, 1956; Wingo,
1954).  Thus one chromatogram takes twenty-seven hours to be seanned,
a time period long cnough for autoradiography,  Wingo's arrangement
consists of a eylinder around which the chromatogram is wound.  The
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Fro. 310 Windowless Geiger connter for scanning chromatograms (Bangham, 1956).

evlinder rotates slowly and moves in a linear direction by a threading
mechanixm past the Geiger tube. A recording pen translates the signal
from the deteetor into a pattern which resembles an autoradiogram.

3. Irorore INpiearonrs

Amino acids after chromatography may be treated on the paper with
p-P*phenylsalfonylehloride, thus forming I® derivatives (“pipsyl deriva-
tives”) which can be loeated by the methods deseribed above (Keston,
7Y, The amino acid ehromatogram may also be exposed to CH;I¥,
resulting i the liberation of L0 in the amino acid zones owing to meth-
viation (Winteringham, 19320, 1952¢).

Deteetion of trace metals by the use of Has% is performed in the follow-
ing nanner (van Erkelens, 1933): After chromatography, the dried papers
ave exposed to annwonia for 1y hour. They are then placed in a glass
bell jar, containing 2 ml. of conventrated NILO, 0.2 mi. of hydrazine
hvdreate, and 3 mg. of Zn¥# The jar is fushed out with nitrogen.  Two-
tenths ml. of water and 0.2 ml. of concentrated 120y are added to the
7o and the apparatus is placed o the dark. AMter 10 minutes the
excess [ is removed by flushing the jar with a stream of nitrogen and
passing the vapors (hrough zine acetate.  After the radioactive areas are
located, the spots are eut out, and washed with 0.1V HCL 1% Na citrate
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Fig, 31N, Automatic radioshromatogram scanner (Forea Seientifie (o).

and water, The paper is then ashed ar 100°C. and the residue is counted
in the usual manner. Mo, Zn, Mn, Cu, and Fe may be analyzed hy this
method. A similar principle is emploved for the ([lmutiuni\';’ (I('l('rlminu-
tion of sugars by the use of Mg Claarma, 19515, The chramatograms of
reducing sugars are dipped into Ag""NOzacetone solution (Trevelyan,
1950).  The papers are dried at voom temperature and e sprayed with
aleoholic 13 X NaOH.  After a definite “development time,” the strip is
immersed in 6 N NHOH, washed in running water, air-dried and the
elemental Ag"" is counted.
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4. NEUTRON ACTIVATION

The finished chromatogram is placed in an atomie pile where it under-
goes neutron hombardment.  The carbon, hydrogen, and oxygen of the
paper itself do not possess significant neutron activation and, therefore,
do not cause a scrious hackground problem. 7This method has been sue-
cessfully applied to bromine analogues of DDT derivatlives where the
reaction is Br' (n, v) Br® (Winteringham, 1952¢). Nucleic acid deriva-
tives have heen detected hy this method, scanning the chromatogram one
week after irradiation and using an aluminum sereen in front of the Geiger
tube.  This eliminated any stray counts from Na®, K2 and 8% (Cl* (n, p)
N4} thus counting P¥ exelusively (Winteringham, 19553).

VIIL. Photoelectric Instrumentation
1. DENSITOMETERS

A useful tool for the quantitative estimation of cclored spots on a paper
chromatogram is the photoelectric densitometer (see also Chapter 1V).
The densitometer may be operated manually or may be equipped with
automatic scanning and recording deviees,  This latter refinement is only
applicable to paper strips or sheets cut up into strips.  Other scanners
have been adapted to the detection of colorless substances possessing other
properties, sueh as ultraviolet absorption, fluorescence, and radicactivity.

A densitometer designed by Block (1950} (see also Fosdick, 1949) con-
sists of a harrier layer photecell, a suitable light source, and a sensitive
ralvanometer (Rubicon Npotlight No. 3402-HH or Pfaltz and Bauer Mul-
tiple Mirror Galvanometer No. 1810).  When used on one-dimensional
chromatograms, the filter paper strip may be pulled slowly across the
heam of light, and the amount of transmittance is recorded on the gal-
vanoneter via the photocell.  Figure 32 shows the light box in greater
detail.  The a-e line eurrent (115 volts) is passed through a voltage regu-
fator, adjusted by a coarse and fine variable resistance, and is reduced to
t volts by a stepdown transformer. The line is then connected to the
light source, an automobiie headlight, whose beam s adjusted by a focus-
ing deviee to pass through the circular opening. (A light source sold by
the Photovolt Corporation may he substituted.)  Comamercial photoelec-
trice transmission densitometers are manafactured by WM. Welch Mfg.
Co., The Photovolt Corp., and other firms (see Figs. 33 and 34).

