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The chromatographic behaviors of nucleotides (inosine 5'-monophosphate, uridine 5'-monophosphate, guano
sine 5'-monophosphate, and thymine monophosphate disodium salts) on a C18 column were studied with 
different types of ionic liquids (ILs) as additives for the mobile phase in reversed-phase liquid chromatography 
(RPLC). Three ILs, 1 -butyl-3 -methylimidazolium tetrafluoroborate ([BMIm][BF4]), 1-ethyl-3-methylimida- 
zolium tetrafluoroborate ([EMIm][BF4]), and 1-ethyl-3-methylimidazolium methylsulfate ([EMIm][MS]), 
were used. Eluents were composed of water and methanol (90/10%, vol) with the addition of 0.5-13.0 mM of 
ILs. The effects of the concentration of ILs on retention and separation were investigated and discussed. The 
results showed that the addition of ILs affects the retention and resolution of the tested compounds. Use of 13.0 
mM of [BMIm][BF4] as the eluent modifier resulted in a baseline separation of nucleotides without requiring 
gradient elution. This study demonstrates that ILs can be potentially applied as a mobile phase modifier in 
RPLC.
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Introduction

Separation science has been hard-pressed to keep pace 
with the increased sample complexity and analysis numbers 
brought about by extensive growth in life sciences initiatives 
and biomedical advances. Further challenges are being con
fronted in the environmental, food, and agriculture sectors to 
address fundamental security and safety issues. As samples 
of ever-increasing complexity need to be analyzed increas
ingly large numbers, the need for more universal separation 
methods and selection of mobile phase becomes paramount. 
The choice of the organic solvent media requires knowledge 
of its physical and chemical properties, as well as knowledge 
of how it impacts the retention of analyte including both 
interactions with the analytes and the stationary phase.

Methanol is widely used as an organic modifier in rever- 
sed-phase liquid chromatography (RPLC). Unfortunately, 
such simple biphasic systems (water-methanol eluents) do 
not satisfy the needs of analysts in the vast majority of cases. 
The majority of separations are impossible without various 
mobile phase additives, such as acids, salts, and organic 
matters. Careful choice of an organic modifier is required in 
order to fix the elution force of the mobile phase. Variation 
of the nature and the concentration of the organic modifier 
affects the interaction energy of the analyte in the bulk 
mobile phase. In recent years, interest in new modifiers has 
grown rapidly.

Ionic liquids (ILs) are a type of salt that are liquid at low 
temperature (<293 K). In recent years, ILs have been 
successfully applied in various areas of analytical chemistry,1 
catalysis,2 and other applications.3 ILs have a variety of 
desirable properties, such as negligible vapor pressure, good 
thermal stability, tunable viscosity, and miscibility with 

water and organic solvents. In addition, it is anticipated that 
ILs can be applied to sample preparation procedures.

There has been a significant increase in research into other 
properties of ILs since they were proposed for use as new 
media for chemical reactions. Building on the advantages of 
the special properties of ILs, it is expected that the number 
of mobile phase additives in RPLC can be expanded. 
Numerous works describing successful applications of ILs 
in this field are reported annually.4-18 Nucleotides in parti
cular are a subject of study in many fields of science, such as 
biology, chemistry, and medicine, and are known to play 
critical roles in many processes.19 Many RPLC methods 
have been applied to the analysis of nucleotides.8,20,21 In 
previous papers,22-24 Row et al. investigated the separation 
of nucleic compounds with different types of mobile phases 
and modifiers in RPLC. It must be emphasized that in the all 
previously 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 pio
neer work and should be of immediate interest to separation 
science.

Generally, water-organic mobile phases adjusted by modi
fiers are used in this regard.25 It can reasonably be assumed 
that most of these modifiers are volatile, and salt out. Here it 
should be noted that nucleotides are polar compounds and it 
is clear that their separation requires a stationary phase with 
low silanol activity and eluents with high ionic strength. It is 
now well understood that ILs present both major challenges 
and massive potential for research in this field.

