
ffim the: m3sol.utioru of closely 
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When the detection of an elongated spot ,on ‘a chromato~azn tleads tto II&~ .~~s@i- 
cion of the presence of two or more solutes, the normal pro&lure as tto sea&In Barr 
another solvent mixture which will resolve ,the spot into two bands. UMC iis ;an ;alltter- 
nate approach to the problem which is more attractive [because lilt iis more cambiim note 

success and may be less time consuming than extensive ~expe&nenit;atittiion mitllrr ~o!ttbar 
solvents. The rationale behind the use of IJMC is that very :siniilar oompoundls &briidb 
are partially separated on one solvent pass, in #most instances, can ibe coonq@le~@~ 
resolved by further solvent irrigations. On the ,other hand, there iis mmer zua>v 
guarantee that replacing one solvent <by another till lever lead ito Ioomplete or (maa iia+ 
creased resolution of closely related solutes 3. As an ,example., :a :surv~ otf -klhe !liittarz&ume 
and our own experience with several solvents failed to reveal :a sin&e :sokentt :-s&em 
(of 16 tested) which was capable of resolving fructose land ;arabinose on :a :sia@le pass. 
However, the solutes are readily separated by UMC. The use of “iE&?les 1lI-lt57 &r 
selecting a suitable solvent for the resolution of the two closely migrating :saodhzu&dles 
is illustrated below. 

Conq!mtations 
EXPERIMENTAL 

The following equationl-3 relates the true or’ single ,pass & va!lues of tt\wo ~oom~~~outr~dls 
to their relative separation d$~ after p passes: 

&=(I -l&J)"-(I -&qp t(n)) 

where Rpa and .RF~ are the l+ values of compounds A and B,, respeoti&l~. l&lrupftiion 
(I) was found to be more useful for computational purposes when o;eamr+gedl iiautto 
the form of eqn. (2) : 

Lip - [(I -&“)p - (I -Rp,,)q rto.. O!) 

The values of p in Tables I-IV were ,determined on *he Indiana rWm.&ertit& llB;cR11~~0 
computer programmed to select the smallest integral values !of $,, &mbn, ~+Sidh lprodlnraoedl 
solution of eqn. (2) (hrovided a solution of the 8equation was posstiible$.. ‘Illhe wallrue cotf 

P mln was found by incrementing $ by unity until the condition demanded @ ceqmz.. $2)) 
for a given. set of experimental conditions was satisfied. Various ~exper5rner&all cacirmrdlii- 
tions were simulated by altering the values assigned A@., &&and bib. &f&z :sdlrl;rttaam 
of eqn. (z).for the initial conditions, the values of Op, S&and &?~~~weretien :wpn@- 
ately incremented until all useful combinations ,were considered. 

To demonstrate the use of Tables I-IV and illustrate *he principles Zn&l~ed kn UMC,, 
sample chromatograms were run by the ascending technique?. ‘Tiwo sngars,, :arallSrrose 
and fructose, having similar Xr;l values were spotted :at the (or?i@n of il%%on ;a&l lD&e- 
man No. 613 papers, 23 ‘cm in length, exposed 8 h PO solvent Gapers and iinriigtisd :zltt 
room temperature ‘(~6~ -+ I “), with various water-ethanol-ni&rometlba.ue rs~~~antts. 
After the solvents had reached the tops ,of the papers, the strips were tittlbdlna~, ;aiir 
dried, and the ‘sugar locations detected shy ,develo$ng tie .stips tit~& ttlhe +iil~er 
nitrate-sodium hydroxide reagents* by the dip technique. Another ~paper:s%~@~!gpo!t/tadl 
with the two sugars was given two irrigations at .room ;tempera.ture ~@t.!h tie :sdl~entt,, 
water-ethanol-nitromethane (IO : 25 : 65 o/O by vol.)., andg.develoged ;asdesokibedl:aJb~~e. 



