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Analysis of Linear Regressions Applied
to Water-Methanol Eluents Modified

with Ionic Liquid

Yulia Polyakova and Kyung Ho Row

Center for Advanced Bioseparation Technology and Department of

Chemical Engineering, Inha University, Incheon, South Korea

Abstract: Five equations, two linear (Soczewinski and Langmuir-type) and three

multiple linear have been applied for investigation of the influence of 1-butyl-3-methy-

limidazolium tetrafluoroborate ionic liquid modifier on the retention eluent compo-

sition relationships in reversed-phase high performance liquid chromatography. In

the experiment, five solutes belonging to amino acids, namely N-carbobenzyloxy-D-

phenylalanine, D-tryptophan, and orthro-, meta-, and para-isomers of amino benzoic

acid were tested. Statistical evaluation of models of chromatographic retention was

performed and discussed. This study shows that Soczewinski and Langmuir-type

equations are able to describe chromatographic retention of molecules which do not

form stable ions in the aqueous, relatively precisely. At the same time, these models

are not applicable for the description of N-CBZ-D-phenylalanine retention, which

exists in the water solution as anion and more complex models, considering that inter-

actions between ionizable sample and eluent are required. Multiple linear regressions

with two variables (methanol and ionic liquid modifier contents) improve significantly

the description of N-CBZ-D-phenylalanine retention.
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INTRODUCTION

Ionic liquids are room temperature fluids composed entirely of ions, typically

large organic cations and small inorganic anions.[1] The components of ionic

liquids (ions) are constrained by high coulombic forces, and thus exert practi-

cally no vapor pressure above the liquid surface. Importantly, the near zero

vapor pressure (nonvolatile) property of ionic liquids means they do not emit

the potentially hazardous volatile organic compounds associated with many

solvents during their handling and use. The thermodynamics and mechanism

of processes carried out in ionic liquids are different from those in conventional

media. Nevertheless, the physicochemical nature of ionic liquids is not well

understood. The reason why they are liquids is yet to be elucidated.[2–4]

This creates new opportunities for chemical synthesis, catalysis, fine

chemistry, and separations. The literature and patents describe numerous appli-

cations with increased success rate and advantages.[5–11] The prospects for ionic

liquid use are vast. Many ionic liquids are miscible with water and a number of

common organic solvents, providing flexibility for chromatographic separation

process, and they are nonvolatile even at elevated temperatures. Several ionic

liquids are highly polar, ideal for modification of mobile phase in reversed-

phase high performance liquid chromatography (RP-HPLC).[12–25]

The simplest biphasic systems (water-organic eluents) do not always

satisfy analysts, and majorities of separations are impossible without various

mobile phase additives. In RP-HPLC separations, the minor components are

present at ,5% and are commonly referred to as mobile phase modifiers. In

recent years the interest of new modifiers is growing rapidly. One of the new

types of mobile phase modifiers are the ionic liquids. Ionic liquids are clearly

complex entities compared to the relatively simple modifiers used in most chro-

matographic processes. Several reasons are essential to attaining the goal of

accelerated application of chromatographic separation processes based on

ionic liquids.

The chemical nature of the ionic liquids allows concluding that they exist

in the polar mobile phase as ions and they also coated on the reversed-phase

silica-based column. According to authors,[15,26] the ionic liquids form a

bonded layer (pseudo-stationary phase) on the surface of the modified silica

gel. Previous studies[15,27–31] have shown that ionic liquid cations can

interact and compete with silanol groups on an alkyl silica base surface.

The retention of analytes in RP-HPLC is fundamentally determined by

their distribution between a liquid polar mobile phase and a stationary

phase consisting of an organic layer, most often made of alkyl chains that

are bonded to the silica surface. Usually, simple mathematical models are

used for finding relationships between retention and mobile phase compo-

sition. In the case of ionic liquid modifiers, this approach requires parallel

efforts on (1) developing the fundamental understanding of ionic liquids so

that they can be deliberately designed to meet HPLC needs, (2) applied

research/development to prove that ionic liquids can efficiently affect a
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separation processes in RP-HPLC, and (3) fundamental understanding of