Any clectrie recorder that has full-seale excursion for 200 microamperes
or less and an input resistance of not mere than 2500 ohms can be attached
to the densitometer.?  (See Part 1T for automatie seanmer for paper clec-

2 The Photovolt Corporation has introduced a variable response recorder for use
with their densitometer. It is elaimed that this instrument can be adjusted fo draw
ordinates that are precisely proportional to concentration (Fig. 34).
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Fii. 32, Diagram of light <ource of photoeleetric densitometer (Bloek, 19501
A, voltage stubilizer, output 115 volts; B, stepdown transformer, 115 6 volts; €, light
souree; 1D, light intensity control (coarser; o light intensity cantrol (fine); F, con-
trol to position light souree; G, housing for ussembly.

trophoresis patterns,)  The self-recording galvinometer of the Heyrovsky
polarograph, whose response is logarithmie, has been used (Miettinen,
1953).

Planimetry.  The areax underneath the curves obtained by photo-
cleetric scanning may be measured with a manual planimeter or by the
method of Sendrov (1952): The modified head of an enlarger is mounted
on top of 4 light-prool cabinet with a base.  An aperture, designed to hold
a sample base plate, is ent into the top of the cabinet. .\ focusing lens
and a photoelectrie cell are located on the bottons. The photoeurrent is
measured by a galvanometer. In the operation of this planmeter; the
unknown area is eut ot from an opaque material, and the photoeurrent
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F16.33. Weleh Densichron densitometer.

1. 31 Photovolt photoeleetric densitometer.
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F16. 35, Manual paper strip scanner for Beckman DL Spectrophotometer (Ten-
nent, 1951).

is measured with the sample placed in the path of the phototube, A blank
ixset at 1009 transmission reading.

2. ADAPTERS FOR NPECTROPHOTOMETERS

For the scauning of ehromatogram =tripx of ultraviolet absorbing com-
pounds, several automatic attachments have been designed for use i the
Cary or Beckman Spectrophotometers (Parke, 19527 J. A, Brown, 19530,
Fhrmantrout, 1954; Silver, 19361, An adapter for the Beekman Speetro-
photometer, Model DU, ix depicted i Figure 35 (Tennent, 19515,

Construction.  (The adapter may he obtained from K. Kuwzok, 614
Franklin 8t., Elizaheth, New Jersev The apparatus consists of o metal
frame which supports two splitshaft spindles on which the paper strip 1=
wound.  In passing from one spindle to the other the paper runs helind
a guide which holds it close to a window, 9 X 7 mm. in the supporting
frame. A third shaft has near its lower end a rubber ring that i in con-
tact with the paper.  As the strip is wound from one spindle to the other
the idling shaft twrns, indicating the distanee the strip has moved, Free
rotation of the spindles 15 prevented by springs atiached to the frame.

Directions for Use. The paper strip is wound on one of the spindles,
with the end, 1o which the spot was applied, innermost. The other end
ix run behind the guide to the other spindle, and the strip s wound from
the first to the second spindle until the solvent front has nearly reached
the window, At thix point the paper in front of the window has not been
tourhed by the solvent. This position Is used for the zero setting of the
spectrophotometer,

The apparatus is put into the spectrophotometer with the window on
the side next to the photocell. The wavelength dial is set ot the absorp-
tion maxinmum of the compound being investigated.  The density knob
is set at zero (100% transmission) and the selector switeh at the 0.1 posi-
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tion. The dark current is adjusted to null in the usual manner, the shutter
Is opened, and the instrument is brought to balance by adjusling the slit
width and the sensitivity kuob. If the instrument cannot he brought to
halance, the adjustment of the focusing mirrors in the spectrophotometer
should be checked.

When the zero setting has heen made, the paper is advanced an arhi-
trary amount (5-10 mm. or 1§ to 14 turn of the indicalor shaft) by turn-
mg the proper spindle, the spectrophotometer is brought to halance with
the density knob, and the reading is recorded. Another movement of the
paper is then made, the specirophotometer is hrought to halance again,
and the second reading is recorded. This process is continued for the
length of the strip.