ii%& .s&0rntil~lg~~ii~~~ arlald sohal~~t$iso#o 7:tiows~ 

‘EOI iitm~~~st@ga&e: l&e: afEiec$ o& stan;ting; pos$tion and! solvent proportions on the RF 
-cdhmrs; ffar awe cdlumm~o~qhy,, gl.ueose~ and methionine were placed at various 
pxAitik= earn IEa~lionu arndl IDXilkem~. I%!. &ZCJ and! 04:s‘ papers and irrigated with water- 
&&!..-lln&a~~~ am& xuaariierr-acetea: solvents: at ~5:~ & o.IO, respectively. The same ex- 

. . 
P .Intt w Mkm ne.peattedl wiitiltu uaq%ng solvent proportions which altered the single 
pxasisB”~~s~ QZIl~~~u)searas d!eticahedLas described above and methionine was detected 
w !Cqxa_e wiiti%l mIk&@lrW!. 

lE!?i&s~ II: d zz sky oqpa~~dtuctfons~ of t&e* developed chromatograms of arabinose 
a&II ffirm~&es~ a&err CHUXE arndl txue) ascents,. respecl5vel.y. The predicted difference in the 
~~~s;~~~~~s;~e~~~)aus~e~aur~;c~c~ated by eqn. (I) to be 1.8 cm and this is 
iian n11~3-e 2qgrecnneEmtt wiitkk the: observed separation of 2 .o cm. 

: 

.I : O! i j 
:. 

. 0 . . . 
_-. 

Eii. x. Clhw~mmudlco~u~p~ a8 aa.ia~lbiirwx~ ad.l fzuctose with various water-ethanol-nitromethanc 
yr&& CDxnl lElltimllu d ID&ilkomw Kor. 6n3; pqE!c’ at a.50 f IO. Rrabinosc is the more rapiclly mi- 

gp&iiuq uw~mmrrmnt;. TT3.e dl~~~omanto~a~rns~ weaed$veloped by the solvents listed ( y0 by vol.). 
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Fii. 3; depicts; the, dependence of the Rp value of glucose and methionine on 
ttlheti starti&; postion on1 Eaton and Dikeman No. 629 paper with water-teti.-butanol 
as the i&i&&&g solvent at 25” * o.IO. The ascending technique of chromatography 
wtas; cmplloyed! without prior exposure of the supports to solvent vapors. 

Fi. 4 iis a. plot of’ the, migration rates of glucose and methionine as a function of 
iilheii~ r&~&g: position on Eaton and Dikeman No. 048 papers with water-acetone 
solivelintls atI 225;” * or O.. The, ascending technique of chromatography was used without 
pniioar e~xposmie 06 the, supports to solvent vapors. 

The: msdk a6 tlie, calculations on the Indiana University IBM 650 computer 
nelb&ng tie &P uahes. to, the, number of solvent passes required for a given degree of 
nasu&utibn tang@ from1 0~04 to 0.10 are listed in Tables I-IV. The degree of resolution, 
DB’,, k dbf%nedl l& eqn.. (3) :. 

(3) 

w&exre: L iis; the, Iength of the support in cm and Ofi is the separation in cm of the two 
cosmpo.rm& a&ter $1 passes. 

llrm pro@amnmniing, thea Il3W 650, computer to determine the minimum number of solvent 
iirri&atims req@red! to1 separate two compounds by some preselected distance, it was 
~SSUEZEEXX l&c& RF, adues, were independent of paper position. A number of inconsis- 
tier& reports abou& the, effect of starting position on the RF of various compounds 
lhs,x.-e arpIpeau;ed in then li*etature 1--3~iOJ1. Because of the wide variety of experimental 
con&iti&ms; emplbyed,, inconsistent reports are not at all surprising. By and large, it has 
lbbecrm omrexperieene that. when a solute is spotted on the lower portions of rectangular 
~parlper supports and irrigated with water miscible mixtures which do not produce Rp 
~J~JEs; i&u excess; 05 o:afo:‘il; the RF of the compound is relatively independent of 
&la&&g ~posi&ion~. With solvents producing, RF values below 0.2, practically no devia- 
tiioxm iirm &P wan found! with starting position. When papers of unusual geometries are 
UIEWU,, l~~~~I&ulh~1y those, which are fed with wicks or when the solutes are placed a 
llorng diii&a~~ce Tom thesolvent, fluctuating RF values are foundlO*ll. RF variation also 
seamns; tto) coccuu~ when irrigation with water immiscible systems is attemptedlO. 

liim vi&x of the observations that solvent gradients occur along the paper109 12*13, 
