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SUNMNAMIARY

By classifving the mechanism of adsorption of solutes to gels into two groups.
viz.. lonic effects (ion exchange. ion exclusion and ion adsorption) and pure adsorption.
(hvdrogen bonding and =-bonding). and by censidering the gel structure as hyvdro-
chloric acid. potassium hydrexide. or potassium chloride in methano! are adsorbed
on to the gels and the surfuce of the gel becomes positively charged. the adsorption
behaviour of dinitrophenyl derivatives on Sephadex LH-20 in methanol. 0.053 N
hydrochloric acid—methanol. 0.05 N potassium hydroxide-methanol and 0.03 N
potassium chloride-methanol have been explained. The solutes that have no disso-
ciative groups interact with the gel only by pure adsorption. The solutes that have
an acidic group interact with the gel by ion adsorption under the dissociation con-
ditions for the solutes. and those that have a basic group by iea exclusion under
both the dissociation and non-dissociation conditions. These behaviours are com-
pared with those in methanol. ;

Benzene or pyridine added to methanol are assumed 1o block the interaction
sites of gels and hence lower K, values for the solutes arc obtained. The presence
of two nitro groups and hydroxyl. carboxyl oramino groups on a benzene ring shows
the potentiation effect of adsorption to the gel. The dissociative groups favour the
ionic eftfects. which are greater than the sieving effect. A nitro group is assumed to be
adsorbed to the gel by hydrogen bonding and this secondary effect is greater than the
molecular sieving ettect for low-molecular-weight compounds.

INTRODUCTION

The retardation of dinitrophenylated linear mononers and oligomers of poly-
amides on Sephadex LH-20 wuas studied under various conditions'. The values of
K., for some solutes were greater than unity and the addition of an inorganic electro-

- Ivte to the sample solution caused extreme retardation. In general. when a solute
departs from the elution volume predicted on the basis of molecular sieving. viz.,
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by appearing either earlier or later than expected. some other tvpes of interactions
between the solute and gel matrix must occur.

Although the molecular sieving properties of gel materials used in gel chroma-
tography usually predominate. other types of interactions between solutes and gel
materials have also been observed when Sephadex was used as the bed material.
Geloue® described some adsorption properties of Sephadex G-25 towards low-
molecular-weight substances such as amino acids and alkaloids. and divided these
secondary effects into two groups. namely adsorption to the bed materials and super-
imposed effects. Adsorption is related to the structure of the solutes and superim-
posed etfects depend upon the conditions of the run. i.e.. the ionic strength. composi-
tion in and pH of the eluent. Kwon® studied the pH-dependent elution of malonal-
dehvde on Sephadex G-10 and observed adsorption to the gel matrix below pH 4.
Janson™ discussed the adsorption behaviour of some substances on Sephadex in
different solvents and found that highly charged substances tend to be excluded at an
opposite pH range and that the retardation of aromatic amino acids is markedly de-
creased on the addition of 1 Af pyridine. Studies of adsorption plenemena on Sepha-
dex have also been made by other workers™ ¥,

Of the adsorpuion phenomena. the affinity of dextran gel for aromatic and
pscudo-aromatic substances is particularly striking in accordance with the aflinity
characteristics found for adsorption to cellulose. A planar structure and an extended
svstem of conjugated bonds in the solute favour adsorption®. The adsorption of
aromatic compounds to dextrin gel 1s presumed to result from the 7-electron bonding
between them. Janson™ stated that in distilled water. the K, values for acidic aromatic
substances are a compromise between the two opposing effects. aromatic adsorption
and ton exclusion. and that adsorption increases with increasing salt concentration.
although the ion-exclusion etfect. which depends on small amounts of tixed carboxyl
groups. is eliminiated by the additon of small amounts of an electrolyvie to the dis-
tilled water. He also considered that the increase in aromatic adsorpiion s caused
either by an increase in the number of adsorption sites available or by an increase
in the strength of the interaction due to a decrease in the size of the laver of water
of hvdration which prevents solute—gel interaction.

