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SEPARATION AND PURIFICATION METHODS, 4(2), 189-214 (1975) 

CHROMTOGRAPEY OF NON-IONIC ORGANIC COMPOUNDS 
ON IObFXCEfANGE RESINS 

Harold F. Walton 
Department of Chemistry, University of Colorado 

Boulder, Colorado 80302 

It is well known that organic compounds need not carry ionic 
charges in order to be absorbed by ion-exchange resins. 
polymers are organic solvents in their own ri&t. 
water or another liquid, the polymer network is like a sponge, 
f'ree4 penetrated by moledes from the surrounding solution. 
Non-caulombic attractions often reinforce the ionio or Coulombic 
athotion between the fired ions of the resin and organio 
oaunter-iona. !Chis fact was reoognised by Moore and Stein in their 

1 fsmous paper on the cation-exchange chromatography of amino acids: 

Resin 
Swollen with 

"The rate of travel on a column of sulfonated polystyrene 
resin . . . ia a result of the affinity of the resin for both 
the ionic and the non-ionic portions of the molecule." 
It was known in the early days of ion-exchaage chromato- 

graphy that a cation-exohange resin, placed in a solution of 
aniline in water, would absorb considerably more aniline than 
corresponded to its cation-exohange capacity, and that strong-base 
anion-exchange resins could hold more than twice as much phenol as 
they could have held if only the phenolate anion were absorbed. 

There are at least three ways in which 831 ion-exchange resin 
can hold uncharged molecules. 
%atrix affinity," the forces between absorbed molecules and the 

polwer matrix, and these forces, in turn, can be of different 

One is by wsolubilization" or 
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190 WALTON 

kinds. 
binding of aromatic solutes to an aromatic polymer matrix like 

crosslinked polystyrene. Another effect, important in mixed 

solvents, comes from the fact that the solvent composition inside 
the resin is different from that outside. The more polar solvent 
component tends to be more abundant inside the resin, with respect 
to the less polar component, because the ions of the resin solvate 
polar molecules. 
the proportion of water to alcohol is hiaer inside the resin than 

outside; this was shown in a very important research by Rhkert and 

Samuelson . 
like sugars, from their solutions in aqueous alcohol. 
kind of force that causes uncharged organic molecules to be 
absorbed by ion-exchange resins is the association of these 
molecules with the oounter-ions of the resin. The first attempts 
to absorb uncharged molecules on resins used this effect. Borate 
ions, for example, form oyclic complexes with 1,2-diols, including 
sugars and sugar alcohols. 
loaded with borate ions mi@ therefore be expected to absorb 

3 sugars, and ghym and Zill found this to be the case. Likewise an 
anion-exchange resin carrying bisulfite ions could absorb aldehydes 

A very important effect is &-electron overlap, the strong 

In mixtures of water and alcohol, for example, 

2 The resin therefore absorbs highly polar compounds, 
The third 

A stronpbase anion-exchange resin 

and ketones, which form charged bisulfite complexes 4 . 

from solutions 5 . 

Cation- 
exchange resins carrying ions of metals like copper and zinc, which 
form ammonia complexes, were found to absorb ammonia and mines 

This phenomenon is the basis of "ligand-exchange 
6 7  chromatographyn ' . 

Needless to sa;y, more than one of these effects can operate 
at the same time. An aromatic amine, bound to a oopper-loaded 
polystyrene-type resin, is bound all the more strongly because 
&-electron overlap with the aromatic rings of the resin reinforces 
the coordination of the amino group with oopper ions. 
have already noted, these effects may modify ionic attractions and 
repulsions. 

And, as we 

We shall not attempt a comprehensive account of all kinds of 
We interactions between organic compounds and ion-exchange mains. 
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NON-IONIC ORGANIC COMPOUNDS 191 

shall present a brief historical review, and then concentrate on 
work done since 1969, with emphasis on work in our own laboratory. 

Recent reviews of the chromatography of organic compounds on 
ion-exchmge resins have been written by Jandera and K~racek~’~, 
-lo, Samuelsonll, Scott 12 , singhall3 and ~alton’4. 

Sugars were perhaps the first non-ionic organic compounds to 
be separated from complex mixtures by chromatography on 
ion-exchange resins. 
done on borate-loaded anion-exchange resins, using solutions of 
sodium or potassium borate as eluents. 
borate was unneceeeary. 
anion-exchange resins in the sulfate or chloride forms, and also by 
cation-exchange resins. 
adding alcohol. 
Rbckert and Samelaon‘, who found that in addition to the attrac- 
tion of sugax to the excess water in the resin, which we have 
already noted, there was an attraction to the resin matrix itself, 
which was noticeable at low alcohol concentrations and in resins 
carrying poorly hydrated ions, like perchlorate. 

As we have noted, the first eeparations were 

Soon it was found that 
Sugars were absorbed by stronpbase 

The absorption was greatly increased by 
This phenomenon was carefully investigated by 

Complex mixtures of carbohydrates are now routinely analyaed 
by chromatography on ion-exchange resins. Anion-erchange resine in 
the sulfate form are preferred, although cation-exchange resins aay 
be used. 
ing some 7& to 9074 of alcohol by weight. 
gradient elution with a steadily increasing proportion of 
water 1Ot15. 