pa&&mlh~l@ when using: ascending chromatography, and because of the possible 
XGW&I~~&ES of’ the: composition of solvents along the supportr4, it was expected that 
lilkxz RF varlue wo&& appear toI be, relatively sensitive to starting position. It has been 
sll~~narrrm th.& the: J&F function is influenced by at least three variables at constant 
iieruuperatiuare::: t&e: chemicaJl potential of transport, the ratio of the cross-sectional 
areas of the st~ationary and! mobile. phasesis~l~ and the ratio of the average velocity of 
tlh&kucaJl soliven& (velocity at solute band), to the velocity of the solvent frontlo. It seems 
em&i&& possibl’ethat as; the height on the support increases, the ratio of the cross-sec- 
M area dlecrease~ while the, local solvent velocity increases because of solvent con- 
~rs~~e~ts:~ong~the,papler.The,former effect would tend to decrease the mi- 
~JI&&J~ atie: oh’ the: band while th e a .l tt er effect would tend to increase it. If these two 
xuriS!~lk~~ of’ ch.romatography compensate each other quite closely, the net result 
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would lead to the ,observation ,o!f ~oonstant & tiunes ak~ng tie paper pr0~%3edl &a& tie: 
ratio of the transport pofentials also remains oonnsdan~~ 

Thus Tables I-IV will only ;give an esac~ value ffu~r barn! ((~unm mnmber of 
passes for preselected separation) when the &P .is oconn.&aun~; it Will ykk3 an apprexskna~e 
value when RF is variable. It should ibe nokd from eqrn. (2)) tEnat no pn~Asknn WGE 
made for “rounding off” the calculated d.%Herenoe betiv~ %.he UXWD c~nnpounnak a.iker 
$ irrigations. Consequently, unless kihe cakuUaWdl zsqa.ratice~~ ik Gx.4x.&J$ qxnall W or 
greater than the preselected separation A& itUne compunkr wGU kJ_ka~e sqaratiunn k 
impossible regardless ‘of how lclose1y A# and tie c.aUcunUatd suqxxrati~n may agree- 
For esample, if the extent of separation between tiwo c~xnp~u.md.s was 0.~9 Gene m- 
puter would indicate that a separa.t%on of o_06 bunt nnot od2 tzmiRd be achiewd adkr an 
.appropriate number of irrigations !(oonnI~u~ti~nxs made k i.uncxezunezxn&s of OAE ifcnr DR))). 

To demonstrate the relative cm&ancy ffu~r 23~ ~~WSR,W, paper p05tiax~ ffor ttltne l@pe 
of systems described .above ~(rectangukg andl water rniixiiille s~kezunks)). g,knexse 
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TABLE II 

SUJIBER OF SOLVENT PASSES REQUIRED TO SEPARATE TWO SOLUTES 0.08 TIMES 

THE LENGTH OF THE SUPPORT 

RF Of fWttr 
mwing solufe 

Y I”0 
2 3 

RF of dower moving solzcfe x 100 

Number of solvent passes for rqwired scpnmiiotr 

4 5 6 7 8 9-14 Itnfiossiblc 

_3o_ 
-29 

2s 
27 
26 
25 
24 
23 
22 

21 

20 

19 
1S 
17 
IG 
15 
1-4 
13 
I2 

KI 

IO 

9 
S 

z 

‘; 
3 
2 

24-23 
23-22 
22-2 I 

21-20 

20-19 

19-1s 

IS-1-i 

I7-I6 
17-15 
X6-14 
IS-1 3 
x4-12 

x3-11 
12-10 

II-9 
IO-S 

9-i 
S-G 

7-5 
(j-J. 
5-3 
4-2 

3-r 
2-I 
I 

24 
23 
22 
21 

20 

19 
IS 

IS 

17 
IG 

=5 

14 

13 
12 
II 

10 

9 
S 

z 

: 
4-3 
3-2 
2-I 
I 

II 

10 

9 
S 

z 
5 

=3 
I2 

25-29 
25-2s 
24-27 
23-26 
22-25 
2 1-24 
20-23 
19-22 
1g-21 

IS-20 

x7-19 
I&IS 

IS-I7 
14-16 

14-15 
13-14 
12-I3 
II-12 
IO-I I 

9-10 
S 9 

7 8 
6 
5 2 

3 
5 

4 
2 3 
I 2 

I 

To determine the number of passes for separation, locate RF of slower moving compound in the row 
occupied by RF of faster moving compound. The required number of passes is given by heading of 

column 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 communication3,’ 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 
RF variations with starting position. 

On Eaton and Dikeman No. 6zg paper there does appear to be a slight increase 
in the RF values of the compounds when they are started very close to the solvent 