mobile phase composition versus chromatographic performance. This

requires a robust understanding of the fundamental physicochemical prin-

ciples involved in the separation mechanisms with ionic liquids. To realize

the potential of ionic liquids, a theoretical approach to the development of

new ionic liquid modifier and the separation processes in which they could

be used must be studied. In the literature one can find complex models aimed

at the prediction of changes in retention as a function of mobile phase compo-

sition.[32] Best known are: the Snyder model,[33,34] the Langmuir approach,[35]

the solvatochromic model,[36] the stoichiometric displacement model,[37] the

solvophobic model,[38] and the Schoenmakers model.[39] Many researchers

investigated the separation of organic chemicals with different types of

mobile phases and modifiers in RP-HPLC. It must be emphasized, that in all

the previous experiments only common modifiers were used and ionic

liquids have never been applied for this purpose. It is reasonably safe to

suggest that the present study is a pioneer work and should be of immediate

interest to separation science.

In this paper, linear equations, two linear (Soczewinski and Langmuir-

type) and three multiple linear, have been applied for investigation of the

influence of 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid

modifier on the retention eluent composition relationships in reversed-phase

high performance liquid chromatography.

EXPERIMENTAL

Apparatus

An analytical system with 600 HPLC pump (Waters, U.S.A.), 486 detector

(M 7200 Absorbance Detector, Young-In Scientific Co., South Korea), and

Reodyne injection (Cotati, CA, USA) valve with 20 mL sample loop were

used. Chromate software (Ver. 3.0 Interface Eng., South Korea) on a PC

was used as a data acquisition system. Experiments were performed with

the commercially available (Optimapak, South Korea) C18 (alkyl-) bonded

phase column (4.6 � 150 mm i.d. and particle size 5 mm).

Reagents

The ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate, selected for

these studies was purchased from C-tri Co. (Namyang, South Korea)

(Table 1). This ionic liquid was used as obtained, without additional pretreat-

ment. Amino acids, n-carbobenzyloxy-D-phenylalanine, D-tryptophan, and

orthro- and meta-amino benzoic acids, were product of Sigma-Aldrich Co.

(St. Louis, MO, U.S.A.). Para-amino benzoic acid was purchased from

Linear Regressions Applied to Methanol with Ionic Liquid 2559

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Fluka (St. Louis, MO, U.S.A.). All substances were analytical grade.

Potassium nitrate (KNO3) was obtained from Kanto Chemical Co. (Japan)

and HPLC gradient grade methanol was purchased from Duksan Pure

Chemical Co. (Ansan, South Korea). The distilled water was filtered with a

vacuum pump (Division of Millipore, Waters, U.S.A.) and a filter

(HA-0.45, Division of Millipore, Waters, U.S.A.) prior to use.

Sample Preparation

Each analyte was dissolved in water with a concentration of 1000 mg mL21.

These solutions were then sonicated for 30 min and stored at 277 K. It should

be emphasized that the working solutions were reprepared every 3 days so as

to avoid potential errors arising from decomposition.

Chromatographic Conditions

Mobile phases were composed of methanol in water (pure reversed-phase

systems). The ionic liquid -butyl-3-methylimidazolium tetrafluoroborate

was used as mobile phase modifiers. The modified mobile phases were

prepared by dissolving known amounts of 1-butyl-3-methylimidazolium tetra-

fluoroborate in the water-methanol eluent. The information about solutes and

conditions of their analysis (mobile phase composition) is shown in Table 2.

Analyses were performed throughout at ambient temperature (297 K) at a flow

rate of 1.0 mL min21, and the elution profiles were monitored at l of 254 nm.

The eluent was flowed in isocratic mode. The retention factor (k) was calcu-

lated according to Eq. (1)

k ¼ ðtR � tMÞ=tM; ð1Þ

where tM is the dead time (taken as the first deviation of the baseline following

a 5 mL injection of 1% potassium nitrate solution) and tR is the retention time.

The retention factors reported in this study are the averages of at least three

determinations. Evaluation of the results of the chromatographic experiments

Table 1. The name, abbreviation, and structure of ionic liquid

Name Abbreviation Structure

1-Butyl-3-methylimidazolium

tetrafluoroborate

[BMIm][BF4]
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was carried out using mathematical statistic techniques. The relative error of a

single measurement did not exceed 5%.

