
1D column and mobile phase 2D column and mobile phase
Fractional 

coverage [%]

Eclipse PAH with pH 5/ MeOH Eclipse Plus C8 with pH 5/ ACN 17.2

Eclipse Plus C8 with pH 5/ ACN Eclipse PAH with pH 5/ MeOH 18.4

Eclipse PAH with pH 5/ ACN Bonus RP with acidic pH/ MeOH 13.0

Bonus RP with acidic pH/ MeOH Eclipse PAH with pH 5/ ACN 14.6

Eclipse PAH with pH 5/ ACN
Eclipse Plus Phenyl-Hexyl with acidic 

pH/ MeOH
10.2

Eclipse Plus Phenyl-Hexyl with acidic 

pH/ MeOH
Eclipse PAH with pH 5/ ACN 14.9

Eclipse Plus C18 with pH 5/ ACN
Eclipse Plus Phenyl-Hexyl with pH 5/ 

ACN
9.6

Eclipse Plus Phenyl-Hexyl with pH 5/ 

ACN
Eclipse Plus C18 with pH 5/ ACN 8.0

Two-dimensional screening
The above mentioned combinations of separation systems
were tested in a comprehensive 2D-LC setup with full
gradient used in the second dimension to identify the
combination that provides the highest fractional coverage of
the 2D chromatogram.
Figure 1 examplarily shows certain chromatograms obtained
in the two-dimensional screening and the retention time
plots used for determination of the fractional coverage
according to the Gilar-Stoll approach.

System
The Agilent 1290 Infinity II 2D-LC Solution was set up for
two-dimensional column and solvent screening with
additional 8-column selection and solvent selection valves.
Mass spectrometric (MS) detection was performed using an
Agilent 6530 Accurate-Mass Q-TOF LC/MS system equipped
with a dual Agilent Jet Stream ESI source.

Software
• Agilent OpenLAB CDS ChemStation Edition rev. C.01.07

[27] with Agilent 2D-LC Software A.01.02 SP1
• Agilent MassHunter Workstation software
• GC Image LCxLC-HRMS Edition software version 2.5b0 for

2D-LC data analysis from GC Image LLC., Lincoln, NE, USA

Sample
The sample used in this work contained 70 compounds, and
was a mixture of four submixtures obtained from Dr.
Ehrenstorfer (Augsburg, Germany) and comprised polycyclic
aromatic hydrocarbons, phthalate esters, phenones,
pesticides, and uracil as void marker.
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Introduction

Conclusions

Comprehensive two-dimensional liquid chromatography
(comprehensive 2D-LC, LC×LC) offers high potential for the
analysis of complex samples1. It could be shown that the
peak capacity can easily be increased by a factor of 3 to 4
using LC×LC compared to classical HPLC or UHPLC analysis,
while maintaining analysis time2. The increased separation
power of LC×LC can be reasoned by the peak capacity
product rule3. Theoretically, the peak capacity of an LC×LC
analysis is the product of the first and second dimension
peak capacities:

𝑛2𝐷 =
1𝑛 × 2𝑛

In practice, the peak capacity has to be corrected for limited
orthogonality (factor f, fractional coverage) and under-
sampling (factor β) of the first dimension effluent1:

𝑛2𝐷 =
1𝑛 × 2𝑛

𝛽
× 𝑓

Despite the correlation of the separation mechanisms, the
combination of two reversed-phase separations
(RPLC×RPLC) is often used.
In this work, a systematic approach to the development of an
RPLC×RPLC method for the analysis of a complex sample is
presented4. As the first step, a one-dimensional column and
solvent screening is performed to identify RP separation
systems that provide differences in selectivity for the
analyzed sample. For all possible combinations of separation
systems, the correlation of retention factors of selected
compounds is calculated. The combinations that provide the
lowest correlations are tested in an LC×LC setup and the
fractional coverage of the resulting chromatograms is
determined according to the Gilar-Stoll approach5. For the
combination that provides the highest fractional coverage, a
shifted second dimension gradient is designed to increase
the fractional coverage and, thereby, peak capacity.