Eluents are mixtures of ethyl alcohol and water contain- 
It is usual to use 

In 1957 and 1958, Bieman and his students described twb 
procedures that they called saltingcout chronatomarkf and 
eolubilization chromato,rra&. The first is used with water- 
eoluble compounds like the lower alcohols, esters, ethers, 
aldehydes and They axe absorbed from concentrated 

salt eolutions, like 4g ammonium sulfate, into cation- or anion- 
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192 WALTON 

exchange resin8 (it makes little differenoe which type is used) and 
then eluted with aqueous salt solutions of decreasing concentra- 
tion. !Phe more hydrophilic substances are eluted first, like 
glycerol and ethyl alcohol, and more hydrophobic, less water- 
soluble substances like g-pentyl alcohol emerge later. 

In "saltinpout chromatography" the organic solute is 
*salted out" of the external solution into the resin, where the 
concentration of mobile ions is leas, due to salt exclusion by the 
Donaaa equilibrium. 
salt solutions follows the relation: 

The aotivity of nonelectrolytes in aqueous 

log (activity coefficient) = (constant) x (ionic strength) 

and this relation interprets fairly well the effect of salt 
concentration on the absorption of organic solutes of low molecular 
weight by the ion-exchange resin. 

Solubilizatioa chromatography" is used with compounds 
that axe sparingly soluble in water, like longer-chain alcohols, 
esters and ketones, phenols and aromatic hydrocarbons. 
resin can be cation-exchanging or anion-exchanging, and the 
counter-ion is of little consequence. The compounds are absorbed 
from water mixed with just enough organic solvent to keep them in 
solution, then eluted with solvent mixtures containing increasing 
proportions of methanol, ethanol or acetic acid. The more hydro- 
philic compounds, or those of lower molecular weight, axe eluted 
first, .and the less water-soluble compounds come out later. For 
example, aromatic hydrocarbons are eluted in the order benzene, 
toluene, qylene, naphthalene, methylnaphthalene. 

graphy was described in 1962 by Halmekoski and Hsnniltainen20, who 
used solutions of potassium phosphate in aqueous methanol to 
separate acetaniU.de and three derivatives of paminophenol on a 
column of cation-exchange resin. 

In 1961 Helfferich described %.gand-exohange chromato- 

A g a i n  the 

A combination of saltineout and solubilization chromato- 

6 

graphy." In its original form, ligand-exchaage chrcmatogmphy was 
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NON-IONIC ORGANIC COMPOUNDS 19 3 

used for the separation of compounds containing basic nitrogen 
atoms, and this is still its chief use. They are absorbed by a 
cation-exchange resin loaded with ions of metals that form mine 
complexes, and are eluted by solutions of ammonia. 
small amounts of metal salts are added to the ammonia eluents to 
replace losses of metal ions from the resin. 
were being separated by this technique, as well as a number of 
aliphatic amines, aromatic amines, hydrazines and alkanolamines 
A related technique is "argentation chromatography," in which 
compounds having ethylenic double bonds are absorbed from the 
liquid or gas phase by solid supports loaded with silver ions. 
Macroporous resins have been used to c a r r y  the silver ions, but it 
is much more usual to use silica gel impregnated with silver 
nitrate 

If necesssry, 

Its 1970, amino acids 

14 . 

The term "ion-exclusion chromatography" is used today to 
describe a powerful new method of separating weak organic acids and 
bases. 
water-soluble organic nonelectrolytes from ionized salts and strong 
acids. Ionic compounds are excluded from anion- and aation- 
exchange resins by the Donaan equilibrium, and therefore emerge 
from the column ahead of the nonelectrolytes, which penetrate the 
resin beads and so have a longer residence time . Ion exclusion 
is now being used to modify the absorption of weak acids and bases. 
Matrix-affinity pulls a weak acid into a cation-exchange resin, 
but, in so far as the acid can ionize, the Donnan equilibrium 
pushes it out of the resin. 
the repulsive force, may be controlled by controlling the pH. 
techuique has been used by Singha l  and Cohnl3 for the chromato- 
graphy of nucleic acid derivatives. We shall note other 
applioations. 

We recall that "ion exclusion" was first used to separate 

21 

The degree of ionization, and hence 
This 

We shall describe advances of the last five years under two 
general headings, ligand-exchange and matrix-affinity chromato- 

paphy. 
exclueion takes a part. 

The second heading will cover cases in which ion 
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194 WALTON 

By "ligand-exchange Chromatography" we man chromatography 
on cation exchanger8 loaded with metals that can coordinate with 
the ligands used. Uaually, but not always, the ligands are 
compounds with basic nitrogen atoms and the eluents are solutions 
of ammonia. 