The interaction of aromatic molecules with Sephadex LH-20 in organic
solvents has also been studied”. Streuli'® found that the adsorption values of planar
aromatic hvdrocarbons on Scphadex LH-20 were linear functions of the resonance
energies of these compounds when methanol wis used as the clueni. He concluded
that the interaction between these aromatic molecuies and the gel involved the -
electron cloud. and that Lewis acid-base complexes were formed. Heteroaromatic
and polar substituted compounds. such as phenols and anilines. are more strongly
adsorbed than predicted from resonance energies. indicating that hvdrogen bonding
as well as 7-bonding participates in the adsorption.

The role of the solvent employed in the solute—-gel interaction has also been
discussed'!. In methanol. m-bonding predominates. but some resonating species iare
also able to form hyvdrogen bonds. Dimethylformamide favours sieving. tetrahydro-
furan favours hydrogen bonding. and w-bonding is insignificant in both solvents.

The adsorption behaviour of dinitrophenyl derivatives on Sephadex LH-20
in several methanolic eluents has been investigated in this work and the adsorption
mechanisms are discussed.



ADSORPTION OF NITRO COMPOUNDS ON SEPHADEX LH-20 161

EXPERIMENTAL

The gel used was Sephadex LH-20. which was swollen in the solvent used as
the eluent for 24 h prior to being packed in a glass column of 100 cm 16 mm [.D.
The dry gel weight was 45-46 g and the height of gel bed was 91-93 cm. The eluents
used were methanol. 0.05 N hyvdrochloric acid-methanol. 0.03 ' potassium hydrox-
ide-methanol. 0.05 & potassium chloride-methanol. 10°, benzene-0.05 ¥ hydro-
chloric acid—methanol. 19, benzene-0.05 N hvdrochloric acid-methanol. 0.3Y,
dinitrobenzene-methanol and 1 A7 pyridine-methanol. Some aromatic nitro com-
pounds were purchased. and others were prepared in this laboratory. All sample
solutions were between 0.03 and 0.1°, in concentration and I-m! portions were ap-
plied directly to the top of the gel bed:.

The effiuent was delivered to a flow cell adapted to a Hitachi Model 124
spectrophotometer equipped with an absorbance recorder. The absorbance of
the effluent was recorded continuously. The wavelength at which the peak maximum
of a solute was 0.5-0.7 in absorbuance (D) was selected for each sample. VF,, was
determined using Blue Dextran modified as tollows: 20 mg of Blue Dextran were
dissolved in 1 ml of 10°,, sodium hydroxide solution and stored overnight. 0.3 ml
of dimethyl-sulphate was then added. the solution was stirred for 3 h. the sulphuric
acid hberated was neutralised with sodium hydroxide solution as soon as possible -

and the solution was diluted to 10 ml with methanol. I; was calculated from the values
of I,. the weight of gel and total gel bed volume (1), Other experimenial conditions
and procedures were as described earlier!.

RESULTS

The partition coeflicients. K. of several aromatic nitro compounds and other

TABLE 1

Ka VALUES FOR VARIOUS SOLUTES ON SEPHADEX LH—"O IN METHANOL AND
METHANOLIC SOLUTIONS OF HYDROCHLORIC ACID, POTASSIUM HYDROXIDE
AND POTASSIUM CHLORIDE

Solure - K

Me lluulul 0.05 \ HC 1- 0 ()J \ I\OH- 0.05 NKNCl-
methaiol methanol methanol

Benzene 1.0v 1.13 .10 .14
Nitrobeazene 1.29 1.32 1.26 1.32
m-Dinitrobenzene 1.36 1.37 1.30 1.36

2. 4-Dinitrotoluene 1.33 - -~ -

2. 4-Dinitrophenciole 1.36 1.35 147 1.38

2 4-Dinitrophenol 1.77 1.59 617 3.25

2. 4-Dinittrobenzoic acid 1.77 1.57 3.2 2.63

2 A-Dinitroaniline 2.05 2.05 2.05 2.01

2 4-Dinitrophenylaminocaproic acid 1.39 1.41 251 2.13
Benzoviaminocaproic acid 0.88 0.86 1.63 1.31
s~Aminoecaproic acid 1.11 0.62 1.22 0.65
Benzoic acid 1.25 1.19 215 .83 -
m-Phenylenediamine 1.60 0.79 1.43 146
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related aromatic compounds in several eluents are listed in Tables I and 1. The
K. values were calculated using equation

K, =V,

where }7. is the elution volume of the solute. I, is the void volume of the gel columni.
and F; is the inner volume of the column. In order to discuss the effect of a nitro
group and other substituents attached to a benzene ring on the adsorption to the gel
some compounds that do not have a nitro substituent were aiso examined.

