;Iaarnal_, of Chromatography, 198 (1980) 241-246
Els_evier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

CHROM. 13,025

QUANTITATIVE STRUCTURE-RETENTION RELATIONSHIPS IN CATION-
EXCHANGE CHROMATOGRAPHY

FUMIKO MURAKAMI
Department of Chemistry, Faculty of Scignce, Kyoto University, Kyoto, 606 (Japan)
(First received March 24th, 1980; revised manuscript received June 5th, 1980)

SUMMARY

A study of quantitative structure—retention relationships has been made in the
cation-exchange chromatography of primary monoamines, such as aliphatic amines,
B-phenylethylamine and amino alcohols. Retention data for twelve amines on three
columns in the K+, Na* and Li* forms were analysed. The relationship between the
Stokes radius of the counter ion and retention was elucidated by comparing the selec-
tivity cocfficients of amines for the three different counter ions. The structure para-
meters, 7, »f methyl, phenyl, hydroxyl and ionized amino groups were obtained as the
increments in the selectivity coefficient of the amine, Aln K™=, on replacing a hy-
drogen atom with these groups.

INTRODUCTION

Liquid chromatography has contributed greatly to the separation and analysis
of various compounds. However, optimization of the elution conditions for new
problems still require much effort and time. Many studies have been made of the
relationship between retention and chromatographic conditions.

In a previous paper!, the chromatographic behaviour of primary amines in
cation-exchange chromatography was investigated. The correlation of the distribution
coefiicient with the compeosition of the mobile phase was elucidated, and the influence
of the degree of dissociation of the amines on retention was expressed by an experi-
meqtal equation.

This paper describes the effect of the molecular structure of amines on reten-
tion in ion-exchange chromatography. The contribution of hydrophobic interactions
to the selectivity coefficient is discussed. Hydrophobic properties of amine molecules
with respect to the resin matrix are measured by applying the method of quantitative
structure-activity relationships (QSAR). Recently, a study of QSAR, developed by
Hansch?, has been applied to the evaluation of the contribution of substituents to
chromatographic retention3-5.
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EXPERIMENTAL

Methylamine, ethylamine, n-propylamine, n-butylamine, isobutylamine, n-
amylamine, isoamylamine, n-hexylamine, ethanolamine, 2-aminobutanel, 5-amino-
pentanol, 6-aminohexanol and S-phenylethylamine were purchased from Nakarai
Chemicals (Kyoto, Japan) or Tokyo Chemicals (Tokyo, Japan). Other chemicals were
obtained from Nakarai Chemicals or Wako (Osaka, Japan).

A Hitachi Model KL A-3B amino acid analyser (Hitachi, Tokyo, Japan) was
employed throughout this work. The chromatography was carried out on a 3 X 0.6
cm column of Aminex A-4 sulphonated polystyrene cation-exch:ange resin (Bio-Rad
Labs., Richmond, CA, U.S.A.) with a flow-rate of 30 ml/h at 50°C. Potassium borate,
sodium borate and lithium borate (pH 8.0) buffers were used as eluents. A 0.1-gmole
amount of each amine was applied to the column and detected with the ninhydrin
system at 440, 570 and 640 nm.

RESULTS AND DISCUSSION

_ The retention of the amines was expressed as the logarithm of the selectivity
coefficient, which was proportional to the free energy change associated with the
distribution process. In the buffer solution of pH 8.0 most of the amine molecules are
dissociated, as the dissociation constants of these amines are well below 108, The
selectivity coefficient can be expressed by the following equation:

Ln Kgmioe — In(D,[M*}/[M*]) m

where K4mine js the selectivity coefficient of the amine for the counter ion, M, and D,

denotes volume distribution coefficients. [M*] and [M¥] are the concentrations of
univalent counter ions in the mobile phase and in the stationary phase, respectively.
The [M+] value was that of the cations in the buffer salts. The [M*] value was
approximated as the concentration of the fixed ionic groups in the resin, as the amounts
of the amine molecules and hydrogen ions should be negligible in the stationary phase.
The concentration of the fixed ionic groups depends on the ionic form of the resin and
can be calculated by correcting the weight capacity for the density and solvent content
of the resin’. The concentration of the fixed ionic group in the K* form of the resin
was found to be 2.73, that in the Na* form of the resin 2.69 and that in the Li* form
of the resin 2.57 mequiv/ml of the resin bed. The D, value was obtained from the
retention volume, Vg, according to the usual methed; D, = (FVr — Vo)/Vu, Where
V, is the hold-up volume and V), the column bed volume. The selectivity coefiicients
of amines were calculated by egn. 1. Each In K{™!"° value used here was the mean
value of several determinations, using eluents with different bufier salt concentrations.