The concept of ligand-exchange chromatography implies that 
the metal ions remain fixed on the exchanger, whila only the 
ligands attached to them change places. 
because aqueous ammonia solutions contain ammonium ions, and these 
can displace metal ions from the exchanger by ordinary cation 
exchange. 
functional groups that hold the metal ions by coordination or chel- 
ation, like iminodiacetate groups in the chelating resin Dowex A-1 
or caxboxylate groupa in acrylic-type resins like Bio-Rex 70. The 
familiar resins with functional sulfonate ions may still be used, 
however. 
because they are more easily displaced by ammonium ions, but if 
the leakage is not too great it cbn be compensated by adding metal 
salt to the aqueous ammonia influent. The concentration of metal 
ions in the influent then becomes a variable to be considered in 
chromatography, because metal-ligand complexes axe now formed in 
the solution as well as in the resin. 
that operate in such cases have been discussed by Inczedy 
Advantages to using sulfonated polystyrene resins include their 
good mechanical resistance to pressure padients as well as their 
high capacity for holding ligands, compared to chelating resins, 
where the ligand-binding capacity of the metal ions is greatly 

This is an idealization, 

It is therefore usual to choose an exchanger with 

There is more leakage of metal ions in such resins, 

The competitive equilibria 
22 . 

reduced by coordination with the resin's functional groups 23 . 
!The attractive feature of ligand-exchange chromatography is 

its selectivity; copper-loaded resins, for example, bind nitrogen 
bases as a class and organic sulfur compounds as a class. Another 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



NON-IONIC ORGANIC COMPOUNDS 19 5 

attractive feature is that selectivity orders can be manipulated 
by changing the metal ion aad the resin; this point will be 
illustrated later (see a l s o  ref. 23). 

Separation of complex mixtures: trace collection. Metal- - 
loaded resins have been used to absorb particular classes of 
compounds, like nitrogen bases and aromatic acids, from petroleum 
products24 and from tobacco-smoke condensate25 . Toluene was used 
as the solvent in the first case, methyl isobutyl ketone in the 
second case. 
gel-type (microporous) resin, so a macroporous resin was used in 
the first case, and a copper-loaded cellulosic exchanger carrying 
functional carboxyl ions in the second. The cellulosic exchanger 
was washed first with methyl isobutyl ketone to remove nonabsorb- 
ing substances, then with ethyl alcohol, then with alcohol 
containing ammonia. 

The nonaqueous solvents would not penetrate a common 

The nitrogen bases were removed by ammonia. 
Alkyl and aryl sulfides and hydrosulfides were "filtered" 

from aromatic hydrocarbon mixtures by copper-loaded acrylate 
(Bio-Rex 70) resin; the sulfur compounds were selectively absorbed, 
then eluted as a group and further analyzed by gas chromato- 
m p h y  . A nickel-loaded chelating resin was used to collect 
amino acids from waste waters; basic and most of the neutral amino 
acids were retained, and later eluted with 5E ammonia, while the 
"acidic" amino acids, like glutamic acid, were not retained 

26 

27 . 
Amino acidr. peptides. The min practical use of ligsnd- 

exchange chromatogTaphy has been in the analysis of amino acid 
mixtures and mixtures of amino acids and peptides. 
syetem of amino-acid analysis was described in patents2'. The 
amino acids are absorbed on a column of sulfonated polystyrene 
resin of fine and uniform particle size, usually in the zinc form, 
then eluted, not with ammonia, but with acetate buffers that axe 
about 0.0Olg in zinc ions. Elevated temperature is used. Modific- 
ations of this system a t  include amino sugars have been 
described29s30. 

produoing reagent. 

The Brikawa 

Detection is with ninhydrin or a fluorescenoe- 
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19 6 WALTON 

A oopper-loaded chelating resin was used to separate amino 
aoids from peptides; amino acids were retained, but peptides were 
eluted by dilute aqueous ammonia as their colored oopper oom- 
p l e x e ~ ~ ~ .  
acid-peptide mixtures into three fractions: firet, acidio and 
neutral peptides and neutral amino acids, eluted with water; 
second, neutral amino acids and basic peptides, eluted by l.5E 
amm~nia; and third, basic amino acids and tryptophan8 (which is 
strongly absorbed beoause of its aromatic character), eluted by 
6 l  ammonia. 

Other workers 32,33 used this system to separate amino 

btioal iromers of amino acids. A triumph of ligand- 
exchange ohromatography hae been the resolution of optical isomers 
of PrFaO aoide. 
ohlormetbylated polyetperm with optically aotive amino acids. 
These resins are then loaded with ions of oopper or nickel. 

Special resins are used, made by coupling 

One 

moh resin was described by Snyder, Angelioi and Fleck 34 . The 
o p t i d l y  aotive acid that was bonded to the resin was 

M-oarbo~thyl-L-valine. 
and ooworkere, and described in an important series of 

Other resins were prepared by Davankov 

pepers35-39. 
happens: its 

The reein with bound proline will illustrate what 
structure is: 

W i t h  a copper-ion and a molecule of absorbed (or mobile) proline 
it forma a oomplex: 

!Phe absorbed proline may, in turn, be displaced from the copper ion 
by two moleovles of water or ammonia. Now, the stability of the 
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NON-IONIC ORGANIC COMPOUNDS 19 7 

complex depends on its stereochemistry. 
L-proline(fixed) and D-proline(mobi1e) is more stable than the one 
formed from bproline(fixed) end L-proline(mcbile), the difference 
in free energg being about 450 &/mole. 
absorbed, L-proline may be eluted by water or 0.lE ammonia, 
whereas 1-2E ammonia is needed to elute D-proline. The prooess is 
complicated by the strong tendency for one copper ion to form a 
bridge between two fixed proline residues in the resin, especially 
at low copper loadings, and for copper ions to leave the resin at 
high copper loadings and form amino acid complexes in the solution. 
At low copper loadings there is little discrimination between D- 
and L- forms, Davankovts group studied the effect of various 
experimntal conditions, including the copper loading of the resin, 
the temperatare, and also the nature of the fixed and mobile amino 

acids, which do not have to be alike. 