TABLE It

K.+ VALUES FOR VARIOUS SOLUTES ON SEPHADEX LH-20 IN METHANOLIC SOLU-
TIONS OF BENZENE, DINITROBENZENE AND PYRIDINE

Solure K.
O3 N HCI- 0.53%, Dini- G053 H1Cl- I M pyri-
1 henzene-  wroheuzenc - 10V benzene—  dine--Me-
wzerlrairef metheof mrethanol ehairol

2 2-Dinitropheny kiminocaproic acid 1.40 .30 1.1e 118

2 A-Dinitrophenol - .39 P3N .16

2 L-Dinitroantline - 197 — 1.72

2 1-Diniirophenetole - - — 1.235

Benzoviaminocaproic  acid .83 - — -

DISCUS3ION

In spite of the similar molecular weights of ithe dinitrophenyl derivatives
examined. large differences in K values were observed. Besides the substituents on
the dinitropheny! ring. the properties of the eluents aiso iniluenced the AL values.

Fiurion beltaviowr of solutes in methianol

The K. values for all of the solutes examined except benzoviaminocuproic
weid are greater than unity. which indicates the participation of adserpuse interae-
tions between the solutes and the gel. The Ay value for benzene 1s 1.OY and adsorption
by x-bonding between the gel and the 7-electrons of benzene is considered 1o oceur'”.
Upon substituting a nitro group for a hyvdrogen atom in benzene (nitrobenzene). the
K. value inereases to 1.29. and the miroduction of a second nitro group (m-dinitro-
benzene) increases Ky to 1.36. The high electroncgativity of the nitro group favours
hydrogen bonding between its oxyvgen atoms and the hyvdrogen atoms of the gel
and consequently nitrobenzenes utilize hydrogen bonding as well as 7z-bonding in the
adsorption process.

Depending on the tvpe of substituent with which a hvdrogen atom of m-dinitro-
benzene is replaced. the Ko values for 2 d-dinttrophenyl derivatives increase in the
following order:

H=-CH,==-0OC,H; <<-NH(CH,);COOH < -OH = -COOH < -NH,
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Brook and Munday"'® found that the adsorption by Sephadex dextran gels of m- or
p-monosubstituted phenols: anilines and benzoic acids can be correlated by the
Hammett equation. They also suggested that the benzene derivaiives might be ad-
sorbed to the hvdroxvether cross-linking groups by hvdrogen bonding. In the case
of the m-dinitrebenzene derivatives. the Hammett eguation cannot be correlated with
the adsorption behaviour. because the ortho efiect between the substituent and one
nitro group ut the ortho position of the substituent should be considered.

The K values for 2. 4-dinitrotoluene and 2.4-dinitrophenctole are similar to
that of m-dinitrobenzene. as the methyl and ethoxy groups have low electronegativities
and hydrogen bonding to the gel is negligible. Carboxyl and hvdrexyl groups are
more electroatiractive and have higher clectronegativities. The higher Ky values for
2 4-dinitrobenzoic acid and 2. 4-dinitrophenol are due to this higher electronegativity
and the parual dissociation of these groups in methanol. The mifluence of these grouns
on the K. values of derivatives'is shown in Table 1. The increases in Ky caused by
tihe substitution of two nitro groups for hvdrogen atoms in the benzene rings of ben-
zote acid and benzovlaminocaproic acid are ideatical. This increase 1s larger than
that observed on the substitution of two nitro groups into benzene. The increase in
K.y values upon the substitution of a carboxylic acid and two nitro groups into benzene
is greater than the sum of the increases observed upon separate substitution of a car-
boxylic group and two nitro groups into benzene. Both a nitro group and a carboxyl
group are clectroattractive. and when both two nitro groups and a carboxyl group
are mtrocuded the hydrogen bonding is increased due to the potentiation eilect.

