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Monodimensional vs Multidimensional Chromatography
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Monodimensional (1D) chromatographic techniques, both GC
and LC, are widely applied to the analysis of real world samples
in several fields (e.g. foods, pharmaceuticals, petrochemicals,
etc)

 These 1D-methods may not provide a sufficient resolving
power for the separation of target and/or untarget
components in complex samples.

 A possible solution can be the use of multidimensional
systems (MD), where the dimensions are based on different
separation mechanisms and selectivity.

Monodimensional vs Multidimensional Chromatography
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1D-versus 2D-chromatography

Chromatogram from a single dimension chromatography (1D-C)

Chromatogram from 1D column
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Comprehensive 2D chromatography

Chromatogram from 1D column
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every component of the sample is subjected to 2 separation steps:

two-dimensional analysis of the entire initial sample through
continuous heart-cutting.

Annotation: C×C

(GC×GC; LC×LC; LC×GC)
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ORIGIN OF MULTIDIMENSIONAL 

CHROMATOGRAPHY

11



ORIGIN OF MULTIDIMENSIONAL CHROMATOGRAPHY
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ORIGIN OF MULTIDIMENSIONAL CHROMATOGRAPHY
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GC×GC is an “on-line” multidimensional technique that enables a bidimensional analysis of the entire initial sample,

through continuous heart-cutting. The leap from heart-cutting MDGC to comprehensive GC was achieved in 1991 by Liu

and Phillips who developed a new transfer system: the thermal modulator.

IT WAS AN EYE-OPENER FOR MANY ANALYTICAL CHEMISTS

Comprehensive 2D-GC (GC×GC)

Lui ZY and Phillips JB. J. Chromatogr. Sci. 1991, 29, 227-231
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Theoretical consideration in 
Multidimensional Chromatograpy (MD-C)

 Peak Capacity

 Orthogonality

 Undersampling

18



19

Theoretical consideration:

Chromatographic “peak capacity”

Peak 
Capacity



The efficiency of a separation system is best demonstrated by its peak

capacity, nc which is the number of solutes that can theoretically be

baseline resolved on a given column.

An estimation of a column’s peak capacity for a retention time window

from time t1 to t2 is given by:

Chromatographic “peak capacity”

For isocratic elution (Giddings J.C. Anal Chem. 1967, 39, 1027-1028)

For gradient elution (Neue et al Adv Chromatogr. 2001, 41, 93-136)
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 Ideally, the total peak capacity , n2D, is equal to the sum in “heart-cutting

2D mode” or the product in “comprehensive 2D mode” of the peak

capacities in the two dimensions in fully orthogonal 2D systems with non-

correlated selectivity:

 For complex matrixes, characterised by random peak distribution, a very

high value of n2D is required for resolution of all the compounds.

 The product of the peak capacity in the two dimensions, excluding the

portion of separation space corresponding to void volume and re-

equilibration, gives a value that overstimates the real peak capacity of a

real separation, because it includes the region where orthogonality in not

achieved.

PS: Accurate calculation of n2D is difficult to obtain.

“Peak capacity” in two-dimensional (2D) 

systems
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“Peak capacity” in two-dimensional (2D) 

systems

22



Theoretical considerations:
Orthogonality

• Orthogonality metrics (OMs) have been used to measure 

space occupancy and the uniformity of the spreading of 

components within these spaces

• In 2D chromatography, OMs measure the utilization of the 

separation space with occupancy metrics, peak spacing 

metrics and uniformity metrics, among others.

Orthogonality in multi-dimensional chromatography provides 

information on the spread of the peaks within the separation 

space without the need for complex computations or division 

of the separation space into bins.
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Level of correlation between the retention behavior in the 2 separation

dimensions in the 2D system

Orthogonality tuning: optimization of the resolution for a 2D column set.

24

Theoretical considerations for “Orthogonality”



Theoretical considerations for “Orthogonality”

• (Liu et al. Anal. Chem. 1995, 67, 3840)

A Geometric Approach to Factor Analysis for the Estimation of orthogonality and Practical Peak Capacity in

Comprehensive Two Dimensional Separations was introduced.

• (Camenzuli & Schoenmakers, Anal Chim Acta, 2014, 838, 93)

A new measure of orthogonality for multi-dimensional chromatography was introduced by using a number

of equations which provides information on the spread of the peaks within the separation space without the

need for complex computations or division of the separation space into bins.
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Theoretical considerations for “Sampling”

Undersampling (Effect of sampling rate on effective 1D bandwidth)

• (Murphy et al, Anal. Chem. 1998, 70, 1585)

For high-fidelity separations each 1D peak should be sampled at least three times into the

second dimension when the sampling is in-phase. If the sampling is maximally out of

phase, there should be at least four samples per peak
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The Effects of Modulation on 

a Multi-Component Peak
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Conventional monodimensional chromatography

Comprehensive MD-C

Data451 MS

Possible
co-elution

Conventional C

Triple co-elution

CUT 1 CUT 2 CUT 3

Comprehensive MD-C
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2D Separation

Modulation

The Effects of Modulation on a Multi-Component Peak
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CUT 1 CUT 2 CUT 3

Area a = a’ + a’’ + a’’’ = S Area a

Area b = b’+ b’’+ b’’’ = S Area b

Area g = g’ + g’’+ g’’’ = S Area g

Peak Quantitation
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Bidimensional Visualization
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2D time
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Generation of peak slices in 2D
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The Effects of Modulation on a Multi-Component Peak
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Peaks distributed in 2D space as ‘contour’ or ‘colour’ spots
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The Effects of Modulation on a Multi-Component Peak

A

B



Comprehensive chromatographic separation

 Requirements

 Data processing
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Comprehensive chromatographic separation

 Bands injected onto the secondary column must undergo elution before the

following re-injection.

 Any two components separated in the first dimension must remain separated also in

the second dimension.

 Elution profiles in both dimensions must be retained.

 To obtain high comprehensive resolution, each peak in the first dimension should be

sampled at least three-four times into the second dimension*.

* Murphy R. et al., Anal. Chem. 1998, 70, 1585-1594

34



 a typical comprehensive separation is achieved, generally, on two distinct columns

connected in series with a special transfer system (modulator) located between them

 the function of the interface is to cut and then release continuous fractions of the

primary column effluent (1D) onto a fast separation column (2D)

 the type of interface used is linked to the specific methodology

Comprehensive 2D Chromatography
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Comprehensive MD Chromatography
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 C×C produces a great amount of data which require considerable data

elaboration power and dedicated software (some of them are commercially

available as a complete package).

 C×C data elaboration is based on a specific procedure. The double separation

is acquired by a single detector. Mathematic data manipulation has to be carried

out for the generation of comprehensive chromatographic data

Comprehensive Chromatography Data Elaboration
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• (Seeley J. Chromatogr. A, 962, 2002, 21)
Band Broadening factor (sampling time and sampling phase) is negligible for modulators with
duty cycles less than 1.

• (Carr and co-workers, Anal. Chem 80, 2008, 461; Anal. Chem 80, 2008, 8122)
Average 1D Broadening factor (b) (sampling time and the standard deviation of the 1D peaks
prior to sampling).

• (Carr and co-workers, J. Chromatogr. A 1218, 2011, 64-73)
Quantitative estimation of 1D under-sampling according to different variables (column
length, flow rate, eluent composition)

• (Carr and co-workers, J. Chromatogr. A 1255, 2012, 267-276)
Evaluation of “effective” LC×LC peak capacity relative to the accessible area of the 2D
separation space by using fractional coverage metrics

Suggested Literature on Multidimensional Chromatography
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