The complex formed from 

When a racemic mixture is 

Aliphstic and aromatic amines. drum end alkaloids. In o m  
laboratory we have been systematically exploring the possibilities 
of ligand-exchange chromatography for the analysis of lsirtares of 
amino compounds, eepecially compounds of biological interest. 
Reference 14 eummEL1.izes our work through 1970. 
tions could be made at that time concerning elution ordere and 
strengths of binding of amino compounds to metal-loaded resins. 
They are: 

1. 

Certain generaliza- 

The binding strength depends greatly on the atomic 
environment of the basic nitrogen atom. 
much more strongly than secondary mines, secondary amines are 
bound more strongly than tertiary mines. Bulky atoms close to the 
aorine nitrogen hinder the coordination to the metal ion; a molecule 
with -CH2-HE2 is bound more strongly than one with -CH(CH )-MI2. 

Binding is strengthened by the possibility of chelate 
ring formation. Thus, 1,24iamines are bound much more strongly 
to a copper-loaded resin than are monoemines. 

Prima;rY amines are bound 

3 
2, 

3. Aromatic amines, or amines with aromatic groups in their 
structure, are bound strongly by polystyrene-tgpe metal-loaded 
reline, daa to W l o e t r o n  binding, 
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198 WALTON 

4. Elution orders are affected by the nature of the 
exchanger as well as by the nature of the metal ion. 

Our studies made since 1970 have confirmed the validity of these 
generalizations. The partition of solutes between solution8 and 
metal-loaded resins is a complex phenomenon, however, and is only 

partly predictable. 

compounds, and comment on points of interest. 

with functional oarboxyl groups, wae used. With O.25gammonia, the 

elution sequence and approximate volumes, in multiples of the bulk 
column volume, were as follows: Dimethylethanolamhe, 1.3; 
triethanolamine, 1.5; diethaaolamine, 2.6; monoethanolamine, 15. 

We shall summarize our  findings with different poups of 

(1 ) blkan~l&nes~~. A nickel-loaded acrylic-type resin, 

These data show the “obstruction effect,“ the effeot of 
placing carbon atoms next to the basic nitrogen, very nicely. 
Another influence that should be considered in any quantitative 
treatment is the ability of hydroxyl groups to coordinate with the 
metal ions in conjunction with the amino groupe. Alone, hydroxyl 
groups coordinate very weakly; glycerol, for example, ie scarcely 
retained at all by the nickel-loaded resin. 
form hydrogen bonds w i t h  the water outside the resin. 

Rather, it tends to 

(2) Aziridine~~~. Ethyleneimine, 

substitued ethyleneimines were eluted from nickel-loaded and 
oopper-loaded sulfonic and chelating resins. The unsubstituted 
ethyleneimine was held the most strongly. Substitution on one of 
the carbon atoms weakened the binding to the resin, and wbstitu- 
tion on the nitrogen weakened it even more. 
C2H2M.C H OH was held more strongly than C,E,$i.C2E5, however, 
pointing to the role of the hydroxyl group in coordinating with 
the mew (Hi or CU). 

The compound 

2 4  

(3) Amino sunare4’. The amino w s  provide an ideal 
illastration of the advantages of ligesd-exohange chro.atography. 
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NON-IONIC ORGANIC COMPOUNDS 199 

Their -N€$ group is nhindered" in the sense that it is attached to 
a carbon atom which in its turn is attached to two other carbon 
atoms, but these carbons carry hydroxyl groups that can coordinate 
with the metal ion in concert with the amino group, and the 
facility with which coordination takes place depends on the stereo- 
chemical arrangement of these hydroxyl groups. 
first, that amino sugars are strongly held by copper- and nickel- 
loaded resins, and second, that there was a considerable difference 
between the three amino sugars tested. On copper-loaded Bio-Rex 70 

(acrylic type resin with hznctional carboxyl groups) with 1.OE 
ammonia eluent, elution volumes were, in multiples of the bulk 
column volume: glucosamine, 3.9; galactosamine, 5.0; 

Thus we found, 

~ O S ~ ~ I M ,  8.4. 

An acrylic-type resin was preferred to a polystgrene-type 
resin because the ligand binding was not as strong, and one could 
therefore use less concentrated ammonia solutions. Further, the 
&-electron effect caused the polystyrene-dfonate resin to bind 
tryptophane and histidine very strongly, and we wished to elute the 
amino sugars selectively with minimum interference from amino 
acids. 

Ammonia displaces the amino sugars from the metal-loaded 
resin in the form of metal complexes, presumably uncharged 
complexes. 
ultraviolet light of 254 m wavelength, making it possible to use 
ultraviolet detection and to see one microgram of eluted amino 
sugar with no difficulty. 
to the uncharged complex formed between copper ions and 
die thanolamine . 