front (I cm). Since the &? 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 RF 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 RF value is somewhat influenced by loading, it is wise to use .a 
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TABLE IV 

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

Rp of fimer 
Rp of slmer moving solule x roe 

mouing SoilIre Numhcr of soluorf posses for required sepnrnlion 
x 100 

-” 3 4 5 6 7 8 s-14 Impossiidc 

30 
29 
2s 
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25 
24 
23 
22 
21 
20 
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To determine the number of passes for separation, locate RJ* of slower moving compound in the 
row occupied by Rp of faster moving compound. The required number of passes is given by heading 

of column in which smaller RF appears. 

considerations for the production of good resolution 3. This phenomenon was predicted 
because a solvent which decreases the average RF value of two compounds increases 
the ratio of the &7 values and is capable of discriminating more efficiently between 
them. 

This experimentally supported prediction3 made it possible to suggest a number of 
simple guiding rules for the selection of approphate 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 32~ 
of the two components. The solvent should contain two miscible components,; lone ;in 
which the solutes are very soluble and the other in which the solutes are relative1.y 
insoluble. Appropriate proportions might then be selected which would iachieve 
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 ,lmown from chemical 
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stances, a theoretical evaluation of band dimensions seems irnpossl%le Because Ttfhe 
effects of adsorption, ion-exch<ange, etc. on band distortion cannot ibe ~W%&ea ((%r 
anticipated. However, it should be pointed out, that ,on the ,second iand .s&sequentt 
passes dtiring UMC, the solvent flows over the trailing !e@e *of $he %a& Tb&oxe 
reaching the leading edge. This effect aids in sharpening the ibands. Theae!ffore, when :a 
solute moves an equal distance during continuous chrornatograpky ;and X5&&., ttlhe 
,vertical spot dimensions on the latter chromatogram will be ,equal ;to Ior .-smaller it&an 
the vertical spot dimensions on the former chromatogram. This shaxpetiing &fEect;, (03 
course, aids resolving the compounds. 

Elongated spots which are often observed may be the result (of :adsoIiption, iion- 
exchange, non-linear isotherms, etc., which may cause a single puTe xna..tiall &o 
appear as a distorted band. If the band is a single component, it kill ibe tespeotedttkk 
this distortion will become more extensive as the number of sdlvent passes iis iin- 
creased. On the other hand, if the solute is a misture of more than lone tcompmenit, 
it ought to be possible to separate them with a sufficient number *of stilvent passes. 
Consequently, the probability of success in ascertaining the pux5ty (of *he :spcxt nktig 
UMC (provided the RF values were small) would seem to be very high. 

NOTE ADDED IN PROOF 

After submission of this manuscript a related paper by LENK~~ came $0 qy ;atientioa. 
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SUMMARY 

Tables relating the Rp value of two solutes to the number of sdlvent passes ;reg&xea 
for their separation by a preselected amount have been compiled for utiidimen&maIl 
multiple chromatography, UMC. These tables will help quantitate some knple ;gxiiZl%ng 
rules which were proposed for the selection of solvents for chromatograptic segaza- 
tions. The use of the tables is illustrated and the rationale for the high ipao%a%3lkty (0% 
success of UMC is discussed. 
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