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SUMMARY

The relationship between the distribution coefficients (Kp) of benzene deriva-
tives on the hydrogen and sodium forms of styrene-based strong cation-exchange
resins, e.g. Bio-Rad AG 50W X8, and their chemical structures are discussed. A com-
parxson of the Kp values of the hydrogen and sodium forms of the resin, the effect of
the size of the halogen atom on the Kp values and of the additivities of the Kp values
with respect to the number of carbon atoms in the alkyl groups in alkyl phenyl ethers
and alkylphenols and to substituents in phenol derivatives are considered.

INTRODUCTION

To account for the relationship between the chemical structures of benzene
derivatives and their chromatographic behaviour, the roles of many factors such as
boiling point, molecular weight, carbon number, Hammett’s o value, polarity of
substituent, polarizability, hydrogen bonding, steric hindrance and Van der Waals’
force have been discussed in the case of gas!~3, papert—¢, and thin-layer®-!? chromato-
graphy. Furthermore, additivity of the Rps value®—12, Kp value!®:*4, retention index?5,
and group adsorption energy and area of adsorption group!® have been reported.

In liquid chromatography using styrene-based resin, ion-exchange, ion-
exclusion, salting-out, distribution and adsorption have all been reported as the
separation mechanisms. Also data on the affinity (or selective adsorption) of phenols,
aniline and benzoic acids for strong cation-17-1%, anion-exchange?-2? and macro
reticula strong anion-exchange resins?? have been reported. But theoretical studies on
the relation between column chromatographic behaviour on ion-exchange resins and
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chemical structure are few2®24, because the formulation of the column conditions for
the theoretical treatment is difficult.

It has been reported in a previous paper?’ that molecular adsorption plays a
major role in the separation of benzene derivatives on ion-exchange resins under
close column conditions. In this paper, the relationship between the chemical structure
of the benzene derivatives and their molecular adsorption on the hydrogen and
sodium forms of a styrene-based strong cation-exchange resin is discussed.

EXPERIMENTAL

Sample :
The samples used as solutes were treated as described previously®, In the case
of samples having a low solubility in water 100 ul of the aqueous solution were injected
and complete solution was obtained by adding a little acetone. It was confirmed that
their chromatographic behaviour was not influenced by addition of a little acetone.

Equipment

The UV detector used was the same as in a previous paper?s, IBut an automatic
liquid. chromatograph employing thermal reaction energy detection®® was used for
samples having small absorption coefficients, This equipment was placed in a room
having a cohstant temperature of 25 4 1°.

Statwnary phase

~ The hydrogen and sodium forms of BIO Rad AG 50W X8 (mean particle dia-
meter 30 pum) treated as described previously?s were used. The column had 0.8 ¢cm L.D.
and was 6.3 or 18.5 and 3.3 cm long in the case of the UV detection and thermal detec-
tion methods, respectively.

Measuring conditions

Deionized and redistilled water was used as eluent and run at a rate of 0.36 ml/
min. The column temperature was controlled at 60° in the UV detection method,
and at 50°, the highest temperature to which it was possible to set it, in the thermal
detection method. The detection column was used only in thermal detection. The
sensitivity in the thermal detection method was -4 1/1000° or - 3/10 000° full scale.
The interference filters used in the UV detection method were selected as described in
a previous paper?s,

RESULTS AND DISCUSSION

‘The distribution coefficients (X1, values) of thirty-eight benzene derivatives on
the hydrogen and sodium forms of Bio-Rad AG 50W X8 have been previously
reported?®, In this report, the Kp values of some compounds which have not been
reported before are given (Table 1). The relative standard deviations of the retention
volumes of most of the compounds were less than 1%, (n > 3).