Theoretical Background

In this work, the mobile phase composition versus chromatographic retention

factor, k, was estimated. In general, the modeling problem can be defined as

estimating the relation between a set of predictor variables F and one or

more response variables P:

P ¼ f ðMÞ þ 1 ð2Þ

in which 1 contains all types of errors, including sampling and measurement

errors. In our approach, P is the chromatographic retention factor, k, and M is

the concentration of modifier.

Table 2. The solutes and condition of their analysis (where F is the vol.% of methanol

in water and I is the vol.% of ionic liquid [BMIm][BF4])

Name

(abbreviation) Structure

Mobile phase composition

F I

N-CBZ-D-

Phenylalanine

(D-Phe)

D-tryptophan

(D-Try)

55–80 0.0097–0.2520

Ortho-amino

benzoic acid

(2-ABA)

Meta-amino

benzoic acid

(3-ABA)

15–50 0.0097–1.2416

Para-amino

benzoic acid

(4-ABA)

Linear Regressions Applied to Methanol with Ionic Liquid 2561
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Soczewinski Equation

The most successful and simplest linear models of retention in liquid-solid

chromatography are those of Snyder[34] and Soczewinski.[40–43]

In actuality, these models are quite similar. Both of them assume that

retention is the product of competitive absorption between the solute and

mobile phase molecules for the active sites on the stationary phase surface.

The Soczewinski equation is

k ¼ aþ b log I; ð3Þ

where I is the volume fraction of a polar component of a binary eluent (in our

case it was ionic liquid) and a and b are constants. Constant b is widely

observed. Snyder et al. predicts that the constant b, i.e., the slope of this

line, should be the ratio of the molecular areas of the solute and mobile

phase, whereas the Soczewinski model predicts that this slope is the number

of strongly adsorbing substituent groups on the solute.

Langmuir Type Equation

The Langmuir type relationship between retention factor and modifier content

in a mobile phase was first proposed by Row and co-workers.[35] This

approach assumed that the adsorption of organic modifier is described by

the Langmuir isotherm. The final equation can be expressed as follows:

k ¼ aþ bI�1; ð4Þ

where a and b are experimental coefficients. The intercept, a, characterizes the

adsorption interaction between the organic modifier molecules and adsorbent

surface while the slope, b, relates to the solute molecules and adsorbent

surface interaction.

Multiple Linear Regressions

Multiple linear regressions are extensions of simple linear regression with

more than one dependent variable.

In general then, the multiple regression procedures will estimate a linear

equation of the form:

P ¼ a0 þ a1X1 þ a2X2 þ � � � þ akXk ð5Þ

where k is the number of predictors. Note, that in this equation the regression

coefficients (or a1 . . . ak coefficients) represent the independent contributions
of each independent variable to the prediction of the dependent variable.

In our case, the regression coefficients for each mobile phase composition

were obtained by multiple linear regression analysis for the measured
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retention factors using the following equations:

k ¼ a0 þ a1F þ a2I ð6Þ

k ¼ a0 þ a1 logF þ a2 log I ð7Þ

k ¼ a0 þ a1F
�1 þ a2I

�1 ð8Þ

where F is the vol.% of methanol in water and I is the vol.% of ionic liquid

[BMIm][BF4].

Data Analysis

Linear and multiple linear regression analysis and statistical tests were

performed using the program Origin (Microcal Software Inc., MA,

USA.).[44] The quality of the fits was estimated using the squared correlation

coefficient (r2).

RESULTS AND DISCUSSION

In this work, five solutes given in Table 2 were examined using water-methanol

mobile phases with and without ionic liquid modifier [BMIm][BF4]. The ionic

liquids have been chosen because they are water-soluble (hydrophilic) and also

combine with the most common cations and anions.

The modification of the eluents by [BMIm][BF4] is really affected the

solute retention. Figure 1 shows chromatograms of amino benzoic acids

without (a) and with 0.1552 (b) vol.% of [BMIm][BF4] in 25% methanol

solution. It is clear that two amino benzoic acids (3-ABA and 4-ABA) are

co-eluted with the unmodified mobile phase (Figure 1a). It is also noted

that the retention times of the solutes were very close to the dead time.