In this study, three ILs were evaluated as mobile phase 
additives for separation of mixtures composed from four 
nucleotides by RPLC. The retention factors of solutes were 
determined with a water/methanol mobile phase comprised 
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of ILs on a reversed-phase column without gradient elution. 
The effects of the nature and concentration of ILs on the 
chromatographic performance are discussed. It appears that 
the mechanism of separation involves interactions between 
nucleotides and the ILs.

Experiment지 Section

Apparatus. An instrument with an analytical HPLC 
system was used an M930D solvent delivery module 
equipped with a M930D solvent delivery pump (Young-In 
Co, South Korea), a UV M720 absorbance detector (Young
In Scientific Co., South Korea), and a Reodyne injection 
(Cotati, CA, USA) valve with a 20 pL sample loop. Experi
ments were performed with a commercially available Opti- 
mapak C18 (alkyl-) bonded phase column (4.6 乂 250 mm i.d. 
and 5 pm particles) from Rs-Tech Co. (Daejeon, South 
Korea). Chromate software (Ver. 3.0 Interface Eng., South 
Korea) on a PC was used as a data acquisition system.

Reagents. Three ILs (99.99%), 1 -butyl-3-methylimida- 
zolium tetrafluoroborate, 1-ethyl-3-methylimidazolium tetra
fluoroborate, and 1 -ethy l-3 -methy limidazolium methylsul
fate, were purchased from C-tri Co. (Namyang, South Korea) 
and are shown in Table 1. Nucleotide standards (uridine 5'- 
monophosphate disodium salt, inosine 5 '-monophosphate 
disodium salt, guanosine 5'-monophosphate disodium salt, 
and thymidine 5'-monophosphate disodium salt) (Table 2) 
were purchased from Fluka (St. Louis, MO, USA). All sub
stances were of 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.

Chromatographic conditions. Each analyte was dissolved 
in water to a concentration of 1000 pg/mL. The mixture of 
nucleotides was prepared as aliquots of individual solutions 
of 5'-IMP, 5'-TMP, 5'-GMP, and 5'-UMP at a ratio of 1:1:1:1.
The mixtures were stored at 277 K. It should be emphasized
that the working solutions were re-prepared every 3 day 
as to avoid potential errors arising from decomposition.

s so
The

Table 1. Names and structures of the ionic liquids

Name (Abbreviation) Cation Anion

1 -Butyl-3-ethylimidazolium 
tetrafluoroborate 
([BMIm][BF4])

1-Ethyl-3-methylimidazolium 
tetrafluoroborate
([EMIm][BF4])

1-Ethyl-3-methylimidazolium 
methylsulfate ([EMIm][MS])

Table 2. Names and structures of the nucleotides

Name (Abbreviation) Structure

Inosine 5'-monophosphate 
disodium salt (5'-IMP)

Guanosine 5'-monophosphate 
disodium salt (5'-GMP)

Uridine 5'-monophosphate 
disodium salt (5'-UMP)

Thymidine 5'-monophosphate 
disodium salt (5'-TMP)

mobile phase was 10.0 vol.% of methanol in water (pure 
reversed-phase systems). The modified mobile phases were 
prepared by dissolving known amounts of ILs in the water
methanol eluent. After each experiment with a specified 
concentration of ILs, and prior to the experiment with the 
subsequent concentration of modifier, the column was flush
ed for at least 3 hours to remove the ILs used at the previous 
concentration and to fully equilibrate the column. The 
injection volume of the mixture was 4 pL. Analyses were 
performed throughout at ambient temperature (297 K) at a 
flow rate of 1.0 mL/min flowed in isocratic mode, and the 
elution profiles were monitored at 人 of 254 nm.

Results and Discussion

Generally, in RPLC the retention time will increase as the 
lipophilicity of the substance is increased and as the percent
age of organic modifier in the mobile phase is decreased. 
The nature and concentration of any competing modifier 
added to the mobile phase will determine the retention times 
and elution order for solute. In this work, the nucleotides 
were used as model compounds in order to study the contri
butions of ILs adjustment. All organic matters are polar 
solutes having 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 bet
ween adsorption and partition depended on quantitative 
proportions of modifier to water and on the chemical nature 
of the solute molecules.