The abrorbance readings are plotted against the distance along the strip,
measured in turns of the mdicator shalt and the R, values of the different
components can be caleulated in the usual manner. A semiquantitative
evahiation can be made by measuring the areas under the curve. Fully
automatic attachments for the Beckman Speetrophotometers, Models DU
and B are commercially available.  Both attachments fit into the sample
compartment, and the paper strips are moved past the light source by a
motor drive (Fig, 36).

3. FLUORESCENCE SCANNERS

For the deteetion and quantitative estimation of fluorescent compounds
on ehromatograms several methods have heen developed (Nanninga, 1951;
Iithn, 1953; Mavrodineanu, 1933). A transmission deusitometer (see
VIL, 1) with an ultraviolet light source is used. For gentisic acid, for
example, an additional filter at 36553 is used for optimum results. The
ultraviolet light nst be further filtered before reaching the photo cell
{e.g. Schott-Jena U.(3.) =0 that the galvanometer readings are a true nieas-
wre of the emitted fluorescence.  Galvanometer deviations are plotted
against concentration of standards,

b MISCELLANEOUS TECHNIQUES

A sensitive measurenent of ultraviolet absorbing compounds on chro-
matograns employs o fluoroseopic sereen (Price, 1954, 19553b).  The
fluoroseope is made from caleium chlorofluorophosphate deposited on a
polvethylene sheet, A densitometer with a Mineralight and a yellow
filter are used. s a secondary detector either a Se phototube or a modified
Geiger tube (photon counter) is placed above the fluoroseope (see Fig. 37
for sequenee). By comparing the fluoreseence through a blank piece of
paper (1) and through a light absorbing compound on the echromatogram
(19, o quantitative relationship may be established.  Compounds absorb-
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Fis.36.  Automatic scanning attachment for Beekman Model B Speetrophotometer,

ing n the 240 to 290 mg region van be analyzed (puries, pyrimidines).
The greatly enhanced sensitivity of this method over others deseribed
previously (V,3; VI, 2) is due to hyperchromie absorption by @ conipound
ndry filter paper (Price, 1935u).

A Perkin-Elmer flame photometer has been modified for sensitive trans-
mittance spectrophotometry (Fink, 1956,

teflectance photometry has been fonnd 1o be an aecurate method for
well resolved chromatographie spots of low /2, values (Vaeek, 19333, The
standard reflectance attachment of the Beekman spectrophotometer,
Model DU, is used for the quantitative estimation of nickel in alfoys (sce
Chapter XIV). The requirements for this techuigue are: (1) the spot 1o
he meusured must be larger than the eiveular opening of the reflectanee
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T~ LIGHT ABSORBING
COMPQUND

ULTRAVIOLET LAMP

Fie. 37. Detection by hyperchromic absorption (schematie drawing) (Price,
1951).

attachment; and (2) the color of the spot must be uniform over the entire
surface; this is nsually achieved by the high acidity of the test solution and
by spots having o smaller By than 0.1, This latter requirement naturally
limits the method severely.
VIII. Evaluation of Chromatograms
I, MessviesesT or R,
The £, value is defined as follows:

substance

solvent front

» distance fraveled by
Dy S
77 distanee traveled by

14 is nof recommended o use #; values as constitutive properties of com-
pounds wnless conditions are rigorously controlled. It is mueh simpler to
v standards, i possible, on (he same chromatogram, so that any experi-
mental variations will caneel out awtomatically, Sl it is convenient to
caleulnte R, values when dealing with o Jarge number of compounds in
order (o present the data in tabular form, Rometimes it seems more co-
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venient and reproducible to caleulate R, values, where the ratio is as fol-
lows:
_ distance traveled by substance
* " distance traveled by Reference Compound X

Since the solvent front has run off the paper during ' Durchlauf-chromatog-
raphy,” it is not possible to caleulate R, values, and R, must be used.
H. T. Gordon (1957) has proposed the convention R % units which is
defined as 100 X R;. The size of a spol may be described by the R % of
the forward front and the rear of the spot. Ixtensive use of this conven-
tion has been made by Lacourt (see Chapter XI1V).

Several devices for the rapid measurement of #; values have been de-
signed (Phillips, 1948; Rockland, 1950; Nettleton, 1452). A graphic
R-chart (Chromatogrid) may he obtained from the California Rescarch
Foundation.