In Fig. 1 the values of In K2™!* and In K" are plotted against the value of
In K4mine A linear relationship was found, with a slope of unity. The correlation
equations are as follows:

Lo K Apiee = 0.38 4 In K3mine
Ln K§=iec — —0.36 + In K§otoe
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Fig. 1. Correlation between In KA™'"° values of primary monoamine measured with columns with
different counter ions.

The intercepts, 0.38 and —0.36, indicate the values of In K[’ and In K2, respectively.
The values of the selectivity coefficients for the exchange systems Na/Li and Na/K
were obtained as K}N? = 1.46 and K}® = 0.70, which compare reasonably well with
values reported in the literature®. Additionally, ths values of KI¥? and K¥* obtained
here could be related to the ratio of the Stokes radii (effective hydrated radii) of the
ions: rpfrn, = 1.30, r¢frn, = 0.68, which were calculated from Kiso’s data® and
1.30 and 0.69 from the Landolt-Bronstein’s Tabellen!'®. This shows that in ion-ex-
change chromatography the selectivity coefficient can be expressed as a function of
the ratio of the Stokes radii of ions.

In the above discussion only ionic interactions are being considered. In fact,
the selectivity coefficient of the dissociated amine depends on two different interac-
tions; one is due to ionic interactions with the fixed ionic group of the resin and the
other to hydrophobic interactions with the resin matrix. The overall selectivity coefii-
cient can be expressed as follows:

Ln Kﬁnlne = ln(K&mlnc)mmc + ln(K:{mmc)hydrophoblc (2)

The retention characteristic of each amine is dominated by the second term in eqn. 2,
as the first term for compounds having the same ionized group is constant.

The effects of hydrophobic interactions on the selectivity coefficient are shown
in Figs. 2 and 3. In Fig. 2 the logarithm of the selectivity coefficients of aliphatic
monoamines and g-phenylethylamine for various counter ions is plotted against the
carbon number of the amine, 2. The values for n = 0 were obtained from the logarithm
of the selectivity coefficients of the ammonium ion for the various counter ions. The
In K§@in¢ value increased with increasing carbon number. However, isobutylamine
and isoamylamine were eluted faster than n-butylamine and n-amylamine, respectively.
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Fig. 2. Correlation between carbon number (chain length) of r-alkylamines and In K4®!2¢, Column:
1 = K* form; 2 = Na* form; 3 = Li* form. (a) Isobutylamine; (b) isoamylamine; (c) 8-phenyl-

ethylamine.

Fig. 3. Correlation between carbon number (chain length) of amines and In KA®R!%e 2icetol Column:
‘1 = K* form;2 = Nat form; 3 = Li* form.

The selectivity coefficient of these two amines corresponded to those of n-alkylamines
with carbon numbers of 3.7 and 4.7, respectively. The selectivity coefficient of §
phenylethylamine (7 = 8) corresponded to that of an n-alkylamine with a carbon-
number of 6.2.

Fig. 3 shows the plots of the logarithm of selectivity coefficients of amino
aleohols against the carbon number of the main alkyl chain. Comparing the results in
Fig. 3 with those in Fig. 2, it can be seen that the introduction of a hydroxyl group
into the aliphatic amine molecule causes a decrease in adsorption, corresponding to
a decrease in the carbon number of about 2. The results suggest that hydrophobic
interactions depend on the molecular shape of the amines.

