
A homologous series of four oligomers of acetic acid
(namely acetic acid, succinic acid, tricarballylic acid, and
tetracarboxylic acid) is characterized using isocratic and linear
salt gradient anion-exchange chromatography. The double
logarithmic plot of the isocratic retention factors versus the
salt concentration gives straight lines for all samples. These
straight lines (with the exception of the line for the strongly
retained succinate peak) have a common intersection point—
something which is proved to be a direct consequence of the
stoichiometric mass-action ion-exchange model. The
characteristic charge and the equilibrium ion-exchange
constant (and the corresponding Gibbs free energy of ion
exchange, or ∆∆G eexxcchhaannggee) are determined from the isocratic
experiments. The characteristic charge agrees satisfactorily
with the number of carboxylic acid groups in the samples,
and the ∆∆G eexxcchhaannggee value decreases linearly with the
characteristic charge. Succinic acid always gives two
chromatographic peaks despite the proven chemical purity
of the sample. The characteristic charge that is calculated for
both of the succinic acid peaks is approximately two. The
∆∆G eexxcchhaannggee  value calculated for the weakly retained succinic
acid peak falls in the free energy versus characteristic charge
straight line defined by the other homologues. The ∆∆G eexxcchhaannggee

value of the strongly retained peak is lower than that of the
weakly retained peak by 1.85 kJ/mol. The two succinic acid
peaks are explained in terms of an equilibrium between two
conformers in solution—one binding the solution counterions
tightly and the other loosely. An analysis of all samples under
a linear salt gradient provides retention times that increase
linearly with the number of functional groups. Using an
appropriate model (along with the isocratically determined
characteristic charge and ion-exchange constant), we predict
theoretically the linear gradient retention times, which agree
reasonably well with the experimental ones.

Introduction

Ion-exchange displacement chromatography is a powerful
separation technique possessing several advantages over the
conventional isocratic, linear gradient, or step gradient tech-
niques, including higher column throughputs and concen-
trated products (1–3). The distinguishing feature of the
process is the use of the displacer, an ionic compound whose
affinity for the stationary phase must be higher than that of
all of the components of the mixture to be separated. Poly-
electrolytes have the required high affinity, but at an exces-
sive degree, rendering difficult their postdisplacement
removal for column regeneration. The solution to this
problem is the use of oligoelectrolytes (4), which (having just
high enough affinity) can be removed from the column
much more easily than the corresponding higher molecular
weight species.

A detailed characterization of the ion-exchange affinity of
such oligoelectrolytes is necessary in order to elucidate the
critical structural features governing the adsorption of these
molecules. To this end, Cramer and coworkers (5,6) have
studied low-molecular-weight amine-based cation-exchange
displacers and found that linear compounds have a higher
binding affinity than branched or cyclic ones and the presence
of aromatic moieties in the displacers increases the binding
affinity for most stationary phases. In a similar way, we have
characterized three families of carboxylic acid containing
potential anion-exchange displacers. The first family was com-
prised of seven α,ω-alkyl dicarboxylic acids (7) whose ion-
exchange affinity was found to be independent of the length of
the oligomethylene spacer. Nine benzene oligocarboxylic acids
(8) were the members of the second family we characterized.
These compounds displayed a binding affinity that was not
only dependent on the number of carboxylic acid groups but
also dependent on their relative position in the benzene ring.
The third family was comprised of a series of six near-monodis-
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persed poly(methacrylic acid)s (9), whose retention times in a
linear salt gradient were independent of their molecular
weights. The present study deals with the characterization of
the ion-exchange affinity of a fourth family of carboxylic acids
and particularly of the first four lower oligomers of acetic
acid, whose chemical formulas and names are presented in
Figure 1.

