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Ome wery smaoessfml bot mfrequemtly-used techmique: for the resolution of closely
relatted compoumnds is umidimensiomal mulitiple chromatography (UMC)Y-%, (any proce-
dhure imwolvimg the repeated rmigation of chromatographic supports in one direction).
The exoessive time comsumed by repeated imigations wsing: this: technique, has largely
been dircmmvented by the speed of thim-layer chromatography (TLC)*% and centri-
fgally accdlerated dmromatography®. UMC has some desirable: features: which make
it am estmemelly wseful amalytical tool. A mumber of advantages: are: readily evident.
wihem UNC is wsed im comjumctiom witlh TLC or “opem column. chromatography’’.
For example, time consmmimg labors are elimimated such as packing columns, ex-
throdimg amd strealkimeg for bamd detectiom or momitoring large: volumes of eluate or the
comttemts of @ lmge mumiber of fractioms,, etc. Furthermore, no speciall or expensive
apparates is required for UMC, the traditional and simple equipment employed for
ascendimg dromatography being adequate. While: contimuous; chromatography
(sdivents alllowed to drp from snmmpmmt)) can theoretically afford greater resolution.
ttham UNMC3, the lutter method remaims a practical ﬁecclhmqlue because of its ease
of @peration. Thuys, the advantages of UMC described abowe: will generally more than
comypensate for the greater resolvimg efficiemcy of continwous chromatography.

Im @ mecemt commmumication®, the theory of UMC was: developed and its practical
amd tieorettikcall potemtimlities amd the lmitations discussed.. I that: article,. a. theoreti-
call method for the sdection of sollvent systems whicl might separate closely related
comppounds was soggested, bot the excessive labor imvolved im accumulating the
mellewamt datta made the approach founded im theory impractical. On: that account,
a simmple empirical procedure based wpom a few guiding rules: was: proposed for the
sellection of an appropriate dowomatographic soivent.. To aid in placing: these: guides
om @ more quantitative basis, tables have beem compiled which relate: the Ry values
of two compounds to the mumber of solvemt passes required for resolution by a
preseeacted imorement.. Thus if the: Ry values of two compounds: are: known or can be
estimmattad, it willl e posilble, by comsultation of Tables: I-EV,, to ascertain if the solutes
cam The mesolved with the test sollvemt amd whem separatiom is: possible, how many
solvent esconrsions willl be required.

* Comttriibatiiom meomiber 1r438 from tihe Clhemmicall Laboratories: off Indiana University.
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When the detection of an elongated spot on a chromatogram leads to the suspi-
cion of the presence of two or more solutes, the normal precedure is to seandh for
another solvent mixture which will resolve the spot inte two bands. UMC is :am :alter-
nate approach to the problem which is more attractive because it is more certain of
success and may be less time consuming than extensive experimentation with other
solvents. The rationale behind the use of UMC is that very similar compounds wihidh
are partially separated on one solvent pass, in most instances, can be completely
resolved by further solvent irrigations. On the other hand, there is mewer amy
guarantee that replacing one solvent by another will ever lead to complete or even im-
creased resolution of closely related solutes®. As an-example, a survey of the literatune
and our own experience with several solvents failed to reveal :a single solvent system
(of 16 tested) which was capable of resolving fructose :and arabinose on a single pass.
However, the solutes are readily separated by UMC. The use of Tables I-TV fior

selecting a suitable solvent for the resolution of the two closely migrating saccharides
is illustrated below.

. EXPERIMENTAL
Computations

The following equation!-3 relates the true or single pass Rp values of two compounds
to their relative separation A4 after p passes:

A4p = (1 — Rpa)? — (1 — Rpp)? (@)

where Rpq, and Rpp are the Ry values of compounds A and B, respectively. Equation
(x) was found to be more useful for computational purposes when rearramged fimto
the form of eqn. (2):

’ dp —[(1 — Rpa)P — (1 — Rmp)P] = 0. (=)

The values of p in Tables I-IV were determined on the Indiana University IBM 630
computer programmed to select the smallest integral values.of , pmin, Which preduced
solution of eqn. (2) (provided a solution of the equation was possible). The walue of
#min was found by incrementing p by unity until the condition demanded by eqm. (=)
for a given set of experimental conditions was satisfied. Varidus experimental comndi-
tions were'simulated by altering the values assigned 4p, Rpqand Rzyp. After solution
of eqn. (2) for the initial conditions, the values of 4p, Rpqand Ry were then appropri-
ately incremented until all useful combinations were considered.