TABLE I -

CHANGES IN A VALUES WITH DIFFERENT SUBSTITUENTS USING METHANOL
AS ELUENT

Derivative Parenr compound Substitnenr  Increase in
’ K. over thur -
of parent
compouid

Benzoic acid Benzene -COOH 0.16
Nitrobenzene Benzene -NO-= 0.20
m-Dinitrobenzene Benzene -NO=(x2)y 0.27
2. 3-Dinitrobenzoic acid Benzene -COOH.
—NO=a2(x2) Q.68
2 A-Dinitrobenzoic acid m-Dinttrobenzene -COOH 0.4t
2. 1-Dinitrobenzoic acid Benzoic acid “NQa(x2) 0.532
2 4-Dinitrobenzoylaminocaproic acid — Benzovlaminocaproic acid  -NOs(=2) Q.51
2. 4-Dinitrophenol m-Dinitrobenzene -OH 0.41

In methanol. the Ky value for benzoviaminocaproic acid is lower than that of
ssaminocaproic acid. suggesting that this compound utilizes the molecular sieving
effect more than the adsorption process with 7-¢lectrons of the benzene ring and
the gel. When two nitro groups are substituted for iwo hydrogen atoms in the benzene
ring of benzovlaminocaproic acid. the Ky value increases considerably owing 1o the
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hydrogen bonding of the nitro groups with the gel. The increase in the Ky value in
this instance 1s identical with that for 2. 4-dinitrobenzoic acid.

The influence of amino groups on the adsorption process (nm-phenvlenedi-
amine) is greater than that for nitro groups (mn-dinitrobenzene).

Elution behaviour of solures in methanolic solutions of hvdrochloric acid. porassium
hvdroxide or porassitn chloride

The changes in K,; values observed upon changing the eluent from methanol
alone to 0.05 ¥ methanolic solutions of hydrochloric acid. potassium hydroxide
and potassium chloride are shown in Table IV. The effects can be classified in six
categories:

() Ky values for solutes that have no dissociable groups are unchanged (ben-
zene. nitrobenzene and dimitrobenzene).

(b) K. values for compounds that have an acidic group decrease in the acidic
cluent and increase in the alkaline and the neutral eluents (dinitrophenol. dinitroben-
zoic acid and benzoic acid).

{¢) With dinitrophenylaminocaproic acid and benzoviaminocaproic acid. which
have longer chains. the K., values are unchanged in the acidic eluent although they
have an acidic group.

(d) K.r values for #-aminocaproic acid decrease in hyvdrochloric icid-methanol

TABLE IV

CHANGE IN Ay VALUES ON CHANGING THE ELUENT FROM METHANOL ALONE
TO DIFFERENT METHANOLIC SOLUTIONS

Cheurge Eluen:

in Ka 0.05 N HCl-methanol 0.05 N KOH-mechanol 0.05 N KCl-mneilranol
Unchanged Benzene Benzene Benzene
Nitrobenzene Nitrobenzene Nitrobenzene
m-Dinitrobenzence m-Dinitrobenzene m-Dinitrobenzence
2 4-Dinitroantline 23 1-Dinttroanihine 2 A-Dinitroaniline
2 4-Dinitrophenctole 2 4-Dmitrophencetole

2 1-Dinitrophenyl-
aminocaproic acid
Benzoviaminocaproic acid

Increased 2, 4-Dinitrophenetole

2 d-Dinttrophenyl- 2 4-Dinitrophenyl-
aminocaproic acid aminocaprolc acid

Benzoyvlaminocaproicacid Benzoyvlaminocaproic acid
2 A-Dinitrophenaol 2 4-Dinitrophenol
2 4-Dinitrobenzoic acid 2 1-Dinitrobenzoic actd
s~Aminocaproic acid
Benzoie acid Benzoic acid

Decreased 2 4-Dinttrophenol
2. 1-Dinitrobenzoic acid
s~Aminocaproic acid s~Aminocaproic acid
Benzoic acid
m-Phenylenediamine m-Phenylenediamine m-Phenylenediamine
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and potassium chloride-methanol and increase in potassium hydroxide—methanol.
{e) K., values for dinitroaniline are unchanged in these eluents and those for
m-phenylenediamine decrease. '
(f) K. values for 2.4-dinitrophenetole increase in the alkaline eluent and are
unchanged in other eluents.