Solutes with two strongly polar groups behave differently; in some cases,

ortho-isomers are adsorbed more strongly than meta- and para-isomers on

polar bonded stationary phases in some eluents containing a high concen-

tration of polar modifier in an aqueous mobile phase. Chromatograms illus-

trating isolation of N-CBZ-D-phenylalanine and D-tryptophan with and

without [BMIm][BF4] in the mobile phase (65% methanol in water) are

presented in Figure 2. It is readily apparent that the increase of the

modifier concentration causes increased isolation of the sorbats. Identical ten-

dencies are obtained for all methanol concentrations. Furthermore, this

modifier has a major impact on the analyte retention. It is axiomatic that

the separation should be designed to minimize the required volume of

ionic liquid modifier. It is easily seen that adjusting the eluent by a mere

0.0388 vol.% of [BMIm][BF4] provides baseline separation in an acceptable
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time (Figure 2a). As a result, excellent separations of amino benzoic isomers

were achieved using 0.3104 vol.% of [BMIm][BF4] in 25%methanol solution.

The full isolation of N-CBZ-D-phenylalanine and D-tryptophan is possible,

with even lower concentrations ranging from 0.0388 (b) vol.% of

[BMIm][BF4] in mobile phase (65% methanol in water). Also important to

note is that the experimental technique should minimize the loss of the ionic

liquids and be capable of removing used ionic liquid from the column. After

each experiment with the certain concentration of the ionic liquid, and before

Figure 1. Chromatograms of amino benzoic acids without (a) and with 0.1552

(b) vol.% of [BMIm][BF4] in mobile phase (25% methanol in water).
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the experiment with the subsequent concentration of the ionic liquid, the

column was flushed for at least 3 hours to remove the ionic liquid used at

previous concentration and/or to fully equilibrate the column. The constancy

in efficiency and peak tail factor showed that the use of ionic liquid is not

harmful to the column.

Figure 2. Chromatograms of N-CBZ-D-phenylalanine and D-tryptophan without

(a) and with 0.0388 (b) vol.% of [BMIm][BF4] in mobile phase (65% methanol

in water).
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Usually in RP-HPLC the retention time will increase as the lipophilicity

of the substance is increased and as the polarity of the mobile phase is

decreased. The nature and concentration of any competing modifier added

to the eluent will determine the retention times and elution order for the

solute. In this experiment, the amino acids were tested as model compounds

in order to study the contributions of ionic liquid adjustment. All used

solutes are polar solutes having a different affinity to silanols and to the

polar groups. Thus, all the employed test solutes were apt to migrate

along the chromatographic column due to the mixed retention mechanism,

although quantitative proportions between adsorption and partition depended

on quantitative proportions of modifier to water and on the chemical nature

of the solute molecules.

In this work, the retention factor, k, is correlated by simple linear relation-

ships involving the vol.% of ionic liquids modifier. In addition, the multiple

linear regressions were based on the variables of two terms: vol.% of

methanol in water and the vol.% of ionic liquid. The performance of

models was evaluated and compared with use of the squared correlation coef-

ficient (r2) value. All regressions were carried out according to Eqs. (3–8) for

each amino acid. The slope, intercept, and r2 calculated are listed in Tables 3

and 4. For the estimation of predictive capability of equations we were

keeping to the following rules. If the value of the squared regression coeffi-

cient is approximately equal to unity 0.9 , r2 , 1.0, then it is understood

that the retention mechanism proposed by the corresponding equation is

highly probable and this equation can be assessable. If r2 , 0.9, we assume

that the mixed or more complex retention mechanism is involved with the

different quantitative proportions. In the following we show a few

examples, which demonstrated the effect of changes in the mobile phase com-

position on the parameters of linear equations.