The dissociation of benzoic acids and nitrophenols is low due to the low pH
inside the resin in the hydrogen form, and thus, molecular adsorption rather than
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TABLE 1

Iy VALULS OF BENZENE DERIVATIVES ON THE IH+ AND Nat roruMs oF Bio-Rap AG 50W X8

Compound Sample K value Sample . Kpvalue
v amount H+ form amoienl Na+t form
(1amole) (mllg) (umole) (milg)
X
X Y
H* 2.42 6.95¢% 3.20 5.57%,
CH,"* ' 13.8} 12.7%
OCIL1,*w 1.79 10.7 5.15 9.01
OC, H,*» 1.27 14.2 S 13.7
5! O-n-CyH "0 2.061 24.0 . 22.6
0-i-C;H, "0 2.61 16.5 2.61 14.3
j O 2.87 7.38% 2.90 6.92}
cr 20.6}% 21,1}%
Br** 28.0f 28.7%
1" 2.65 46.5# 2.65 49.14
| 2n 1.0 4.37 1.0 5.82
3o 1.0 4.86 1.0 7.68
4 1.0 4.69 1.0 6.8¢ ’
1* 2b 1.0 18.3 1.0 31.3
3b 1.0 23.5 1.0 48.3
4P 1.0 24.0 1.0 51.6
HO  C,li* 28 1.53 8.73 1.56 1.4
3u 1.43 9.50 1.62 13.2
4 1.56 10.4 1.64 15.0
n-CyH,* 28 1.73 12.6
i-CyH," 2w 1.73 14.8
3 1.75 17.1
44 I.50 19.7
t-CyHl, 2w : 16,6 21.5
30 14.4 18.6
4 16.8 22.7

* UV detection system: Column 0.8 x 18.5 or 6.3 cm, Column temp., 60° Flow rate,
0.36 ml/min, Interference filter: (a) 273 nm, (b) 280 nm, '
** Thermal detection system: Column 0.8 X 8,3 cm. Column temp,, 50° Flow rate, 0.36
ml/min. Sensitivity, 4 1/1000° or 4 3/10 000° full scale.
§ Converted to the /K values under the conditions of the UV detection system,

ion exclusion should be considered as the mechanism. They were however partially
ion-exchanged on the sodium form®.

Monosubstituted benzene devivatives

The relationship between the logarithmic Kp values on the hydrogen and
sodium forms of Bio-Rad AG 50W X8 (log Kpu and log Kpns) is shown in Fig. 1.
The plots lie approximately on a straight line with a slope of 45°. As was done in Table
I of this paper and Tables II and I1I of the previous paper?s, the ratio of the K pu and

* Confirmed by UV spectroscopy as in a previous paper.
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Fig. 1. Relation between log K values of monosubstituted benzene derivatives on the Nat and
H+ forms of Bio-Rad AG 50W X8, Column temp.: 60°, Flow rate: 0,36 ml/min, Eluent: water.

K pna values of each compound was classified according to the following criteria: (1)
Kpun < Kpwa, (2) Kpr = Kpwa, and (3) Kpu > Kpne. The compounds in the first
class contain a polar group (e.g. hydroxyl, nitro); the second class have very large K

values (¢.g. chloro-, bromo- and iodobenzene); and the third class contain a non-polar
group (e.g. aldehyde, acetyl, methyl, alkoxyl, iydroxymethyl, hydrogen). Non-polar
compounds are hardly influenced by the form of the resin (H* or Na+*) and must there-
fore be adsorbed on, the resin skeleton rather than on the ion-exchange group.
_This is due to the fact that the ratio of the weight that the styrene skeleton occupies
in a unit weight of the hydrogen and sodium form of the resin is 1 to 0.9. Actually, the
Kpxa/Kpr ratio of non-polar compounds is nearly equal to 0.g. The line joining the
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' Tig. 2. Rc]atibnship between log Kp values of monosubstituted phenols on the Nat and H+
forms of Bio-Rad AG 50W X8, Column temp.: 60° Flow rate: 0,36 ml/min, Eluent: water. O,
ortho; [, meta; A, para,
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plots is represented by the dotted line in Fig. 1."The order of the Kp values in non-
polar compounds was hydroxymethyl < aldehyde < acetyl < methoxy << methyl,
and this order agreed with the order of the Ry values of m-substituted phenols
containing these groups found by GUMPRECHT4 and GUMPRECHT AND SCHWARTZEN-
BURG? in partition paper chromatography using toluene saturated with water as a
solvent. This fact would clearly indicate the contribution of adsorptlon on the resin
skeleton.