The results for the behaviour of acidic aromatic substances in potassium
chloride-methanol support Janson’s theory®. but it is impossible to explain other
phenomena with his theoryv. In the studies by Janson® and Eaker and Porath'-.
the probable role of the solvent. which was water when Sephadex G-10 and other
unmodified dextran gels were used. was stressed. The apparent inadequacy of Janson's
theorv in our study is probably due largely to the fuact that the solvent and the gel
are not water and Sephadex G-10 but methanol and Sephadex LH-20. respectively.
In order to explain the reverse elution behaviour when an electrolyte i1s included n
the eluent. the suggestions of Gelotie. Streuli'®-'! and Brook and Munday'? on
adsorption behaviour are insutflicient. The organophilic Sephadex. LH-20 gel might
be more polar than the solvent. methanol. in which case polar solutes might be ad-
sorbed through hvdrophilic interactions and. by adding an electrolyte to methanol.
the polarity of the eluent mught increase with respect to the gel phase. However.
this hvpothesis is still insufficient in order to explain the behaviour of solutes such
as dinitrobenzene which do not have any dissociative group and the K.; values of
which were unchanged in the four eluents used.

The elution behaviour of the solutes n _group (a) indicates that the strengths
of hydrogen bonds and 7-bonds between the solutes and the gel do not vary when
hyvdrochloric acid. potassium hydroxide or potassium chloride was added to meth-
anol. implving there is neither an increase in the number of adsorption sites
of the gel nor a decreasce in the size of the layver of hvdration which might prevent
solute-gel interactions. The elution behaviour of solutes in group (b) in potassium
hyvdroxide-methanol and potassium chloride-methanol can be explained by the
change in the solute—gel interactions due to the dissociation or the suppression of
dissociation of the acidic groups. but that in potassium chloride-methanol cannot
be explained by the dissociation—non-dissociation theory. The elution behaviour of
the solutes in potassium chloride-methanol should be the same as that in methanol
alone if the increase in Ky values was caused by the dissociation of the acidic groups.

It might be appropriate to consider that the structure of the gel itself might
be altered by the addition of hydrochloric acid, potassium hvdroxide or poiassium
chloride to methanol. It may be postulated that hvdrochloric acid. potassium hvdrox-
ide or potassium chloride in the eluent interacts with the residual hydroxyl group
in the gel through hydrogen bonds of the following tvpes:

HY*-CI*~--- H** ~0°"—gel
K* -0’ --- H*"-0""—gel

Hé:—
K’ -CP’™ -~ H* -0’ -gel

As a result of these hydrogen bonds. the outside of the gel becomes positively
charged in all three instances. .
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With regard to mechanism. the adsorptive effects can be divided into iwo
classes: (1) the ionic effects involving electrostatic interactions including ion exchange.
1on exclusion and ion adsorption: and (2) the pure adsorptive effects involving hydro-
gen bonding and z-bonding. The data in Table I'V might be explained on the basis of
the gel-hvdrochloric acid (potassium hydroxide or potassium chloride) interactions
suggested above. together with the two mechanisms for the adsorption of solutes on
10 gels.