A simple device for the rapid measurement of £; values is made as fol-
lows (Glazko, 1953): A right triangle is cut from the transparent material,
e.g., 0.1-inch Lucite or Plexiglas (see Fig. 38). The &, scale ix placed on
the hypo tenuse, and parallel lines are drawn one inch apart. Al lines
are inseribed with a razor blade and filled v with Tndia ink. A movable
pivot arm with an index line down the middle is fastened at the apex.

To read off the R, values, the paper strip i placed parallel to the hypot-
enuse with the origin at the left-hand arm and the solvent front at the
right.  The movable arm iv shifted until it interseets the spot, and the
R; value is read directly.

2. ELuTioN TECHNIQUES

It is sometimes convenient to elute spotx, separated by chromatography,
in order to carry out in ritro microunalyses or to rechromatograph ihe
spot, if incomplete resolition was achieved at first.

. 1,
u@ﬂ.&%v\ of 3 o8 o7 o8 08 10

| o i N—  — iy d—
Y
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Fri. 3%, Deviee for measurement of £ values (Glagko, 1953).
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HAIR DRYER

TEFLON PLATES

\PAPER

CHROMATOGRAM

ELUTING SOLVENT
Fra. 39, Method of transferring substance onto another chromatogram by as-
cending elution (Gregory, 1955).

A widely used technigue consists of the simultaneous development of a
test xtrip that is cut off and treated with a color reagent at the end of the
rin. The (est strip with the colored spots is placed alongside the rest of
the chromutogram, the regions ave marked by pencil, and the paper areas
ave eluted in o small beaker.  This (echnique, however, 1s not suitable for
rechromatography, as the volume of the eluate becomes too large to be
handled conveniently,  Alternate methods have been suggested by Winter-
ingham (19351, Work (1949), and Lewis (1936},

A simple method by Moore (1933) has been found to be satisfactory:
The paper containing the spot to be eluted is cut into a strip with a pointed
end. The strip is placed between two glass slides, with the point just
touching o new paper strip. By downward chromatography the spot is
transferred to the new paper strip at sueh a rate that the size of the spot
remains fairly siall, This is facilitated by directing a stream of air from
a liir dryver against the underside of the new paper. Identical results
are achivved by ascending elution (Gregory, 18955) (see Fig. 38). An
apparatus is deseribed by Girt (1955d) by which bands on filter paper disks
are suceessively eluted, using a fraction collector. A miniature extractor,
using the Soxhlet principle, can handle small paper cut-ouls and has a
high extraction efficieney without inereasing the volume of the final solu-
tion appreciably (Zimmermann, 1035).
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3. CuromarocraM REcorps

Since many color reactions tend to fade with time (e.g., ninhydrin color
of amino acids), it Is necesswry to keep a permanent record of the chro-
matogram. Contact prints of fresh chromatograms with the Contoura
(F. G. Ludwig Associates) are reconmmended.  For best results the chro-
matogram is placed on top of the photographic paper, with the exposure
varying from 5-15 seconds, depending on the color intensity of the spots.



Chapter IV
QUANTITATIVE METHODS

"The use of paper chromatography as a quick, convenient, and aceurate
means of qualitative analysis immediately raised the question of the pos-
sibility of quantitative paper chromatography. This chapter will give an
account of the general methods employed in quantitative and semiquanti-
tative analyses based on paper chromatography. The results of such
experiments will be illustrated largely from the amino acid literature as
these were the compounds first studied by Martin et al. and because the
authors have had the greatest experience with them. Details of the
methods to be employed for both qualitative and quantitative analyses of
the many other groups of substances amenable to paper chromatography
will be described in later chapters. However, one or another of the prin-
ciples described in this chapter are generally applicable to any group of
substances.

Method I: Visual Comparison

Casual inspection of a finished paper chromatogram reveals that both
the intensity of color and the size of the spot varies with the quantity of
the substance chromatographed. Thus, a reasonably accurate estimation
of the quantity of a substance of unknown concentration may be obtained
by developing on the same chromatogram a series of dilutions of the un-
known and o series of dilutions of known concentrations. Then, where a
spot of unknown concentration matches a spot of known concentration
with respect to area and density of color, it may be assumed that the
quantity of material in the “unknown” is equal to that of the standard.
It is important that the same volumes of solution (both standard and un-
known) be used throughout. If volumes of varying size are applied, then
the areas of the spots will vary irrespective of the concentration of the
substance under test.  In practice, volumes of 0.001-0.010 ml. are the most
sutisfactory.