The copper amino-sugar complexes strongly absorb 

These complexes are no doubt analogous 

(4) Diamines and 00lyamines~~. These compounds illustrate 
the versatility of ligand exchange; different metal ion-resin 
ratrix combinations give different elution volumes, as is shown 
in Table I. 
This table is not a good guide to chromatography, for it does not 
show relative volumes nor plate heights. Moreover, elution volumes 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



200 WALTON 

TABU I 
ELUTION SEQUENCES OF DI- AND WLYAMIKES 

- ca % 
Sulfonic Carborrrlic Sulfonic Carborrrlic 

spa S P  c3 S P  

spm spa c4 c3 

'6 c4 

c3 c5 SPm c4 

'2 '6 c5 c5 

spa spa 

c3 c2 '6 - 
- 

'6 - - 
Spa P spermidine , H2NC3H6NEC45HH2 
s p  I SperPline, H2~CjH6~C4He'YHC3H6~2 

C2 1,2-propanediamine; C3 = 1,3-propanediamine 

C4 E putrescine, 1,4-butanediamine 

=4 

c3 

c4 

c5 

Cellex-CM 

spa 

S P  

depend on ammonia concentrations in a way that is different for 
different compounds, depending on the number of ammonia molecules 
that replace one ligand molecule in the resin-metal combination. 
For exaaple, the corrected elution volume of the l,3-diamine on 
copper-loaded polystyrene sulfonate resin depends inverrely on the 
square of the ammonia concentration, indioating that one ligond 

molecule displaces two ammonia molecules. 
are those for the a m o n i a  concentrations likely to be used in 
ohromatograpb, that is those that give elution volumes between 
1 and 10 tiplea the bulk column volume. 
concentratione are higher, the more tightly the metal is covalently 

The sequences in Table I 

As is austomary, these 
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NON-IONIC ORGANIC COMPOUNDS 201 

bound to the exchanger, and the greater the capacity of the 
exchanger for the metal. Thus, cellulose carboglate exchanger 
requires the lowest irnrmonia concentrations, then the carboxylic 
resin, and polystyrene sulfonate resin requires the greatest 
ammonia concentration. 
used, our  experience with other solutes indicates that a lower 
ammonia conoentration would be needed than with sulfonate resin: 
see ref. 23. 

If polystyrene chelating resin had been 

Commenting on elution orders, we see the high stability of 
the 1,3-diemine chelate of copper, compared to that of zinc; the 
1,2-diamines are bound so strongly by copper-loaded resins that 
once absorbed, it is almost impossible to elute them with ammonia. 
With other diamines the binding strength increases with chain 
length, a common feature of the selectivity of resins for 
short-chain aliphatic molecules and ions, which reflects, perhaps, 
the increasing repulsion of the hydrogen-bonded water molecules 
outside the resin. The diamine-polyamine sequence is different for 
copper and zinc, and a surprising inversion of selectivity is found 
between spermine and spermidine as one changes from a polystyrene 
resin to an acrylic resin. 

Our best chromatographic separations were obtained with 
copper-loaded Bio-Rex 70 and with zinc-loaded Aminer A-7 
(polysfyrene snlfonate, 9 microns diameter). 
resin holds its metal ions relatively weakly, and we had to add a 
fairly high concentration of zinc salt to the influent, between 
0.001 and 0.002 molar. The zinc-ion concentration affects the 
elution volumes, because metal-amine complexes axe now formed in 
the solution as well as in the resin, and the elution peaks were 
shifted with respect to one another. This effect can be used to 
advantage, and by adjusting the zinc-ion concentration we were able 
to get very good separation of the peaks for the physiologically 
important compounds putrescine, spermidine, spermine and cadaverine 
(eluted in that order): see Table 11. 
with no interference froh amino acids or histidine. 

This zinc-loaded 

These compounds were eluted 
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202 WALTON 

WLE I1 
ELUTION OF DUMINES: EPFECT OF TEIMPEBBTIJRG 

bM) ZINCION COIVEEHTRATION 

Temperature 20° 

~n conc., mg/l 50 

Elution volumes: 
1 , J-diaminopropane 16.5 

1,44iaminobutane 21 

Spermidine 24 

Spermine 30 

1,5-diaminopentane 40 

- Column: Aminex A-7, 0.63 cm x 24 cm 

Aaunonia concentration, 5.5g 

55O 

50 

16.5 

19.3 

26.3 

32.5 

33.7 

55O 

115 

- 
16.5 

20.2 

23.1 

27.7 

(5) Phenethylamine and related drum 43e44. Bemuse these 
compounds carry aromatic rings they are very strongly absorbed by 
polystyrene-type resins, both as molecules and as cations, and give 
broad chromatographic bands w i t h  bad tailing. 
necessary to use the acrylate resin, Bio-Rex 70. 
best oounter-ion. 
water, and ethyl alcohol was therefore added to the eluente. 
the free bases are oxidized by air at a rate sufficient to cause 
trouble unless precautions are taken to minimize contact with the 
air. The sensitivity of some organic bases to oxidation or 
decomposition in alkaline solution is one of the drawbacks of 
ligand-exchange chromatography with ammonia eluents. 