The solutes that have no dissociable groups are adsorbed to gels only by pure
adsorption in the three eluents. The solutes that have an acidic group are inhibited
from dissociation in hvdrochloric acid-methanol and the ionic effects due to the dis-
sociation are neglected. so that the clution of the solutes occurs earlier than i me-
thanol. These solutes dissociate in potassitm hvdroxide-methanol or potassium
chioride—methanol and the delay in the elution of the solutes due to the 1on adsorption
between the ion and the gel increases markedly. The solutes that have a basic group
are posttively charged in hydrochloric acid-methanol and potassium chloride-me-
thanol and exhibit the ion exclusion effect. which persists even in potassium hyvdroxide-
methanol. Several solutes behave simiiarly in potassium chloride—methanol. hvdro-
chloric acid—-methanol and potassium  hydroxide-methanol. and in a different
manner to that in methanol alone. indicating the occurrence of ton exclusion or
ion adsorption between the solutes and the gel. The observition that the K.
values tor dinitroaniline are almost identical in three eluents can be explained on
the assumption that the ionic effects are absent owing to the tornation of a chelate
ring by hvdrogen bonding between an amino group and the aitro group in the
ortfio position. We assume from the theory mentioned above and the fact that the
Ka values for saminocaproic acid in hydrochloric acid-methanol and potassium
chloride-methanol are similar that the carboxyl group in s~aminocaproic acid does
not dissoctate in methano!l or in potassium- chloride-methanol. that the amino
aroup does dissociate. and that the ion exclusion effect occurs in potassium
chloride—methanol. The results discussed are summarized in Table V.

Elurien behaviour of solutes in methanolic solutions including benzence. dinitrobenzene
and pyridine

Hydrogen bonding and bonding by coulombic force are local adsorptions. and
the satwuration of adsorption by such bonding is determined by the number of inter-
action sites on the gel surface. The addition of aromatic compounds such as 0.2 .V
sodium salicylate to the eluent in order to saturate the interaction sites in the gel was
reported to be rather ineffective®. However. dinitrophenyl amino acids are eluied later
than the free amino acids in phenol-acetic acid-water (1:1:1) eluent and earlierin 1 1/
pyridine eluent. Further. the interaction of the gel with aromatic compounds was
assumed to be completely eliminated™™.

If specific groups in the gel are assumed to act as the adsorption sites for solutes.
an appropriate means of preventing these interactions is to block the sites with other
compounds. No differences in Ks values were observed on addition of 17, of benzene
or 0.3%, of dinitrobenzene to methanol. However. the effects of the addition of
10°,, of benzene or 1 A/ pyridine to methanol might be ascribed to blockage or “sat-
uration” of the adsorption sites of the gel (Table II). Apparently the sites for =
bonding with solutes are blocked in 10°,, benzene-methanol and the sites for hy-
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drogen bonding in I Af pyridine-methanol. These secondary effects are not com-
pletely eliminated by the addition of 10%], of benzene or i M pyridine as the K, values
are still greater than unity.

TABLE V

MAIN SECONDARY EFFECTS CONCERNED IN GEL-SOLUTE INTERACTION FOR
ADSORPTION

Abbreviations: P.A_=purc adsorption: [.E. =ionic ctfects; MLS.E.=molecular sicving ctfect.

Clussi- Solure - ' Eluanr )
[(' 1rion o Tt
frearie Methanol — HCI- KOH- KCI-
methanol methanol methanol
Q Benzene P.AL AL P.AL P.AL
Nitrobenzene
m-Dinitrobenzence
b - 2,4-Dinitrophenol > AL P.AC" AT P.ALT
2,4-Dinitrobenzoic acid [E. 1LE. [E.
Benzote actd :
< 2. A-Dintrophenyviamino MSE. ST > AS P.AT P.ALCT
caproic acid ILE. 1.E.
Benzovhiminociaproic acid
d s-Aminocaproic acid ILE. LLE 88 WL LE_S$88 ILE.
e m-Phenylenediamine P.AL LE.§§ PALS LE.§§
LLE. ) :
t 2 A-Dintrophenctole PAL PLAL P.AL
* Inhibited from dissociation.
" Ton adsorption with positive charge of the gel.
“%° Mostly MSLE.
§ Not dissociated.
$§ An —-NH2 group dissociates and ton exclusion with positive charuze of the gel.
§§8 A ~COOH group dissociates and ion adsorption with positive charge of the gel.
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