Multiple chromatography

To demonstrate the use of Tables I-IV and illustrate the principles inviolwved im TUMC,
sample chromatograms were run by the ascending technique’. Two sugars, :arabimoese
and fructose, having similar Ry values were spotted at the origin of [Eaton :and Dike-
man No. 613 papers, 23 cm in length, exposed 8 h to solvent vapors and irrigated att
room temperature (26° -4 1°), with various water—ethanol-nitromethane solwents.
After the solvents had reached the tops of the papers, the strips were withdrawmn, air
dried, and the sugar locations detected by developing the strips with the silwver
nitrate-sodium hydroxide reagents® by the dip technique. Another paper strip spotted
with the two sugars was given two irrigations at room temperature with the solvent,
water-ethanol-nitromethane (10:25:65 % by vol.),and developed :asdescribed:abowve.

J.«Chromatog., 12 (1963) 441—y52
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Ry, sttamtinng, position andl solvent froportions:

To imvestigate the effect of starting position and solvent proportions on the Rp
vallwes for ascemdimg chromatography, glucose: and methionine were placed at various
positions om Eatom amnd Dilkemamn No. 629 and 048 papers and irrigated with water—
tent.-utamoll amd water—acetione: solvents: at 25° 4- 0.1°, respectively. The same ex-
peniment was them repeatied witlh warying solvent proportions which altered the single
pass Ry valles.. Glucose: was detected! as; deseribed above and methionine was detected
by sprayi sty mimhrerdlmim®.

RESULTS

Figs. 1 amd 2 show reproductions of the developed chromatograms of arabinose
amd fiucttose: affter ome: amd two ascents,. respectively. The predicted difference in the
cemtters off tlhe spots after two ascents was calculated by eqn. (1) to be 1.8 cm and thisis
im moderate agreememtt with the: observed separation of 2.0 cm.

Qrigjm

A B Cc. D

Fig. 1. Climomattograplity of arabinese andl fructose with va.nous water—ethanol-nitromethanc
swllvemts; om Eattom andl Dilkemamn No.. 613; paper at 26° + 1°. Arabinose is the more rapidly mi-
gratimg component.. The: chromatograms: were developed by the solvents listed (% by vol.).

Cliromuathgrasm: HL,0 EtoH MeNOy
A 10 25 635
B 12,0 39.4 48.5
(03 17.6 42.8 39.6
D 241 47.0 28.9

J. Chromatog., 12 (1963) 441—452
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Fig. 3 depicts: the dependence of the Rr value of glucose and methionine on
their starting position on Eaton and Dikeman No. 629 paper with water—fer¢.-butanol
as the irrigating solvent at 25° -+ 0.1°. The ascending technique of chromatography
was employed without prior exposure of the supports to solvent vapors.

Fig;. 4 is a plot of the migration rates of glucose and methionine as a function of
their starting posi'ﬁon on Eaton and Dikeman No. 048 papers with water—acetone
solvents at 25° -+ 0.x°.. The ascending technique of chromatography was used without
prior exposure of the supports to solvent vapors.

The: results: of the calculations on the Indiana University IBM 650 computer
relating: the Rp values. to the number of solvent passes required for a given degree of
resolutiom ranging from: 0.04 to 0.x0 are listed in Tables I-IV. The degree of resolution,
DR, is defined by eqn.. (3):

ap

DR = I (3)

witere: L is the length of the support in cm and 42 is the separation in cm of the two
compounds: after p passes.