Results and Discussion
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Experimental

One-dimensional column and solvent screening
For the one-dimensional column and solvent screening, six
RP materials were selected, taking into account the
classification of chromatographic selectivity according to the
Hydrophobic Subtraction Model (HSM). The selected RP
materials included Eclipse Plus C18, Eclipse Plus C8, Eclipse
Plus Phenyl-Hexyl, Bonus-RP, SB-CN and Eclipse PAH. The
selected mobile phases included the use of different organic
solvents (acetonitrile and methanol) and different pH values
(acidic (0.1% formic acid), buffered at pH 5 with ammonium
acetate and at pH 8 with ammonium bicarbonate). During the
one-dimensional column and solvent screening, mass
spectrometric (MS) detection was applied to allow tracking
of selected compounds between different chromatograms.

Observations from the correlation of retention factors
calculated for all possible combinations of separation
systems:
• Combinations of separation systems using acetonitrile in

one separation system and methanol in the other showed
lower correlations.

• For the sample analyzed, the mobile phase pH value did
not have a strong influence on selectivity.

• Combinations of separation systems with lowest
correlation:

• Eclipse PAH with pH 5/methanol and Eclipse Plus
C8 with pH 5/acetonitrile (R² = 0.957)

• Eclipse PAH with pH 5/acetonitrile and Bonus RP
with acidic pH/methanol (R² = 0.957)

• Eclipse PAH with pH 5/acetonitrile and Eclipse Plus
Phenyl-Hexyl with acidic pH/methanol (R² = 0.960)

• Combination with high correlation for comparison
purposes:

• Eclipse Plus C18 with pH 5/acetonitrile and Eclipse
Plus Phenyl-Hexyl with pH 5/acetonitrile
(R² = 0.998)

Table 1 summarizes the fractional coverage determined for
all tested combinations of separation systems. As expected,
the determined fractional coverages correlate to a certain
extent with the correlation coefficients calculated from the
one-dimensional column and solvent screening.

Development of a shifted second dimension gradient
In RPLC×RPLC, compounds tend to be distributed around a
diagonal line in the 2D-LC chromatogram. For a given
combination of separation systems, the fractional coverage
can be increased by using a shifted gradient in the second
dimension1.
A shifted gradient was developed for the combination of
separation systems highlighted in Table 1. Figure 2 shows
the final chromatogram and retention time plot used for
determination of the fractional coverage. The fractional
coverage could be greatly increased to more than 50 %.

Table 1 – Fractional coverage for all tested combinations of separation systems.

In a systematic approach to the development of an
RPLC×RPLC method, a one-dimensional column and solvent
screening can be used to assess the relative selectivity of
two separation systems for a given sample from the
correlation of the retention factors. To compare the
orthogonality of different combinations of separation
systems in a comprehensive 2D-LC setup, the fractional
coverage of the resulting 2D-LC chromatogram can be used.
For a given combination of separation systems, the fractional
coverage can be greatly increased by using a shifted
gradient in the second dimension.

Agilent 1290 Infinity II 

2D-LC Solution 

Figure 1 – 2D-LC chromatograms and retention time plots; (A) 1D: Eclipse PAH

with pH 5/MeOH, 2D: Eclipse Plus C8 with pH 5/ACN; (B) 1D: Eclipse Plus C8

with pH 5/ACN, 2D: Eclipse PAH with pH 5/MeOH; (C) 1D: Eclipse Plus C18 with

pH 5/ACN, 2D: Eclipse Plus Phenyl-Hexyl with pH 5/ACN.

Figure 2 – 2D-LC chromatogram and retention time plot obtained with the final

2D-LC method.

First Dimension

Column

Agilent ZORBAX 

RRHD Eclipse Plus C8, 

2.1 × 100 mm, 1.8 μm

Solvent

A) 10 mM Ammonium 

acetate pH 5

B) Acetonitrile

Gradient

20% B at 0 min

100% B at 50 min

100% B at 60 min

Flow rate 0.100 mL/min

Temperature 40 °C

Modulation

80 μL loops; cocurrent configuration; 

Modulation time 0.50 minutes

Table 2 – Final 2D-LC method.

Second Dimension

Column
Agilent ZORBAX RRHD Eclipse PAH, 

3.0 × 50 mm, 1.8 μm

Solvent
A) 10 mM Ammonium acetate pH 5

B) Methanol

Gradient

30% B at 0.00 min to 100% B at 60 min

35% B at 0.27 min to 70% B at 30 min to 

100% B at 40 min

2D gradient

stoptime
0.27 minutes

Modulation time 0.50 minutes

Flow rate 2.500 mL/min

Temperature 60 °C

Detection
DAD at 220 nm/4 nm, Ref. 400 nm/100 

nm; data rate 80 Hz