The K pir and K pys values of lnlogenoben7enes increased in the order: fluoro,
chloro, bromo and iodo; and this order follows the order of the size of Van der Waals’
ionic radius and the decrement of solubility in water.

The relationship between the carbon number of the alkyl group of alkyl phenyl
ethers and log K pp and log K pna indicated additivity, and the increment of a methyl-
ene unit was found to be 0.18 to 0.20 log K p units. The increments in log Kpg and
log Kpns obtained for these compounds were nearly as equal as would be expected
from the line shown in Fig. 1. The Kpr and Kpng values of isopropyl phenyl ether
were smaller than of the #-propyl compound.

Monosubstituted phenols and nitvotoluenes

The plots of log K pyr versus log Kpna of the ortho, meta and paya isomers of the
phenols gave straight lines, the slopes of which differ from each other according to
substituent group (Fig. 2). The order of Kp values was ortho < meta < para in alkyl-
phenols and halogenophenols except for fluorophenols; ortho < para < meta in
fluorophenols; para < meia < ortho in hydroxyphenols; meta << para < ortho in
nitrophenols; and o7tho < para < meta in nitrotoluenes. o-Hydroxyphenol and
o-nitrophenol tend to form intramolecular hydrogen bonds, and thus the former
compound on the hydrogen and sodium forms of the resin, and the latter on hydrogen
form, are adsorbed more strongly than the other isomers.

1.5} nitrotoluene
LR
_ao”
e “ chloropheno! /}L ~nitrophenol
O e oo
I'd
G “ o
~ Oe.';_cr'esol
E ’ o
tn —A— - o~ -
m 0-5 = \
o ;yd roxyphenol
0.2 ' 'KP—’—O‘ | | B
1.0 20 30 4.0 5.0

Dipole moment of molecule (in benzene) (D)

Fig. 3. Relationship between dipole moments of molecules™ and log K p values on the H+ and Na*
forms of Bio-Rad AG 50W X8, —, H* form; ---, Na* form. Column temp:: 60° -Flow rate: 0.36
ml/min, Eluent: water. O, ortho; [_‘_], meta, A {:am
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The reason why the hydroxyphenols were less adsorbed than phenol might
depend on the increased solubility owing to two hydroxyl groups.

With regard to the adsorption mechanisms of phenols, the following aspects
have been discussed: (1) formation of a hydrogen bond by the phenolic hydroxyl
group on silica?’, alumina?, Sephadex?’, and polyamide!?, and (2) elution of the
phenols (not always in the order according to the pKj, values) and also adsorption
by non-ionic affinity to the resinl?.18,

In our studies, the correlations of log K with pKj, values?®® and new ¢ values
found by McDANIEL AND BrRowN3! were not confirmed. Consequently, adsorption on
the ion-exchange resin as a result of hydrogen bonding with the hydroxyl group is
not considered.

On the other hand, while the dipole moment in aqueous solution is not very
important, a correlation between the dipole moments?®2 of the phenols in benzene and
their log K py and log K pyg values was obtained for each of theisomers: ortho, meta
and para (Fig. 3). The KX py and K pna values of chlorophenols and hydroxyphenols
increased with increasing molecular dipole moment, but the K py values of the nitro-
phenols decreased, and the abnormality of their K pna valueg was attributed to
exchange with the sodium ion.

Considering only the molecular dipole moment instead of the kind of substi-
tuent, there was no correlation with the K value of the phenols. It can however
be presumed that the slope of the line joining plots of ortho, meta and para is related
to the kind of substituent.