Assumpptions | DISCUSSION

Im programming the IBM 650 computer to determine the minimum number of solvent
irmigations required to separate two compounds by some preselected distance, it was
assumed that Rp values were independent of paper position. A number of inconsis-
temt: reports: about the effect of starting position on the Rp of various compounds
have appeared in the literaturel-3,10.11, Because of the wide variety of experimental
condiitions: employed, inconsistent reports are not at all surprising. By and large, it has
beem our experience that when a solute is spotted on the lower portions of rectangular
paper supports: and irrigated with water miscible mixtures which do not produce Rr
valwes im excess of 0.3-0.4 the Rp of the compound is relatively independent of
startimg position. With solvents producing Ry values below 0.2, practically no devia-
tiom im Rz was: found with starting position. When papers of unusual geometries are
used), particularly those which are fed with wicks or when the solutes are placed a
lomg distance from the solvent, fluctuating Ry values are found!?-1!. Rp variation also
seems to occur when irrigation with water immiscible systems is attempted??. -

Im view of the observations: that solvent gradients occur along the paperi®12,13,
particularly when using ascending chromatography, and because of the possible
variations of the composition of solvents along the support!4, it was expected that
the Ry value would appear to be relatively sensitive to starting position. It has been
showm that the Rp function is influenced by at least three variables at constant
temperature: the chemical potential of transport, the ratio of the cross-sectional
areas of the stationary and mobile phases!5:1¢ and the ratio of the average velocity of
the Jocal solvent (welocity at solute band) to the velocity of the solvent front1?. Itseems
emtirely possible that as the height on the support increases, the ratio of the cross-sec-
tiomal area decreases while the local solvent velocity increases because of solvent con-
centratiom gradients along the paper.The former effect would tend to decrease the mi-
gratiom rate of the band while the latter effect would tend to increase it. If these two
varables. of chromatography compensate each other quite closely, the net result

J. Chromatog., 12 (1963) 441—452
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TABLE I

NUMBER OF SOLVENT PASSES REQUIRED TO SEPARATE TWO SOLUITES ©.I TIMNES
THE LENGTH OF THE SUPPORT

Rygr f Slawier movimg salade ¥ roo
Rp of faster

moving soluie Nuember of solucny prasses jfor moguinad sefphavedion
e ro0 2 g 4 E L) 7 & S-ry Impmssifills

30 2321 24—20
29 22—20 23—28
28 21—-19 22 23—27
27 20-18 21 22—26
26 19—-17 20 21—-25
25 18-16 I9 20—2.4
24 1715 18 19-23;
23 16-14 17 18 19—-22
22 15—13 16 17 18—2n
21 14—12 15 16 1 7—2o
20 C 1311 15—14 1O—19
19 13—I0 I4 15—18
18 12—9 13 T4 15~17
17 11-8 12 13 14—16%
16 10-7 I1 12 13—-15
15 9-6 10 i 12—-1.4
14 8—5 9 o] 1113
13 7—4 8 9 10 1112
12 6—3 7 8 Q9 10—1E
11 5—2 6 - s Q-10
10 4—~1 6-5 7 S

9 3—1 5—4 G 7

8 2—1 4—3 3 & 7

7 I 3—2 4 5 &

6 2—-1 3 4 5

5 1 2 3 4

4 T 2 3

3 b fr-d

2 i

To determine the number of passes for separation, locate Ry of slower moving compound im the
row occupied by Ry of faster moving compound. The required mumbrer of passes is given by headimg
of column in which smaller Ry appears.

would lead to the observation of constant Ry values along the paper provided that the
ratio of the transport potentials also remains constamnt.

Thus Tables I-1V will only give an exact value for pmin (minimum number of
passes for preselected separation) when the Ry is comstant ; it will vield an approximate
value when Ry is variable. It should be noted from eqn. (2) that no provisiom was
made for “rounding off”” the calculated difference between the two compounds after
# irrigations. Consequently, unless the calculated separation is ¢vacfly equal to or
greater than the preselected separation Ap, the computer will indicate separation is
impossible regardless of how closely Ap and the calculated separation mav agree.
For example, if the extent of separation between two compounds was 0.079 the com-
puter would indicate that a separation of 0.06 but not 0.08 could be achieved after an
appropriate number of irrigations (computations made in increments of 0.0z for DR).