Table I11 shows some elution volumes. 
rtructural effects very well, namely, (a) the effect of methyl 

We found it 
Copper was the 

The free mine bases are sparingly soluble in 
Also, 

It illuetrates 
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TABLE I11 
ELUTION VOLUMES ON BIO-BEX 70 

eluent, 0.1~ NH3 in 33s ethanol) 
(Multiples of bulk column volume; 

Couuter-ion: cu Ni 
Compound I 

Phene thylamine C6H5 cH2CH2NH2 3.9 2.8 

Ho.C6H4cH2c%T - 2.75 

- Horephedrine C 6 5  H CHOH.CH2HHCH3 2.7 

Amphetamine C 6 5  H CH 2 CH(CH3)NE2 2.15 1.55 

Ephedrine C H CHOH.CH(cH3)NHcH3 2.1 - 
Metampheta,mine C H CH CH(CH3)NIiCH3 1-75 - 
Mescaline (~O)3C6E2CH2CE2ME2 I 

6 5  

6 5  2 
1.45 

groups on or near the basic nitrogen atom, which deorease the 
retention; (b) the effect of hydro41 groups two carbons removed 
from the amhe group, which increase the retention, presumably by 
form* chelate rings; (c) the effect of the methoxy groups in the 
3,4,5-positions of mescaline, which make the molecule more hydro- 
philic than the parent phenethylamine. 
in marine has little effect. 

(6) blkoloid~~~. Alkaloid bases are bound only weakly by 
metsl-loaded resins, because they are  generally secondary or 
tertiary mines, and the basic nitrogen atoms are protected from 
ooordination with metal ions. 
whose polymer matrix is sufficiently open to allow large, 
weakly-bound alhloid molecules to enter and coordinate with the 
metal ions. 

The single 4-hydroxy group 

In fact, there are only a few resins 

"hose resins that do bind alkaloids have a greater 
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oapocity for binding anmonia than those that do not. 
polystyrene-based resins ate inappropriate because of their strong 

affinity to alkaloids having aromatic struotures, end the broad 
elution bands that result. 

Once -in, 

The best cation-exchange resin for alkaloidr chromatography 
was made from the commercial produot Poragel-Pl! (Watere Associates) 
by hydrolyzing the ester group= that this resin contains, and 
turning it into an ion exchanger with funotional carboxyl groups. 
Copper waa the best counter-ion. With 0.06B spmpoPia in 33% ethyl 
aloohol, theee elution volumee, in multiples of the bulk column 
volume, were found: 

Morphine 1 .o Cocaine 4.5 
Niootine 2.0 Atropine 5.0 

Codeine (methyl Narcotine 6.8 
Chinine 9 morphine) 2.25 

Ethyl morphine 2.5 Reserpine 14 
Cinchonine 16 Papaverine 3.0 

Strychnine 3.5 
Band widths were rather poor, reflecting the slow diffusion of 
large moleoules in and out of the resin. 
gram of opium extract ahowed five distinot peaks, four of vhich 
were identified. 

Nevertheless, a ohromato- 

We have found that hydrolyzed Poragel Pl! in its ammonium 
form retains alkaloids almost aa well as, and in some casea better 
thaa the copper-loaded resin. 
only a minor role in our alkaloids obromatography, and that the 
main effect is the solubilitp of the alkaloid bases in the resin 
mtrix. 

It lpsy be that ligand exohange plays 

(8) Misoellaaeous liuands. Theoplylline, guanine, xanthine, 
adenine and caffeine were eluted in that order from a copper-loaded 

number of other derivatives of xanthine and presents 8 aethod for 
the quantitative determination of caffeine in beverages. 
nucleic acids, DNA46 and 

ohelating resin, with lz annuonia as eluent 45 ; this paper listr a 

The 
were seperated into fractions by 
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absorption on an alumirrPrcloaded cation-exchange resin, eluting 
with various buffere. 
with anhydrous methanol, separeted butyl alcohol, e-lene glyool, 
glycerol, mannitol and sorbitol, which emerged in that order 
Resins carrying ions of Fe(III), Ti(IV) and Hg(I1) separated 
isomeric hydroqbenr~io~' and W h - & t h o i ~ ~ ~  acids , with water 
or ethanol as the eluents. 

51 nilihscirgl groups and was used to fractionate an enzy.l, . 

A Be(II1)-loaded oacroporoua resin, eluted 

48 . 

A polymer incorporating Hg(I1) bound 

Matrix-solute interactions are all-pervasive in ion-exchange 
chromatography, and it is hard to draw hardd-fast oategories. 
Separations of complex llnilticomponent mixtrues, like ariae12*52, 
always involve the absorption of neutral molecules or of acide and 
bases that are  far too weak to be absorbed in their ionic forms. 
OM of the first papers describing the deliberate use of an 
ion-exchange resin to separate nonionic organic compounds was that 
of w11 anti ~c~reat3y53, reporting the separation of four isonrerio 
butyl alcohols on a potassium-form eulfonated polyti-ene cation 
exohanger, using water as the eluent. 
2-111ethyl-2-propasol, emerged first , then 2-butsnol , then 
2-methyl-l-propapol, and finally 1-butanol. The most conpot 
molecule, the one that would least disrupt the hydrogen-bonded 
structure of water, was released first, and the most extended 
molecule, which would most disrupt the water structure, OBW out 
laat. This 881110 sequence was found in the ligandaxchange 
chromatography of primary b u t y l a ~ e i n e s ' ~ ~ ~ ~ ,  where it could be 
attributed to decreasing obstruction of the amino group, but one 
ehould never forget that the distribution of a solute between a 
solvent and an absorbent depends on interactions in the solvent, 
a8 well a8 those in the absorbent. 