Experimental

Sodium acetate, succinic acid, tricarballylic acid, tetracar-
boxylic acid, tris(hydroxymethylene) aminomethane (Tris),
tris(hydroxymethylene) aminomethane hydrochloride (Tris
HCl), sodium chloride, and a 0.5M sodium hydroxide solution
were all purchased from Aldrich, U.K. An analytical Protein-Pak
Q 8HR Waters (Hertfordshire, U.K.) strong anion-exchange
column (100 × 5 mm) packed with 8-µm quaternary methy-
lamine-derivatized beads (100-nm average pore size) was used
for the experiments. A Polymer Laboratories (Shropshire, U.K.)
LC1150 Quaternary Pump was used to deliver the solvent at a
flow rate of 0.5 mL/min. Also, a Polymer Laboratories LC1200
UV–vis detector was used to monitor the column effluent.
Sample volumes of 20 µL were introduced using a 7125 Rheo-
dyne (Rohnert Park, CA) injector, and the absorbance was
monitored at 230 nm. Experiments were performed at pH 8.0
(Tris buffer containing 28mM Tris HCl) at various salt con-

centrations (0.0–0.4M NaCl, isocratic experiments), which
were achieved by online mixing two pH 8 stock solutions—one
with 1.0M NaCl and the other salt-free. In the gradient exper-
iments, the same solutions were used to produce a 10-min
linear salt gradient from 0.1 to 1.0M NaCl.

Results and Discussion

All experiments of this study were performed at pH 8, in
which all the carboxylic acid groups in all of the samples were
fully dissociated (as shown in Figure 1). This was confirmed by
hydrogen ion titration experiments in which it was observed
that the full ionization of all samples was achieved from pH 7.

The retention times (tR) of the samples that were deter-
mined under isocratic elution conditions were converted to
retention (capacity) factors (k') using the formula (10):

k' = (tR – t0) / t0' Eq. 1

where t0 is the dead time of the column (which is the elution
time of an unretained solute) and t0' is the column dead time
corrected for a noncolumn volume. The k' values and the cor-
responding salt concentrations were combined to calculate
the characteristic charge (ν) and the equilibrium ion-exchange
constant (K ) from the following equation (11,12):

log k' = log(KβνΛν) – νlogCsalt Eq. 2

where Csalt is the total solution concentration of counterions to
the stationary phase (chloride in this case), β is the column
phase ratio, and Λ the column capacity in monovalent anions.
The values of β and Λ were taken to be 0.5518 mL stationary
phase per milliliter of mobile phase and 487mM monovalent
ions, respectively, in agreement with previous reports (8,13).

Figure 1. Chemical formulas and names of the four acetic acid oligomers
in the fully ionized state.

Figure 2. Double-logarithmic plots of the oligoacetate retention times as a
function of the salt concentration in the mobile phase: acetate,••; weakly
retained succinate,•; strongly retained succinate, �� ; tricarballylate, � ;
and tetracarbate, ��.
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The ion-exchange Gibbs free energy (∅Gexchange) was calcu-
lated from K using the following equation (11):

∆Gexchange = –RT lnK Eq. 3

where R is the gas constant and T the absolute temperature.
Figure 2 is the double-logarithmic plot of tR – t0 against

Csalt, the latter of which also includes the chloride anions
coming from Tris HCl. All of the series of data fell on straight
lines, from which ν and ∅Gexchange were calculated using equa-
tions 2 and 3.

Figure 3 plots the ν values of the samples against the
number of carboxylic acid groups. There were two points for
succinic acid (with approximately the same characteristic
charge) because of the double chromatographic peak of this
sample, which will be discussed. The values for the character-
istic charge of the oligoacetates were close to and always lower
than the number of carboxylic acid groups. This discrepancy
increased with the homologue size. This can be seen clearly in
the figure by observing the position of the points relative to the
straight line of unit slope passing from the origin. This implies
that all of the carboxylic acid groups of all samples were most
of the time in contact with the oppositely charged groups of the
ion-exchange surface, which was a consequence of the small
size of our analytes. However, the register with the surface
became slightly but systematically more difficult as the sample
size increased. A deviation of the characteristic charge from the
number of ionic groups has also been observed with oligonu-
cleotides (14). This has been attributed to the three-dimen-
sional structure of the samples, although linear oligomers (the
placement of the ionic groups on side chains of the carbon
backbone in combination with the carbon tetrahedral angle)
lead to a helical arrangement of the functional groups. Another
possible cause is the chain configurational entropy loss upon
the adsorption of all functional units. This entropy loss would
be much greater for the larger samples, which would simply
lead to the adsorption of a smaller percentage of ionic groups.
In contrast, the characteristic charge of the benzene oligocar-
boxylic acids always agreed well (up to the maximum charge of

6) with the number of carboxylic acid groups (8). This could be
because of the shape of these samples, in which the flat ben-
zene scaffold would most likely ensure the possibility that all
of the carboxylic acid groups would lie in the same plane.