To demonstrate the relative constancy for Ry wersus paper position for the type
of systems described above (rectangular papers and water miscible solvents), glucose

J. Chromatog.., 12 (1963) 441—452
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TABLE 11

NUMBER OF SOLVENT PASSES REQUIRED TO SEPARATE TWO SOLUTES 0.08 TIMES
THE LENGTH OF THE SUPPORT

Rp of slower moving solute X roo

R of faster
moving solute Number of solvent passes for required scparation
> 100
2 3 £ 5 6 b4 8 914 Impossible
.30, 24—23 25—29
29 23-—-22 24 25—28
28 22-21 23 24—27
2 21—-20 22 23—260
26 20—-19 21 22—25
25 19-18 20 21-24
2 18—17 19 20-23
23 17—-16 18 19-22
22 17-15 18 19-21
21 16-14 17 18—20
20 I5-13 16 17-19
19 1412 15 16-18
18 I3-11 14 15-17
17 12—-10 13 14—-16
16 I11—-9 12 I3 I4-15
I3 10-8 IX T2 I13—-I4
It 9-7 10 I 12~I3
13 8-6 9 10 I1-I2
12 7-5 8 9 10-11
133 6—4 7 8 9—10
Io 5~3 6 7 8 9
9 -2 5 6 7 8
S 3-1 4 5 6 7
7 2-1 4-3 5 (5]
6 4 3-2 4 5
5 2—1 3 4
X3 I 2 3
3 I 2
2 I

To determine the number of passes for separation, locate Rz of slower moving compound in the row
occupied by Ry of faster moving compound. The required number of passes is given by heading of
colummn in which smaller Rp appears.

and methionine were chromatographed as a function of starting position and solvent
proportions. The data collected were graphed in Figs. 3 and 4. Methionine was selected
as one of the solutes because in an earlier communication?, it was noted that the
behavior of this material on paper seemed to be anomalous when contrasted to that of
other amino ‘acids. Figs. 3 and 4 suggests that these peculiarities are not reflected as
Rp variations with starting position.

On Eaton and Dikeman No. 629 paper there does appear to be a slight increase
in the Ry values of the compounds when they are started very close to the solvent
front (T cm). Since the Rr which is determined on the first pass will be used to estimate
the number of solvent passes required to separate the compounds, it is necessary
that the measured R on a single pass be representative of that when compounds are
started higher on the support. To fulfill this condition, the compound ought to be
spotted 2—3 cm above the solvent. ‘ : - '

Because the Rp value is somewhat influenced by loading, it is wise to use a

J. Chromatog., 12 (1963) 441—452
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TABLE 110

NUMBER OF SOLVENT PASSES REPUIRKED IO SEPARATE TWO SOLTIES .00 TIMES:
THE LIENGTH OF THE SUPRORIT

IRy cff ke mumsing saribativ . nGo
Ry of faster

maving solite WNuendhor aff subus! fruesass ffor naguenadl saflursation
x aee EJ 5 -+ 5 @ Fi & gy Impaossible
30 235 26 2729
29 24 23 26-28:
28 23 . C24 2527
27 23—-22 2,426
26 22—21 2325
23 20—20 222y
24 20-19 : 21-23;
23 x9—1:8 2022
22 a8-ny; b1 ([0 20—21
21 o716 8 92O
20 16-135 uy 1819
19 a5—T4 b 17—18
18 T4-13 s . 6~17
17 13—12 T4 5~16
6 12-UT T3 415
5 h&igmilo) o2 4—13;
T4 10—~ nn nz 13
13 Q-8 b1 (o) nn 2z
Tz 88—z @ o n
at 76 8 ) 1
10 6—5 7 8 o))
8 43 3 ® 7
7 3—= 4 > o
6 2— 3 4 5
5 T 2 3 4
4 i ] 3
3 o 2
2 big

‘To determine the mumber of passes fior separatiion, locate Ry of slower moxing compound i the:
Tow wccupied by Ry of faster moving compoumd. The mequimed mumber of passes: is: givem by
readiimg of oollmmum fim wikidh smallier Ry appeans.