Tertiaxy butyl alcohol, or 

Absomtion of acid8 on cation-exahanRe resine. Anions are 
excluded from cation-exchange resins; therefore, acids that are 
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206 WALTON 

absorbed by cation-exohange resins must be absorbed in their 
non-ionized, molecular form. 
butyric acid are eluted in that order by water from a 12$ 

orosslinked cation-exchenge resin54. 
course, bound more strongly than aliphatic acids by polysmene 
resins, and salioylic, benzoic, phthalic, isophthalic and 
terephthalic acids were seperated chromatographioally, again with 
water as the 
ahown in this paper is that they show reverse tailing; the ultra- 
violet absorption shown by the detector rises relatively slowly, 
then drops abruptly back to the base line. Peaks of this shape are 
associated with nonlinear absorption isotherms in which the binding 
becomes stronger with increasing loading of the absorbent. 
proportion of undissociated acid, of course, rises with rising 
concentration. 

56 acids so weak that their ionization is almost negligible 

Lactic, formio, acetic, propionic and 

Aromatic acids are, of 

A significant feature of the elution peeks 

The 

This effect is not found with phenols, which are . 
Chromatography of 38 substituted benzenes, including phenols 

and nitrophenols, on a cation-exchange resin w i t h  water as the 
eluent was studied by Nomura & &.57$ the isomeric hydroxybenzoic 
acids were separated on such a resin, using acidified d t  eolu- 

58 tions to "salt out" the acids into the resin , 
Polar-substituted benzenes. analnesic drum. ranthines. 

One of the earliest applications of modern high-speed liquid 
chromatography was to the analysis of mixtures of aaalgesic drugs. 
On a pellicular anion-exchange resin, Stevenson and Burtis 59 
eluted caffeine, acetylsalicylic acid, 4-hy&o*yacetanilide, 
phenaoetin (4-ethoxyacetanilide) and salicylamide in this order, 
u s i n g  an alkaline buffer. 
elution order bears little relation to acid strengths. 
polystgrene-type resins tend to absorb ~ 4 i s u b s t i t u t e d  benzenes 
especially strongly, but it is hard to generalize about the inter- 
actions. 
a number of polar-substituted benzenes (esteis, phenol ethers, 
amides, etc.) on anion- and cation-exchange resins of different 

Ion exchange plays a part here, but the 
In general, 

In our laboratory we have studied the chrormatography of 
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types6’; anion-exchange resins are better Hsolvents,n that is, they 
retain these compounds more strongly than cation-exchange resins, 
but they give broader bands, indicating slower diffusion within the 
resin. We found that the counter-ion affected the band width more 
than it did the position o f  the elution band. 
charged cations used, anvnoniam and potassium ions gave the 
narrowest bands and sodium the broadest. 

Of the singly- 

The influence of the counter-ion in this type of chromato- 
graphy has generally been overlooked and needs more study.  

From cation-exchange resins aspirin, caffeine and phenacetin 
aze eluted in this order, using alcohol-water mixtures. 
have expected caffeine to be eluted last, since it is a base, but 
it is such a weak base (p\ about 14) that this quality has no 
effect. 

Studying analgesic drugs and the xanthines6’, we found, 

One might 

first, that by using a 4$ crosslinked polystyrene sulfonic resin of 
small, uniform particle size we could get very sharp elution bands, 
even with sodium as the counter-ion, and second, that certain 
compounds were retained much more strongly by the ammoniweform 
resin than by the sodium-form resin. The compounds i n  question 
were salicylamide, 4-hydroxyacetanilide, hyporanthine and theophyl- 
line; see %ble IT. These compounds are weak aoids, with pKa about 
8 ,  

weakly acidic, they existed simply as the uadissociated acids, but 
that in the sodium-form resin, some ionization occurred, causing 
partial exclusion. 
strong reverse tailing of the salioylamide peak in the sodium-form 
resin (see the disoussion above). 

It seemed that in the aramonium-form resin, which would be 

This interpretation was corroborated by the 

The eluent in these cases was aqueous aloohol, electrolyte- 
If buffered eluents were used the peaks of these we& acids free. 

could be moved to lower volumes by raising the pH, and to higher 
VOlUlIeS by lowelring it. 
and Cohn 13962 f o r  mcleic acid derivatives. 

A siplilar observation vss made by Singhd 
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TABm Iv 
ELUTION OF WEAK ACIDS; COURPEB-ION EFFECT 

Partition ratio, k1 
Compound 

Uric acid 

se3 ioylamide 

4-Eydroxyacetanilide 

-thine 

Theophylline 

mPo=- 

Theobromine 

Caffeine 

- Resin, Aminex 5OW-4, 
(See reference 61) 

&resin - P'a 
5.4 0.1 

0.4 1-55 

I 2.12 

7.5 0.15 

8.8 0.35 

8.9 0.75 

10.0 1.42 

- 1.92 

eluent, 25s ethanol. 

NE -resin 

0.1 

3.30 

2.48 

0.56 

1.33 

2.25 

1.60 

1.80 

The power to manipulate elution volumes by changing the pH 
YBS put to use in the chromatography of ultraviolet-abeorbing 
conetituents of coffee. Usin&a 14-a column of 474 crosslinked 
resin and a formate buffer of pH 3.65 at 65O, percolated coffee 
gave five peaks and freeze-dried coffee s ix ,  three of which were 
identified as being due to caffeine, caffeic acid and trigonellin. 
The proportions of these conetituents depended in a oharacteristio 
vey on the type of coffeeand the degree of roasting. 
*aka were very narrow, corresponding to a theoretioal-plate height 
of 0.2 mop. 