Figure 4 shows the dependence of ∅Gexchange on the number
of functional groups in the oligoacetates. There were two points
for succinate (at the point corresponding to two carboxylates)
because this sample presented two peaks. The ∅Gexchange value
decreased linearly (considering only the weakly retained suc-
cinate peak) with the number of carboxylic acid groups, indi-
cating a more favorable interaction of the higher homologues
with the surface. The linearity in the trend was consistent with
the well-documented observations of Martin (15) for the hydro-
carbon retention on silica or reverse-phase columns. It also
implied a constant increment in the energy of exchange for the
addition of an extra monomer unit in the homologous series.
The average value of this increment was calculated from our
data to be –1.24 kJ/mol, which was in good agreement with the
value of –1.46 kJ/mol calculated as the increment per car-
boxylic acid group in benzene oligocarboxylic acids (8). This
was also in fair agreement with the monomer repeat unit
increment in poly(methacrylic acid)s of approximately –1.8
kJ/mol (9).

Equation 4 gives the linear fit to the data (plotted as a dashed
line in Figure 4):

∅Gexchange = 5.02 – 1.24n Eq. 4

where n represents the number of carboxylic acid groups.
Figure 5 plots the ∅Gexchange value of the oligoacetates

against their characteristic charge. This figure is very similar
to Figure 4 in that again there was a linear dependence
between the two variables, but the slope was slightly greater
than the slope in Figure 4 because the characteristic charge
was slightly smaller than the number of carboxylic acid groups
(see Figure 3). The dashed line connecting the data points in
Figure 5 is given by the equation:

∅Gexchange = 5.36 – 1.59v Eq. 5

Figure 3. Dependence of ν on the number of functional groups in the
oligoacetates.
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Figure 4. Dependence of ∆G exchange on the number of functional groups in
the oligoacetates.
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whose slope is greater (in absolute value) than that of equation
4 for the reason explained previously. It should be noted that
the slope of equation 5 is in better agreement with the litera-
ture values of –1.5 kJ/mol (8) and –1.8 kJ/mol (9) than the
slope of equation 4.

The presence of two succinate peaks with the same char-
acteristic charge of two and a difference in their ∆Gexchange

values of approximately 2 kJ/mol has been observed previ-
ously (7). This has been attributed to an equilibrium between
two main succinic acid conformers in solution: one form of
succinic acid that tightly binds sodium counterions in solu-
tion that can be only weakly adsorbed and the other that
loosely binds counterions that can be strongly adsorbed (7).
Our sample of succinic acid was chemically pure, as con-
firmed by proton nuclear magnetic resonance spectroscopy
and gel-permeation chromatography in tetrahydrofuran.
Moreover, the explanation that the second peak was a result
of anhydride formation is precluded, because this would lead
to an unretained peak with a zero characteristic charge (anhy-
drides are nonionic). It should be noted that other
α,ω−dicarboxylic acid homologues of succinic acid have given
only one chromatographic peak (7).

All straight lines (with the exception of that for the strongly
retained succinate peak) in Figure 2 presented a common
point of intersection located at a value for Csalt of 0.525M. We
decided to explain this interesting observation using the stoi-
chiometric mass-action ion-exchange theory. First, we wrote
the ∆Gexchange value of a ν-mer in the form of equations 4 and
5:

∆Gexchange = ∆G0 + ν∆g Eq. 6

where ∆G0 is a constant equal to the ∆Gexchange of the
uncharged monomer (undissociated acetic acid in this study)
and ∆ g is the constant increment of ∆Gexchange per additional
monomer repeat unit.

Using equation 3, equation 6 can be transformed to:

K = K0 κν Eq. 7

where K0 is the equilibrium ion-exchange constant of the
uncharged monomer given by:

∆G0 = – RT lnK0 Eq. 8

and κ is the equilibrium ion-exchange constant per added
monomer repeat unit defined by:

∆g = –RT lnκ Eq. 9

Rewriting equation 2 in the exponential (as opposed to the
logarithmic) form, we have:

k' = K (βΛ / Csalt)ν Eq. 10

Combining equation 10 with equation 7, we get for k':

k' = K0 (κ βΛ / Csalt)ν Eq. 11

Writing equation 11 for the monomer (ν = 1), we get for the
monomer retention factor (k1'):

k1' = K0 (κ βΛ / Csalt) Eq. 12

The intersection of all the log k' versus logCsalt lines was
equivalent to the intersection of the monomer line with each
one of the lines of all the higher oligomers at the same point.
This implied the equality of log k1' to the log k' values of all the
higher oligomers at some logCsalt value. Thus, at the intersec-
tion point we have k' being equal to k1', which with the use of
equations 11 and 12 results in:

(κ βΛ / Csalt)ν – (κ βΛ / Csalt) = 0 Eq. 13

or

(κ βΛ / Csalt)ν–1 = 1 Eq. 14

Figure 5. Dependence of ∆G exchange on the ν value of the oligoacetates.
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Figure 6. Dependence of k 'gradient on the ν value of the oligoacetates. The
dashed curve represents the prediction of the theory.
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which simply means that at the intersection point, the fol-
lowing equation is valid:

(κ βΛ / Csalt) = 1 Eq. 15

Because equation 14 applies for all values of ν greater
than 1, the intersection of the monomer log k' versus the
logCsalt line with those for all of the higher homologues will
take place at the same point, which is the theoretical con-
firmation of our experimental observation. Using equation 15
along with the known values of β and Λ and the value of Csalt
at the intersection point of 0.525M, we can get an estimate
for κ. This gives us the value κ = 1.95, which using equation
9  provides ∆g = –1.63 kJ/mol.

This is in excellent agreement with the slope of equation 5
(–1.59 kJ/mol), which was calculated from the data of Figure 5.
Thus, the salt concentration at the common intersection point
of the log k' versus logCsalt lines of the homologous family of
oligomers provided an alternative and convenient method for
the calculation of the ∆Gexchange increment per characteristic
charge.

Figure 6 shows the k' values measured under a linear salt
gradient (0.1 to 1.0M NaCl) as a function of the characteristic
charge of the oligoacetates. An almost linear relationship was
observed between the two variables. The dashed line in the
figure lying close to the experimental points represented the
prediction of a theoretical equation (8,16) based on the stoi-
chiometric mass-action ion-exchange model:

k' = 
td + 

1 {[(ν + 1)G (ΚβνΛν –
td C0

ν)+ C0
ν+1]

1
ν+1

–  C0 } Eq. 16
t0 G t0

where td is the delay time of the gradient caused by the volume
of the mixing chamber, C0 is the initial salt concentration in
the gradient, and G is the gradient’s slope. The G value is cal-
culated by:

G =  
CF – C0 Eq. 17
tG / t0

where CF is the final salt concentration in the gradient and tG
is the duration of the salt gradient.

In plotting equation 16, K was obtained from:

K = 0.111 × 1.922ν Eq. 18

which was derived by combining equations 5 and 7 using the
isocratic results. The reasonable agreement observed in Figure
6 between the gradient data and the theoretical predictions
employing isocratic data showed the validity of the theory and
the internal consistency of our experimental methods.

Conclusion

We have presented a systematic investigation on the anion-
exchange chromatographic behavior of the four lower

oligomers of acetic acid: acetic acid, succinic acid, tricar-
ballylic acid, and tetracarboxylic acid. Isocratic elution under
various salt concentrations allowed the calculation of the
characteristic charge and the ∆Gexchange values for all samples.
The value of the characteristic charge closely matched the
value of carboxylic acid groups in each sample, implying that
all the functional groups of the samples were in contact with
oppositely charged groups on the surface. A more careful
examination revealed that there was a slight negative devia-
tion of the characteristic charge from the number of func-
tional groups, which increases with the sample size. This
can be attributed mainly to the nonflat, three-dimensional
structure of the oligomers, which becomes more pronounced
for the higher oligomers. The ∆Gexchange value decreased lin-
early with the characteristic charge, suggesting a constant
contribution per carboxylic acid group. The oligomers of this
study presented different retention times under a linear salt
gradient, which increased approximately linearly with the
oligomer size. Under both isocratic and linear salt gradient
elution, succinic acid presented two chromatographic peaks.
An analysis of the isocratic data revealed a characteristic
charge of two for both peaks and a ∆Gexchange value for the
high-affinity peak, which was more favorable than that of
the weakly retained peak by –1.9 kJ/mol. We attribute this to
the existence of two succinic acid conformers in the solution:
one with tightly bound sodium counterions with low affinity
for the surface and one with no or loosely bound sodium and
a high affinity for the surface.
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