The retention factors of these nucleotides were determined 
with a water/methanol mobile phase comprised of three 
different kinds of ILs. The retention factor (k) is calculated
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by the following equation:

k = (tR - t0)/t0 (1)

Where tR is the retention time of the sample and t0 is the 
retention time of the non-retained peak (taken as the first 
deviation of the baseline following injection of 4 pL KNO3). 
The retention factors reported in this study are the averages 
of at least three determinations. The relative error of a single 
measurement did not exceed 5%. Evaluation of the results of 
the chromatographic experiment was carried out using 
mathematical statistic techniques.

Effect of ILs concentration. First, nucleotide separation 
with a pure reversed-phase system (10.0 vol.% of methanol 
in water) was examined. In the subsequent steps, the influence 
of the concentration of three different ILs was tested. Figure 
1 shows the dependencies of retention factors (k) on the 
content of [BMIm] [BF4] in the eluent. It is readily apparent 
that an increase of the [BMIm] [BF4] concentration causes 
increased retention of the sorbates. Identical trends are 
obtained for all analytes. Furthermore, this modifier has a 
major impact on the k parameter values. For example, ad
justing the eluent by a mere 1.0 mM of [BMIm] [BF4] leads 
to an increase of k of about two times for all solutes. The 
analogous tendency was constant until 6.0 mM. Increased 
build-up of the modifier concentration leads to a sharp rise in 
retention. The k maximums of all solutes with [BMIm][BF4] 
were obtained at 10.0 mM. The greatest k increment is 
observed for 5'TMP. This is deemed to be a threshold 
concentration, because the retention of solute decreases 
slightly with further increase in [BMIm][BF4] concentration. 
Figure 2 shows chromatograms of nucleotides without (a) 
and with 0.5 (b), 10.0 (c), and 13.0 (d) mM of [BMIm][BF4] 
in 10% methanol solution. It is clear that three nucleotides 
(5'-UMP, 5'-IMP, and 5'-GMP) are co-eluted with the 
unmodified mobile phase (Fig. 2a). It is also noted that the 
retention times of the solutes are very close to the dead time. 
The eluent with 13.0 mM of this modifier provides base-line 
separation in an acceptable time.

Figure 2. Chromatograms of a mixture of nucleotides with mobile 
phases without (a) and with 0.5 (b), 10.0 (c) and 13.0 (d) mM 
[BMIm][BF4] (peaks numbering: (1) 5'-UMP, (2) 5'-IMP, (3) 5'- 
GMP, (4) 5'-TMP).

Figure 3. Retention factors (k) of nucleotides without and with 
[EMIm][BF4] in mobile phase.

Figure 1. Retention factors (k) of nucleotides without and with 
[BMIm][BF4] in mobile phase.

Figure 3 clarifies the effect of [EMIm][BF4] content in the 
mobile phase on retention. However, the increment of k is 
much smaller than the earlier modifier [BMIm][BF4] (Fig. 
1). The retention factors with [EMIm][BF4] are less than 1.0 
in all cases. This is not surprising given that the retention 
times of the solutes were very close to the dead time. The 
authors believe that some observed maximums and minimums 
for the trends do not have systematic character. Therefore, 
the trends appear to be due in part to measurement inaccuracy 
rather than to physicochemical factors. The analysis was not 
satisfactory in any case with [EMIm][BF4], as demonstrated 
by the obtained chromatograms (Fig. 4).

The dependencies of the retention factors (k) on the 
content of [EMIm] [MS] in the eluent are shown in Figure 5. 
Identical trends are expressed for all analytes with this 
modifier. In sum, the trend is toward larger retention factors 
with increased modifier concentration. It is reasonably safe 
to suggest that the contribution of modifier concentration to
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Figure 4. Chromatograms of a mixture of nucleotides with mobile 
phase without (a) and with 0.5 (b), 6.0 (c) and 10.0 (d) mM 
[EMIm][BF4] (peaks numbering: (1) 5'-UMP, (2) 5'-IMP, (3) 5'- 
GMP, (4) 5'-TMP).

Figure 6. Chromatograms of a mixture of nucleotides with mobile 
phase without (a) and with 0.5 (b), 4 (c), 8.0 (c) and 12.0 (d) mM 
[EMIm][M이 (peaks numbering: (1) 5'-UMP, (2) 5'-IMP, (3) 5'- 
GMP, (4) 5'-TMP).