The dependence of k vs F is characterized by the different magnitudes of

slopes for each solute. In the following simple linear relationships, (Eqs. (3)

and (4)), the intercept, a, and the slope, b, were obtained by the regression

analysis for all compounds. The chemical structure is influenced also on the

a value. For example, the tested N-CBZ-D-phenylalanine has higher values

of a of Eqs. (3 and 4) than D-tryptophan. The intercept of Eq. (4), a,

characterizes the adsorption interaction between the organic modifier

molecules. Some conformity can be elucidated by comparison of intercepts

and r2 values. In all cases, if the correlation coefficients were satisfactory, a

values were low. By this means, the Langmuir-type equation describes ade-

quately the chromatographic retention in the case of quite weak adsorption inter-

actions between the modifier molecule and adsorbent surface.

The analysis of data from Table 3 showed that the constant b depends on

the type and the number of substituent in the molecule, as well as on the

structure. Note that, in this case, the coefficients b obtained with the Eq. (3)

are substantially smaller than similar coefficients obtained by the equation

Eq. (4) for N-CBZ-D-phenylalanine and D-tryptophan. Table 3 also shows
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that b (Eq. (3)) of amino benzoic acids are changed in a comparatively wider

range from 0.09 to 1.34.

It is not too difficult to see that correlation coefficients of Eqs. (3) and (4),

r2, obtained with D-tryptophan were almost sufficiently large, while with

N-CBZ-D-phenylalanine r2 values are unsatisfactory (0.0021–0.5523). In

case of amino benzoic acid isomers, the correlation coefficients obtained

with Eq. (3) were suitable, while with Eq. (4) r2 are unacceptable.

These phenomena can be explained from the point of view of intermole-

cular interactions between the sorbate and the solid and mobile phases. The

special features of the chemical structure of the investigated amino acids

determine possible interaction modes. The phenylalanine has an N-carboben-

zyloxyl group which is blocking amine nitrogen. Because of this, the molecule

Table 3. Calculated results of the parameters used in Eqs. (3) and (4) in

modifier of [BMIm][BF4] (where F is the vol.% of methanol in water)

F

Eq. (3) Eq. (4)

a b r2 a b r2

D-Phe

55 12.31 20.05 0.0021 12.23 0.6 1022 0.0855

60 5.52 20.19 0.1916 5.68 0.2 1022 0.0809

65 4.84 0.79 0.1701 4.18 0.9 1022 0.1006

80 4.02 1.52 0.5523 3.094 20.04 0.3071

D-Try

55 1.04 20.63 0.8921 1.49 0.01 0.9429

60 0.99 20.48 0.8949 1.33 0.8 1022 0.9742

65 0.86 20.52 0.9156 1.23 0.8 1022 0.9732

80 2.09 20.11 0.5953 2.15 0.5 1022 0.8323

2-ABA

15 3.36 1.34 0.9302 2.42 20.02 0.5536

20 2.35 0.81 0.9547 1.79 20.01 0.5815

25 1.66 0.53 0.9991 1.39 20.9 1022 0.7218

50 0.24 0.16 0.6119 0.13 20.2 1022 0.2880

3-ABA

15 0.97 0.42 0.9780 0.70 20.6 1022 0.7063

20 0.59 0.20 0.9745 0.46 20.3 1022 0.6245

25 0.49 0.13 0.9872 0.43 20.2 1022 0.6363

50 0.02 0.09 0.8337 20.04 20.1 1022 0.6123

4-ABA

15 0.40 0.19 0.9768 0.28 20.3 1022 0.6931

20 0.26 0.12 0.9971 0.18 20.2 1022 0.7413

25 0.27 0.11 0.8483 0.22 20.2 1022 0.8716

50 20.05 0.05 0.9293 20.09 20.1 1022 0.8874
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Table 4. Calculated results of the parameters used in Eqs. (6–8) in modifier of [BMIm][BF4]

Solute

Eq. (6) Eq. (7) Eq. (8)

a0 a1 a2 r2 a0 a1 a2 r2 a0 a1 a2 r2

D-Phe 57.88 20.84 1.10 0.8751 214.22 2116.53 0.18 0.8222 243.78 3054.71 27.5 � 1024 0.8991

D-Try 3.69 20.03 22.25 0.6523 8.54 24.27 20.54 0.8875 20.51 111.09 20.8 � 1022 0.9498