The general principle of quantitative analysis by visual comparison has
been modified by placing on the paper a series of drops which contain
known concentrations of the substances to be chromatographed. Then a
series of dilutions of the “unknown’ are superimposed on the same spots
and on blauk spaces of the paper. The volumes of solutions applied must
be equal throtghout the experiment.  After development of the chromato-
gram, the spots derived from the unknown are matched with those con-

85
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taining the unknown plus an added quantity of standard. Thus the con-
centration of the unknown is readily estimated.

A further modifieation of the visual dilution procedure is to estimate the
minimum detectable quantity of each substance in the “unknown” eom-
pared with the minimal quantity that can be scen when the standard is
applied. In the authors’ experience this latter procedure is the poorest
of the three visual methods because the estimation of color and area of a
spot at the lowest visual levels is subjeet to very large errors due to back-
ground coloration, light intensity, thickness of paper, etc.

These procedures may be subject to large errors in judgment and require
a great many replicate analyses at various dilutions to give reasonably
satisfactory results, i.e., £10%. They, however, have been successfully
used for the analyses of a number of proteins by Polson (1948), Berry
(1949), H6j6 (1950), and others.

a. Application of Sample (Berry and Cain, 1949). The long edge of a
sheet of Whatman No. 1 filter paper (28 X 45 em.) is marked with o scries
of small dots 2 em. apart and 2.5 em. from the edge to be inserted into the
solvent. DBeginning at the left bottom cdge, the unknown solution is
added to the peneiled dots as shown in Table I The solution is applied

TABLE I
Visvarl CoMparison TrCHNIQUE
No. Unknown, ul. Amino acid standard,® ml
1 5 1.25
2 2X5 1.25
3 5
4 2X3
5 5 2.5
6 2% 5 2.0
7 5
8 2%X5
9 5 5.0
10 2 X5 5.0
11 5
12 2X5
13 3 10.0
14 2X 5 10.0
15 5
16 2 X5
17 5 10,0
18 3 X5 10.0
19 5
20 3 X

]

|
|
|

95 ul. of each dilution.
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with a 2.5 or 5.0-ul. capillary pipette. For quantities larger than 5 ul., a
second application is made after the first spot is thoroughly dried, and so on
until the desired volume has been added. This procedure permits the size
of each spot to remain small and uniform.

b. Maiching of Colors. The developed chromatograms are cut into strips
so that spots of equal intensity may be most readily matched by placing two
strips alongside each other over a uniform source of light such as supplied
by an X-ray viewer. If an amino acid spot in position 1 (5 ul. of unknown
plus 5 pl. of 1.25 mM. standard) is equal in color density and area to the
same spot in position 4 (10 pl. of unknown), then 5 ul. of unknown contains
1.25 mM. of the amino acid.

Comment. This procedure is tedious and suffers from all the subjective
errors of visual colorimetry, Berry (1949) claims 10-15% accuracy, al-
though the recovery of added amino acids varied over the range 63-160%.
However, the equipment required is that available in the simplest labora-
tory and consequently is useful where only a few casual quantitative
comparisons are to be made. By sufficient replication the method is cap-
able of considerable accuracy where the substances are well separated in
tight spots on the chromatogram and where the colors formed are read-
ily seen (see Auclair, 1952; Takeda, 1951).

Method II: Elution

The most widely used and probably the most generally accurate quanti-
tative procedure is based on the simple expedient of cutting out the section
of the developed chromatogram which contains a single substance, removing
the substance from the paper, and determining its amount in the elutriate
by an appropriate method. In many instances, where the substances are
clearly separated, the aceuracy of this procedure is better than £5%, and
in highly special cases, where the compounds contain two radioisotopes, it
ix possible to obtain aceurate analyses even though distinet separations are
not achieved.

Several examples of procedures which have been successfully employed
for the quantitative determinations of amino acids after elution of the
chromatograms will be deseribed.  Other methods are given in later chap-
ters.

Details of preparation of a two-dimensional chromatogram will be de-
scribed, although essentially the same technique is used for one-dimensional
chromatography provided that distinet separations of the spots may be
achieved for the materials in question.

a. Preparation of Paper (Fowden, 1951a, Boissonnas, 1950, Block, 1950).
A sheet of Whatman No. 1 filter paper 18.5 X 21 inches is marked with a
line drawn 2.5 cm. from the edge of the lesser length of the paper and parallel