:solute concentration just above the Iimits of detection by the chromogemnic: reagents:
used for coler development. The effects of loadimg on Ky are pictorallly represented!
in a paper by StaHEL AanNDp KartengacwE™. Redmndng solute comcentratiom willl also help
o minimize strealking.
Selection of pmim
Values of pmin were compiled for all combinations of Ky valves ranging: fromn 0.30 to
©0.0r. Larger valwes of Ry were mot considered becanse the maximum extent of separa-
tion achieved by UMC occurs wihen the average apparent Ry of the: two compounds: is:
I—e~1oro.632 times the length of the smpport®. Thos, componmds havimng average: Ry
values in the ramge ©.3-0.4 will adhieve maximmmumm separation with two solvemt passes:
and compounds having average Ry values greatrer tham o4 will achiewe:
separation after one pass. Tables I-IV them will be most wsefinl for the study of com-
pounds possessing small Ky valnes; a condition mecessary accordimg to theoretical

J- Clinematiag.,, 12 (1963)) 4yp—y52:
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TABLE IV

NUMBER OF SOLVENT PASSES REQUIRED TO SEPARATE TWO SOLUTES 0.04 TIMES
THE LENGTH OF THE SUPPORT

Rp of slower moving solute X roo

Rp of faster
mov;'(ng' ;t:’lure Number of solvent passes for required separation
2 3 ¢ 5 6 7 8 9-14  Impossibilc

3o 27 28-29
29 . 26 2728
28 25 26-27
27 24 : 25-26
26 23 24-25
25 22 23—24
24 21 22—-23
23 20 2T-22
22 19 2021
21 18 19 20
20 17 18 19
19 16 17 18
18 15 16 17
17 I4 15 ) 16
16 13 14 15
15 ‘ 12 13 14
14 IX 12 13
13 10 4 12
12 e 10 11
1z 8 9 10
10 7 8 9

9 6 7 8

8 5 6 7

7 4 5 6

6 3 4 5

5 2 3 4

4 I 2 3

3 T 2

2 I

To determine the number of passes for separation, locate Ry of slower moving compound in the
row occupied by Ry of faster moving compound. The required number of passes is given by heading
of column in which smaller Rz appears. .

considerations for the production of good resolution3. This phenomenon was predicted
because a solvent which decreases the average Ry value of two compounds increases
the ratio of the Ry values and is capable of discriminating more efficiently between
them.

This experimentally supported pred.lctlon3 made it possible to suggest a number of
simple guiding rules for the selection of a.ppropnate solvents to resolve closely related
compounds. It was proposed for UMC that a solvent composition be chosen for
reasons of economy, flow rate, etc. and the molar proportions altered to vary the Rp
of the two components. The solvent should contain two miscible components; one in
which the solutes are very soluble and the other in which the solutes are relatively
insoluble. Appropriate proportions might then be selected which would achieve
resolution of the compounds provided an appropriate number of irrigations were given.
Tables I-IV help to quantitate these simple rules.

The techniques of UMC ought to prove valuable when it is known from chemical

J. Chrvomatog., 12 :(1963) 441—-452
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experiemoe that there exists im a mixture: two or more closely related compounds
wihikch cammot he resolved witlh a simgle sollvent irrigation or when a mixture is sus-
pected from the appearamce off am oblong spet: om a chromatogram. To separate the
mixture im the first imstamce,, if pure materials are: awailable, their Ry values can be
dietemmimed amd e mummber of solvemt: passes: required to separate them found directly
from Tables I-TV. If pore samuples of the: compounds are unavailable for chromato-
graphic tests, them their resolwtiom might be effected by following the guide lines
abowve. The resolutiom of frmctose and arabineose described below illustrates the utility
off this suggested approach to UNC.

For tixe disemgagememt of these two compounds, a solvent system containing
waatter—ethamol-mitromethane was selected because of its relatively rapid flow rate on
paper.. The molar proportioms of watter, ethanol and nitromethane.were then altered
w0 that the Ry valmes ramged firom approximately 0.2 to 0.7. On these chromatograms,
meprodmoed. m Fig. @, it willl be noted that alll the spots: are oblong, indicative of a
muixtune, but complete separatiom is mot achieved by any solvent mixture. It was
assumed tiat the spots are commposed of two bands whese centers are indicated by
tthe dotts. The Rp's of these dotis were them measured and Tables I-IV were consulted
fior tlre appropriate mumber of solvemt developments. It was learned that if a preselect-
ed degree of separatiom of ©.06 were required, the solwent, water—ethanol-nitromethane
(10:23:635%., by vol.), givimg clromateogram A ought to resolve the compounds after
two solvemt excorsions. Fig. 2 shows that the compounds are well resolved as pre-
diicted amd the estemt: of separatiom of the two spot centers. is 2.0 cm which agrees
measonably well with that calculated! from eqm.. (&), r.8 cm..