Concentration of [EMIm][MS], mM

Figure 5. Retention factors (k) of nucleotides without and with 
[EMIm][M이 in mobile phase.

the retention is expressed more at the lowest concentration 
of [EMIm][MS], i.e. 0.5 mM. In addition, the numerical k 
values of 5' UMP, 5' IMP, and 5'GMP are very close. In a 
qualitative sense, for 5'TMP, we observed the same tendency. 
In the case of this nucleotide, the retention factor is relatively 
constant at 6.0 mM of modifier. Chromatograms illustrating 
isolation without and with [EMIm][MS] in the mobile phase 
are presented in Figure 6. From these experiments, it was 
concluded that the results of nucleotide isolation with IL 
modifiers are superior to those without modifiers.

Effect of ILs anions. The effects of ILs anions on 
retention of nucleotides were also evaluated. In this work we 
tested three ILs, one containing a methylsulfate anion [MS] 
and two ILs having tetrafluoroborate anions [BF4] (Table 1). 
It is readily seen that two modifiers, [EMIm][BF4] and 
[EMIm][MS], have the same cations and different anions.

The modifier with [MS] as a counterion provides excellent 
separation for these nucleotides at the expense of longer 

analysis time in comparison with the modifier combined 
with [BF4]. Figures 4 and 6 show chromatograms of solutes 
on the mobile phase without and with [EMIm][BF4] and 
[EMIm][MS], respectively. The solute retention was quite 
stable and the resolution was not good with the [EMIm]- 
[BF4] modifier. The other modifier, [EMIm][MS], provides 
a prepotent effect on the retention. Figures 3 and 5 illustrate 
the difference dramatically. It is clear that [MS] anion 
decreases the elution force of the mobile phase, which leads 
to an increase in the retention time.

ILs are clearly complex entities compared to the relatively 
simple modifiers used in most chromatographic processes. 
They are capable of a wider range of intermolecular inter
actions than most other traditional modifiers of mobile phase. 
These interactions include: depressiveness, dipolar, inductive, 
hydrogen bonding, hydrophobic, and ionic interactions. A 
multi-parameter scale that takes into account the many 
different possible modifier properties can be used to charac
terize ILs as well as other modifiers.

It is beyond question that the nature of IL anions will have 
a pronounced effect on the pH of the eluent media. In a 
previous paper,26 we investigated the pH of a mobile phase 
containing different types and concentrations of ILs. It was 
shown that the pH of the mobile phase containing [BF4] 
anions was slightly increased with increasing modifier concen
tration. Conversely, the pH with [MS] anions decreased with 
increasing concentration of ILs. The methylsulfate anion 
includes a hydroxyl group. Thus, this anion can donate 
hydrogen cations easily, or in other words, invests acidity. 
However, tetrafluoroborate contains weak basic anions. 
Accordingly, the acidic working environments formed with 
[MS] render improved scope for better separation of ioni
zable solutes. Thereby, the observed differences in retention 
with [BF4] and [MS] anion-containing modifiers can be 
explained by changes in the pH of the eluent media. The 
different separations that resulted from two ILs with different 
counterions as modifiers may be due to the association with 
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solutes in the eluent. It is illustrated that IL different anions 
play an important role in separating the nucleotides.

Effect of alkyl groups of the imidazolium cation. In 
order to provide a satisfactory explanation for the retention, 
the effects of alkyl groups of the imidazolium cation are 
discussed. We examined two ILs with 1-ethyl-3-methylimi- 
dazolium cations and only one modifier contained 1-butyl-3- 
methylimidazolium cation (Table 1). Thus, two modifiers, 
[BMIm] [BF4] and [EMIm][BF4], have the same anion and 
different cations.