The QSAR technique developed by Hansch was applied to measurements of
the hydrophobic properties of the groups constituting the amine. The increments in
the In K§™!ec values on replacing a hydrogen atom by a group such as methyl, hy-
droxyl or phenyl were calculated from the retention data of amines. In Table I the
A In K{mine values are shown as the structure parameter, 7. As retention is subjected
to a linear free energy relationship, = represents the effect of the substituted group on
the free energy change of hydrophobic adsorption. A larger = value implies that the
substituted group requires a greater hydrophobic adsorption energy to interact with
the resin matrix. In Table I the simple numbers before the substituents in the first
column shows the position of the carbon atoms on the alkyl chain; the numbers with
primes show the position of the carbon atom on the branched chain. The = values for
the same substituent obtained on the three different ionic forms of the columns did not
vary considerably, and the = values depended on the position of the substituent. The
following sequence of = values for the substituents was found: 1-CH,; < 2-CH; <
3-CH; < 4-CH; < 5-CH,; == 6-CHa.
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TABLEIL - -
T VALUES -
Substituent A In K< T

M=Li* M=Na* M=K*
1-CH;; In Kifctvlamise __ J gAmmanta 0.19 0.17 0.17
2-CH; - In KEMvnmise _ In Kjfetyiamiae 0.14 0.22 0.13
2-CH;, In Kfpborhmine __ {n g Fooyianiae 0.17 0.33 0.24
3-CH; In KygProoviaates _ In KR 0.40 0.33 0.40
3-CH; In K=t — In K3 0.34 0.36 042
4-CH, In gfevumles _ |q REFroylamine 0.44 0.53 0.42
S-CH; In K@ghmvisaine _ g K 8otrlamlae 0.59 0.58 0.64
6-CH; In KgHeokmioe _ |y gEAmylnite 0.59 0.62 0.60
2-CH In K&'vkenylethrhmhe —1In K‘E‘mﬂmlne 207 216 217
2-OH In KRtanctamiac _ jn ghiariamiae —0.56 —048 —0.39
5-OH ln KGAnisaveatanal __ [n KEAmylamiae —1.31 —1.35 —1.30
6-OH In K{Amiochesanal _ Jn Ryptrismine —1.39 —1.29 —1.33

Negative = values for a substituted hydroxyl group indicate that the alcoholic
hydroxyl group weakens the hydrophobic interaction to the resin matrix. The sequence
of = values for substituted hydroxyl groups was as follows: 2-OH > 5-OH =s 6-OH.

In this method the structure parameter of the ionized amino group was not
available. However, an approximate value for the ionized amino group could be
estimated as follows. As discussed above, the contribution of ionic interactions to the
selectivity coefficient can be expressed as the ratio of the hydrated radii of the ionized
groups. For the exchange between the amine and counter ion, Na*, the relationship
was as follows:

Ln (K?l:nhe)lonlc =In an/rA

where, ry, is the hydrated radius of the sodium ion and r, that of the ionized amino
group. The hydrated radius of the ammonium ion was used as an approximate value
of ra. The In ry./rs was 0.38 from the values of the hydrated radii in the literature®™°.
On the other hand, the overall selectivity coefficient, In K§nie<==® was —0.04, as
shown in Fig.2. From eqn. 2, the In [R4Dloc(r=0]  oronic Value of —0.42 was
obtained as the remainder on subtracting the In ry,/r, value from the In Kapinc(r=0)
value. It was estimated that the value of —0.42 was the approximate structure para-
meter of the ionized amino group.

In ion-exchange chromatography, ionized compounds are drawn towards the
ion-exchange resin through ionic interactions between the ionized group in the mole-
cule and the fixed ion of the resin, and this makes the hydrophobic groups in the
molecule adsorb on the resin matrix. The logarithm of the selectivity coefficient could
be expressed as the sum of the logarithms of the contributions of both ionic and
hydrophobic interactions. The contribution of ionic interactions to the selectivity
coefficient was related to the ratio of the hydrated radii of ionized amino groups and
counter ions in this work. If ionized amino groups were present in the molecule the
contribution of hydrophobic interactions was represented as the structure parameter,
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T, which was calculated for each substituent. The ¢ values showed the hydrophobic
property of the methyl substituent and hydrophilic properties of hydroxyl and ionized
amino substituents with respect to the resin matrix. Methyl substitution in different
positions on the n-alkyl chain caused differences in the = values. The z value for the
hydroxyl group was also affected by the ifs position in the n-alkyl amino alcohols. The
sequences of z-value observed for methyl and hydroxyl substituents suggest on effect
of the ionized amino group on the interaction between the substituents and the resin
matrix.
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