The relationships between the number of carbons in the alkyl group in alkyl-
phenols and log K px and log K pny are depicted in Fig. 4. The straight-line relation-
ship probably exists for carbon numbers 1 to 3 in the case of straight-chain groups,
and additivity could be expected as in the case of the alkyl phenyl ethers. In the case

log Kp (ml/g)

CH3 C2H5 n-C3H7 f-C4H9

1 2 3 4
‘Carbon number of alkyl group

Tig. 4. Relationship betwccn log Kp v'tlucs on the H* and Nat forms of Bio-Rad AG 50W X8
and carbon number of the alky! groups in alkyl phenyl cthers and alkyl phenols, —, H+ form;
-=-, Nat form Column temp.: 60° TFlow rate: 0.36 ml/min. Eluent: water, O, ortho, O meta.
A, /:am X, allcyl phenyl cther,
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I'ig. 5. Relationship between log I values on the H+ and Nat forms of Bio-Rad AG 50W X8

and Van der Waals' ionic radius of halogen atoms®, —, H+ form; ---, Na+ form. Column temp.:
60°, FFlow rate: 0.36 ml/min, Eluent: water, Q, ortho; [0, mela; A\, para; -X, halogenobenzene.
v

of branched-chain groups, the plots were out of line, and the Kp values were smaller
than those which would be expected for straight-chain alkyl groups.

Steric hindrance, the ortho effect of the alkyl group on the phenolic hydroxyl
group in adsorption chromatography has been already pointed out??:33, In our study,
ortho-alkyl substituted compounds, except for #ert.-butyl, are the ones which are
adsorbed most weakly among the isomers, and such an effect is possible, but the
stronger adsorption of the larger alkyl-substituted compounds opposes that view.
. The larger Kp value of ortho lert.-butylphenol clearly represents a different ortho
effect, probably a deforming effect. ‘

The Kp values of halogenophenols increase in the order: fluoro, chloro, bromo
and iodo and follow the order of the size of the Van der Waals’ ionic radii** of the
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Slope of line

—=» Van der Waals ionic radius (La)o(—-)
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Iig. 6, Relationships between the slopes of straight lines joining plots of log K values of ortho,
meta and para halogenophenols on the H+ form of Bio-Rad AG 50W X8 vs. log K valucs on the
Nat form (Tig. 2) and Van der Waals' ionic radius and clectronegativity of halogen atoms?d,
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Fig. 7. Relationship between 4 log K p values on the H+ and Na* forms of Bio-Rad AG 50W X8
and Avou values of IR spectra in carbon tetrachloride by BAKER AND SHULGIN? for ortho halo-
genophenols. —, H+ form; ---, Na*+ form. Avou = vou ~ vou (phenol); 4 log Kp = log Kp|/Kp
(phenol),

halogen dtoms, asin the case of the halogenobenzenes (Fig. 53). This fact agrees with
MARCINKIEWICZ AND GREEN’s® and BARK AND GRAHAM's!! results that the chromato-
graphic behaviour of halogenophenols is influenced by the size of the halogen atom.
Furthermore, the slopes of the straight lines joining the plots of log Kpy of ortho,
meta and para isomers versus log Kpna are related to the Van der Waals’ ionic radii
and the electronegativity34 of the halogen atoms (Fig. 6). The intramolecular hydrogen
bonding of ortho halogenophenols in non-polar solvents, an ortho effect, has been dis-
cussed in connection with the dipole moment?®, and IR3¢ and NMR spectrometry??. The
K pvaluesof ortho-substituted compounds were ingeneralsmaller than those of the mecta
and para isomers and therefore an ortho effect is to be expected. Plots of 4 log Kpg
and 4 log Kpna of their compounds versus Avoy in carbon tetrachloride in IR
spectroscopy by BAKER AND SHULGIN3® give a straight line and a slight curve,