The modifier with [BMIm] cation (Fig. 2) provides the 
solution when compared with [EMIm] (Fig. 4). From the 
preceding results, it is seen that the retention factors with 
[EMIm] cationic modifiers are less than 1.0 (except for 
5'TMP with [EMIm] [MS]). Simultaneously, the solutes are 
most retained with [BMIm]-containing modifier. This solute 
behavior indicates that the nature of the cation, in particular 
the length of the hydrocarbonic chain, has a strong influence 
on the processes of sorbate distribution between stationary 
and mobile phases. With the presence of [EMIm] cationic 
modifiers, the interactions of the “solute-eluent” become 
dominant, resulting in low numerical values of k. Mono
methylation of the cation of the modifier has a significant 
impact on the energy of the solute interactions with the 
stationary phase.

Effect of ILs on separation mechanism. According to 
references,3,14 certain molecular interactions, including strong 
hydrogen bonding (the hydrogen on C-2 carbon of the 
imidazolium cation), hydrophobic interactions and ion
dipole or ion-induced-dipole, strong ion-pairing effects, etc. 
were found in ILs. Accordingly, as mobile phase additives, 
ILs can play a variety of roles, including coating residual 
silanols, modification of the stationary phase, and acting as 
ion-pairing agents. According to He et al.,5 ILs form a layer 
(pseudo-stationary phase) on the surface of the modified 
silica gel. Previous studies5-9,11,13 have shown that IL liquid 
cations can interact and compete with silanol groups on an 
alkyl silica base surface. The absorption of IL cations by the 
lipophilic part of alkyl chains of the sorbent is even more 
likely. Modification by ILs creates an electrostatic potential 
on the surface, thus providing an additional retentive force 
for ionized analytes. It is possible that the surface acquires 
some ion-exchange properties, and retention is subordinated 
to laws governing ion exchange chromatography. The degree 
of retention of the analyte decreases with an increase in the 
ionic force of the mobile phase and increases with an 
increase in the ion-exchange capacity of the surface. Thus, 
the Il modifier disables the alkyl groups of the stationary 
phase, which leads to a sharp decrease in the possibility of 
dispersion interactions between the sorbate and the alkyl 
groups of the stationary phase.

Hence, the retention time of nucleotides changes due to 
certain molecular interactions between nucleotides and ILs. 
The degree of retention of the nucleotides decreases with an 
increase in the ionic force of the mobile phase and increases 
with an increase in the capacity of the surface. The visually 
observable improvements in the peak tailing (Figs. 2, 4, and 

6) indicate that part of the cations preferentially adsorb on
the C18 stationary phase by covering active silanol sites, 
which leads to improvement of the peak characteristics. The
constitutive anion of a given IL may have a very different 
effect compared to the associated cation. The inclusive effect 
of the two oppositely charged ions may be synergistic or 
antagonist. Thus, a sorbate, which exists in the solution as an 
anion, is capable of specific ionic interactions with the 
sorbed cations of ILs. This chromatographic behavior can be 
explained by the realization of the ion-exchange mechanism 
of retention.

From the results presented here it is evident that the effect 
of IL modifiers on separation can be very complex. It is 
probable that there is not a single solute retention mech
anism in chromatography and certainly pure mechanisms 
with modified eluents cannot be expected. It would, how
ever, be difficult to find the underlying mechanism concern
ing the nature of modifiers, for which adsorption-partition 
becomes a multiplex mechanism. It is not inconceivable that 
new separation mechanisms can be made available with ILs. 
These aspects can enable the development of more efficient 
separation processes. The use of ILs should also increase the 
number of water-miscible modifiers that can be used for 
RPLC. The influence of ILs on the separation mechanism in 
RPLC is currently under investigation and discussion. The 
successful examples of application of ILs to chromato
graphic separations provide a powerful stimulus for further 
studies in this direction.

Conclusion

In this study, successful separation of four nucleotides has 
been achieved using 1-alkyl-3-methylimidazolium-based ILs 
as mobile phase modifiers. ILs showed promising perfor
mance as additives in RPLC. Excellent separation of nucleo
tides was achieved using 13.0 mM [BMIm][BF4] as the 
eluent modifier. From the results, it is apparent that appli
cation of ILs to RPLC provides an effective means of 
separating ionizable solutes. In order to draw more general 
conclusions regarding the effect of such modifiers on the 
retention mechanisms in RPLC, more data are required, 
particularly results with other ILs modifiers.
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