The sellection of the extemt of separation, A, which will be required to discern
two visible spotts is somewlhatt arbitrany, but a safe rule of thumb. is that a 1.5-2 cm
diisemgagement of spot cemters willl swffice.. Howewer, the practitioner will probably
mot esperiemce mmch difficulty im the: selectiom of A because previous experience
wiith chromatography of related systems will probably furnish the necessary in-
formation. For the arabinose—fiructose: system described: abowe, the extent of separa-
tiom was arbitrarly set at 1.4 cm (experience indicated that 1.3-1.5 cm is generally
suffficiemt for smch systems) amd simce: the: paper is: 23, cm long: (origin to top), the rela-
tive separation (separatiom im cm/lemgth of paper) is ¥.4 cm/23 cm = o0.061. This
value is approsimately o.06 amd accordimg to Table III for compounds having Rp
valnes of @22 and @.2y7, two solvemt passes will be required. Other examples of the
wsefulmess of UMC for the resolutiom of muixtures: hawve been illustrated in a prior
TmAammsCriptts.

If the extent of separation required lies: witlhim the: walues tabulated, the required
mumber of passes cam be evalmated by imterpolating. For example, if two compounds
have Ry values of 0.0y and 0.035, for a separation of .09, it can be seen from Tables I
amd I that 7 passes will be required. Simce: tlve: increments: in Tables I-IV are small,
imterpolation onght to be accurate: to withim one: pass.. The: number of solvent devel-
opments cam be redmeed if the bamds are comfimed to smalll areas.. :

The degree of resolutiom, DR, required for separatiom willl vary with experimental
comdlitions amd depend wpomn the lemgth of the paper, extent of loading, sharpness of
the zomes, ettc. ™, The actual preselectiop of the required degree of resolution will be
leftt to the judgment and previows: experiemce: of the inwestigator. A theoretical
approacdh to the sclectiom of DR is beyond the scope of this. paper. For practical in-

J.. Chiromatog., 12 (1963) 441—452



UNIDIMENSIONAL MULTIPLE CHROMATOGRAPHY 43T

stances, a theoretical evaluation of band dimensions seems impossible because ithe
effects of adsorption, ion-exchange, etc. on band distortion cannot ibe predicted (or
anticipated. However, it should be pointed out, that on the second and subsequent
passes during UMC, the solvent flows over the trailing -edge -of the band before
reaching the leading edge. This effect aids in sharpening the bands. Therefore, when @
solute moves an equal distance during continuous chromatography and UMC, the
vertical spot dimensions on the latter chromatogram will be equal to or smaller than
the vertical spot dimensions on the former chromatogram. This sharpening effect, ©f
course, aids resolving the compounds.

Elongated spots which are often observed may be the result of :adsorption, ion-
exchange, non-linear isotherms, etc., which may cause a single ;pure material to
appear as a distorted band. If the band is a single component, it will be expected thart
this distortion will become more extensive as the number of solvent passes is in-
creased. On the other hand, if the solute is a mixture of more than .one component,
it ought to be possible to separate them with a sufficient number -of solvent passes.
Consequently, the probability of success in ascertaining the purity of the spot msing
UMC (provided the Ry values were small) would seem to be very high.

NOTE ADDED IN PROOF

After submission of this manuscript a related paper by LENK?! came to my attention.
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SUMMARY

Tables relating the Ry value of two solutes to the number of solvent passes required
for their separation by a preselected amount have been compiled for unidimensional
multiple chromatography, UMC. These tables will help quantitate some simple guiding
rules which were proposed for the selection of solvents for chromatographic :separa-

tions. The use of the tables is illustrated and the rationale for the high probability ©f
success of UMC is discussed.
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