TABLE II

THE INCREMENTS OF log J{p VALUES OF INDIVIDUAL SUBSTITUENTS IN MONOSUBSTITUTED BENZENE
DERIVATIVES ON THE H+ AND Nat rorms or Bio-RAp AG 50W X8

Column temp.: 60° Flow rate: 0.36 ml/min, Eluent: water.,

Substituent A log K p»

H+ form Nat form
OH —0.266 — 0,058
CH, 0.298 0.358
NO, 0.230 0.358
F ] 0.026 0.004
Cl 4 0.472 0.576
Br 0.605 0.712
I 0.821 0.945

84 log Kp = log»I(D (substituted benzene) — log Kp (benzene).
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TABLE III

COMPARISON OF THE EXPERIMENTAL log J{p VALUES WITH THE CALULATED log K5 VALUES FOR
PHENOLS AND NITROTOLUENES

Column: B1o-RADp AG 50W X8, H*and Na* forms, Column temp.: 60°. Flow rate: 0.36 ml/min.
Lluent: water.

Substituent Experimental log K Calculated log I< o
of phenols

Ortho Mela Para

A (H* form)

OH 0.340 0.290 0.253 0.310
CH, 0.786 0.802 0.835 0.874
NO, 0.982 0.938 0.940 0.806
F 0.641 0.687 0,671 0.602
Cl 0.915 1.004 1.013 1,048
Br 1.072 1.140 1.158 1,181
1 1.263 1.371 1.380 1.397
Nitrotoluene 1.316 1.396 1.364 1,370

B (Nat form) :
OH 0.645 0.578 0.532 0.630
CH, 0.905 0.912 0.963 1,046
NO, 0.829 1.143 1.045 1,046
I 0.765 0.885 0.833 0.782
Cl 1,068 1.236 1.225 1,264
Br 1.233 1.380 1.407 1.400
1 1.495 1.685 1.713 1.633
Nitrotoluene 1.318 1.415% I.371 I.462

8 Calculated value: log Kp (substituted phenol) = log Kp (phenol) 4+ A4 log Kp (substi-
tuent),

respectively (Fig. 7). In this case, the hydrogen bonding weakens their adsorption
on the resin, in contrast to the case of the ortso hydroxy- and nitrophenols.

The additivity of Kp values is very important and given the requisite indices
can be used to explain the adsorption mechanism to estimate the strength of the
adsorption applied to separations.

Now, the additivity of K p values was exammed in the case of methyl-, hydroxy-
nitro-, fluoro-, chloro-, bromo- and iodophenols and nitrotoluenes. An increment for
each substituent is calculated as follows and the results are given in Tables IT and III.

4 log K p(substituent) = 108 K p(substituted benzene)— 10g K pwenzenc).

log K p(substituted phenol) = 108 Kp(pnenol) —+ 4 log K p(gubstituent).

Considerable agreement is found between theexperimental and calculated values
for both meta- and para-substituted compounds, with a few exceptions, (hydroxy- and
fluorophenols). In ortho-substituted compounds, the experimental values failed to
agree with the calculated because of ortho effects.

CONCLUSION

The following facts were obtained by adsorption chromatography of benzene
derivatives on the hydrogen and sodium forms of a styrene-based cation-exchange
resin using water as eluent: (I) Non-polar monosubstituted benzene derivatives were
scarcely affected by the ionic form of the resins and were adsorbed on. the resin

J. Chvomatogr., 64 (1972) 253~262
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skeleton, (2) The differences in the adsorption on the resin of the ortho, meta and para
isomers of monosubstituted phenols are related to their molecular dipole moments
in benzene. (3) In alkyl phenyl ethers, additivity of log JXp according to the carbon
number of the alkyl group was found; this also appeared to hold for the alkylphenols.

(4) The adsorption of halogenophenols was related to the Van der Waals’ ionic radius
of the halogen atom.
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