2-ABA 1.91 20.04 1.44 0.7251 6.54 23.35 0.68 0.8683 20.20 37.39 20.01 0.7348

3-ABA 0.56 20.01 0.45 0.7259 2.06 21.10 0.21 0.8762 20.12 11.87 20.3 � 1022 0.7305

4-ABA 0.23 20.7 � 1022 0.28 0.7179 1.05 20.58 0.13 0.8634 20.11 6.11 20.2 � 1022 0.7076
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acquires expressed acidic properties and in the aqueous solutions dissociates

according to the scheme:

Thus, the N-CBZ-D-phenylalanine in water media is an organic acid and

generally exists in the anionic form (A2). The molecule of D-tryptophan has

weak nucleophilicity due to aromatic indolyl, however, as a whole it is neutral,

and in the aqueous medium forms the zwitterion. In this structure there has

been an intramolecular proton transfer from the -OH of the carboxylic acid

group to the amine group:

In this case, this molecule does not form the stable ions in the aqueous

solution and it remains neutral as a whole. In the case of amino benzoic acid

isomers the comparative weakness of the parent substances (aniline and

benzoic acid) again renders the zwitterion structure more likely. There is a

good chance that the amino benzoic acid exists as a zwitterion (COO2 andNH4
þ).

Thus, the N-CBZ-D-phenylalanine, which exists in the solution as an

anion, is capable of making specific ionic interactions with the sorbed

cations of [BMIm][BF4] (pseudo-stationary phase). Such chromatographic

behavior can be explained by the realization of the ion-exchange mechanism

of retention. This means that the Soczewinski and Langmuir-type relationships

are not adequate, and more complex models considering interactions between

ionizable sample and eluent are required. At the same time, the chromato-

graphic behavior of D-tryptophan and amino benzoic acid isomers are satisfac-

torily described by the Eq. (3) and (4). As may be inferred from Table 3, the

predictive capabilities of these models are relatively high with mobile phase

modified by [BMIm][BF4].

We are interested in estimating a multiple linear regression equation

based on the information about methanol and modifier contents according

to Eqs. (6–8). Different combinations of the variables representing each

of two terms described above were tried to obtain the equation of best

fit, which would relate to the retention of the reference compounds to

their mobile phase composition. The values of the calculated results of
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the parameters used in Eqs. (6–8) of different amino acids, using the

water-methanol mobile phases at different contents of [BMIm][BF4], are

given in Table 4. It is not too difficult to see that multiple linear regression

Eq. (6) with two variables produced correlation coefficients with low values

(the best was r2 ¼ 0.8751 with N-CBZ-D-phenylalanine). The most accepta-

ble results were obtained using Eq. (7). Retention of all investigated sub-

stances predict well with the aid of this equation. Equation (8) is applicable

for the prediction of the N-CBZ-D-phenylalanine and D-tryptophan

retention. It is interesting to note that all obtained multiple linear regressions

in the case of N-CBZ-D-phenylalanine give better correlation coefficients than

with simple linear equations. The introduction of parameters describing

methanol content that is less significant resulted in an increase of the

multiple correlation coefficients, r2 in the case of N-CBZ-D-phenylalanine.

CONCLUSION

In this paper, the influence of mobile phase composition on retention of some

amino acids in RP-HPLC was examined. Statistical evaluations of two simple

linear and three multiple linear equations derived for solutes with ionic liquid

[BMIm][BF4] as modifier of mobile phase, demonstrates that both simple

linear models, Soczewinski and Langmuir-type, are able to describe chroma-

tographic retention of molecules, not forming stable ions in the aqueous, rela-

tively precisely. The N-CBZ-D-phenylalanine, which exists in the solution as

anion, is capable of making specific ionic interactions with the sorbed cations

of [BMIm][BF4] (pseudo-stationary phase). Such chromatographic behavior

can be explained by the realization of the ion-exchange mechanism of

retention. Soczewinski and Langmuir-type models are not applicable for the

description of N-CBZ-D-phenylalanine retention, which exists in the water

solution as anion and more complex models considering interactions

between ionizable sample and eluent are required. Multiple linear regressions

with two variables (methanol and [BMIm][BF4] modifier contents) demon-

strate that used equations do meaningfully improve the description of

N-CBZ-D-phenylalanine retention.
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