A g a i n  the 

bomtio bdrocarbons and OOmDOund8 of low wla;riQ. 
Funasales and hia colleagues have studied in great deta i l  the 
absorption of mono- and disubstituted benzenes on ion-exchenge 
resine in a number of nonaqueous ~ o l v e n t a ~ ~ ' ~ ~ .  
monosubstituted benzenes were absorbed with inoreasing strength in 

They found that 
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the substituent sequence CH - C1 - F - c1y - NO2, which is the 
order of increasing &electron density. The hydrogen-bonding 
character of the solvent affected the binding, and of six resins 
tested, a pyridinium resin was the strongest absorbent. 

3 

Pyridinium resins should perhaps not be classified as ion 
exchangers, though they do act as anion exchangers in acid solu- 
tions. In neutral and nonaqueous solvents they act as electron 
donors and absorb solutes according to their electrondccepting 
power. The absorptive properties of a resin prepared by polymerirt- 
Fng 2-methyl-Fvinylpyridine have been investigated by Freeman 65966 

and interpreted in terms of the wee-way interactions 
resin-solvent, resin-solute and solute-solvent. 

Rieman 18'19 showed that aromatic hydrocarbons could be separated by 
chromatography on anion- or cation-exchange resine. 
current interest in polynuclear hydrocarbons in the environment, 
we have begun to explore the possibility of analyzing hydrocarbon 
mixtures in this We are interested in resins as selec- 
tive filters for trace amounts of dissolved hydrocarbons in 
natural waters as well as their use as stationary phases in liquid 
chromatography. 
exchange resins, we find, as we did with polar aromatic solutes, 
that anion-exchange resins show stronger retention, but cation- 
exchange resins give narrower elution bands and are more promising 
for chromatography. 
crosslinked Aminex polystyrene sulfonate resin of 20-30 microns 
diameter. 

In his pioneer work on neolnbilization chromatography," 

Because of 

Cornpazing polystyrene-type cation and anion- 

Most of o w  work ha6 been done with 4% 

The resin couuter-ion is important. Between Ha and NE 
there is not much to choose, but the calcium-form resin eves 
almost double the retention volume of the sodimform resin for the 
solutes phenanthrene and pgrenef moreover, the theoretical-plate 
height i s  appreciably smaller. 
doubly-charged calcium ion takes up less space in the resin than 
two singly-charged sodium ions, and therefore leaves more space 

4 

A poesible explanation is  that one 
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for ablrorbed lydrocarbon molecules. 
mered slightly better than the oaloium(I1) form, and a series of 
obromatogrophic tests was lpade w i t h  the iron-form resin. 

The solvent must contain water to swell the resin and make 

The iron(II1)-form resin 

it perreable, and it must contain an organic constituent to dis- 
solve the aromatic hydrocarbone. 
containing between 20 and 404g of acetonitrile were used, the lower 
proportion of aoetonitrile being used w i t h  lower-molecular weight 
hydrocarbonr like the xglenes, M e n e  and biphenyl. The advantage 
of acetonitrile is its low viscosity, which favors narrow bands. 
If the reein oounter-ion was Fe( 111) , the eluent was made about 
0.OlE in nitric acid to avoid hydrolysis. 

Acetonitrile-water mixture8 

The temperature was 60'. 

Very good chromatographie curves were obtained with 
trjbfooarbonlr up to pyrene. 
chrpeene end bemo(a)pyrene, gave unduly broad bands. 
and brominated derivatives were retained much more strongly than 

the unmabstituted hydrocarbons, in apeement with the experience 

Compounds with larger roleoules, like 
Chlorinated 

of Bhnosaka64. 
For the liquid chromatographic analysis of polynucleaz 

momatic hydrocarbons, the method of choice today is probably to 

use a C-18 bonded packing on microparticulate silica. We have com- 
pared our resin columns with a commercial pre-paoked column of this 

type. 
compared to 90 - 120 minutes with a resin column, and it performs 
better w i t h  compounds of higher molecular weight. However, our 

column gives more symmetrioal peaks and better resolution, and 
permite much higher loading. 
of one hydrooaz?bon in the presenoe of much lerger amounts of other, 
lrimilar hydrooarbone, we think that our method would be superior. 
Hore testing is needed, however. 

polynuclear aromatic hydrocarbons out of aolutions in water having 
oonoentrations of 1 ppm snd less. 
the gel-type resin has the advantage, compared to the macroporous 

%e bonded poking gives a faster analysis, aome 20 minutes 

If one had to look for small aeomts 

We have used short columns of oalcium-loaded resin to filter 

Retention is very efficient, and 
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non-ionic stgrene-divwlbenzene polymers nov used for this 
purpose 69 , that, being ionic and carrying fixed negative charges, 

it does not absorb the humic acids that make up most of the 
dissolved organic material in many natural surface waters. 
polynuclear aromatic compounds and ohlorinated aroaatics, humic 
aoids are not toxic and are of little environmental concern. 

Unlike 
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