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Abstract

Informational theory and a geometric approach to factor analysis were employed to evaluate the degree of orthogonality of
a two-dimensional reversed-phase—reversed-phase chromatographic system. The system incorpggated a C column as on
dimension and a carbon clad zirconia column as the second dimension. In order to study the resolving power of this system,
the separation of a sample matrix containing an artificial mix of 32 isomers (structural and diastereoisomers) was evaluated.
Using this system, between 25 and 28 of the 32 isomers could be separated, depending on the mobile phase combinations—
with resolution that could not possibly be achieved in a single one dimensional separation. The results from this study
indicate that in order to fully evaluate the resolving power of a 2D system multiple methods of analysis are most appropriate.
This becomes increasingly important when the sample contains components that are very closely related and the retention of
solutes is clustered in one quadrant of the 2D space. Ultimately, the usefulness of the 2D separation is determined by the
goals of analyst.
O 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction separation technique [1]. Yet despite this, the actual
separation power has only marginally increased
The resolving power of a modern chromatography because as chromatographic columns have improved
column is far better now than those of a decade or overlapped components have begun to emerge from
more ago. The reduction in particle sizes and im- bands previously thought to be single component
provements in the physical nature of the stationary peaks [2]. In fact, no realistic amount of improve-
phase surface have led to vast improvements in the ment in chromatographic column technology and

design will be able to bring about complete sepa-
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be required to separate only 82 of 100 components
randomly distributed in a one dimensional separation
[4]. Clearly, production of a column with this level
of performance is an unreal expectation.

The need to achieve these extreme separation
conditions has driven the demand for multidimen-
sional separation techniques. Here, multiple sepa-
ration systems may be coupled together to provide a
separation environment in which two or more differ-
ent retention processes take place, providing a much
larger physical separation space [4,5]. In fact, the
separation space (or theoretical peak capacity) of the
multidimensional separation system becomes the
product of the individual peak capacities of each
single dimensional separation technique [6-8].
Clearly, to provide maximal separation power each
dimensional separation step must function according
to a different retention mechanism [9]. Techniques
such as liquid chromatography—capillary zone elec-
trophoretic method (LC-CZE) [10,11] and liquid
chromatography—gas chromatography (LC-GC) [12]
are two examples of coupled systems that provide
divergent retention behavior in each separation step,
largely because of their fundamentally different

retention processes. In some instances, hyphenated

techniques may be considered as multidimensional if
the detection process affords a degree of selectivity
[9,13]. A simple example is LC with UV photo diode
array detection and a more complex example is
LC-ICP. In practice, multidimensional separations
are restricted to two dimensions. In this study, we
confine our discussion to two-dimensional systems
where both dimensions are liquid chromatographic
separation steps.

Coupled multidimensional separation systems
have developed rapidly in the last decade, largely
due to improvements in instrumentation. Nowadays,
the physical uniting of otherwise independent sepa-
ration processes is becoming routine; however, auto-
mated operation of even a 2D system requires
precise timing of events, which are best carried out
using reliable PC control. Furthermore, manipulation
of the separation data often requires the use of
sophisticated data handling processes, which include
high-speed data acquisition for fast separations using
methods such as GC-GC [14,15]. Consequently,
multidimensional methods have still not reached
their separation potential, and the development of

such processes will continue as long as advance-
ments are made in instrumental technologies.
Perhaps the simplest multi-dimensional separation
process can be achieved by uniting separation en-
vironments that are similar in operation. That is for
instance, GC-GC [16-18] or LC-LC [19,20] cou-
pled separations. In these types of systems computer
driven operation is less demanding, but more im-
portantly, compatibility between the different sepa-
ration environments is usually improved. GC-GC
techniques are particularly suited to multidimension-
al separations because the carrier gas is compatible
between each separation step. Changes in the re-
tention mechanism can be readily achieved using
different types of stationary phases, for which there
are a large number of options available that provide
different types of selectivities. LC—LC methods that
incorporate size exclusion chromatography (SEC)
for molecular mass separations, and reversed-phase
(RP) [21] or normal-phase (NP) [22] methods for
separations based on chemical properties, are com-
monly employed in the analysis of copolymers.
However, coupling together different LC systems is
often more demanding. For instance, the mobile
phase from one separation dimension is often nof
compatible with the separation environment for the
second dimension. For this reason, coupled two-
dimensional separations that incorporate reversed-
phase and normal-phase chromatography are rarely
employed, even though these separation steps are
commonly employed in sample prep in natural
product chemistry. SEC—RP or SEC-NP and ion
exclusion (IEC)-RP systems are more common
because of the greater compatibility between the
solvents for each separation step. Also rarely seen
are RP-RP systems because gaining orthogonal
separation in a coupled RP—RP system is typically
more difficult as the retention mechanisms are
usually highly correlated. Hence, there is little or no
gain in separation power. Even so, limited separation
divergence may be achieved by varying mobile
phase conditions. For instance, some orthogonality
may be gained by using a single column type and
varying gradient profiles in consecutive separation
steps or by using different mobile phase additives in
each dimension [23]. Tandem column set-ups em-
ploying two different reversed-phase stationary
phases provide another separation avenue to chroma-
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tographers [24]. Although this method employs at
least two columns, they are coupled in series. As a
consequence, they are not considered to be two-
dimensional since the retention factor of a given
solute is the sum of the individual retention factors
on these two columns [24,25]. Moreover, while
separation of a number of components may be

dimensional system with the expectation of divergent
retention behaviour compared to that ofgthe C
column. Furthermore, the coupling of a CCZ system
toa C system should be seamless because of the
good solvent compatibility.

achieved on the first column, this separation may be 1.2. Sample description

reversed on the second column leading to an overall
zero gain in separation.

In the current study we explore the concept of
RP—-RP two-dimensional separation processes. Our
primary aim is to show that as a consequence of a
new stationary phase technology, divergent retention
behaviour on different types of reversed-phase ma-
terials can lead to marked differences in retention
processes. This makes the separation of complex
samples viable in a coupled technique with little
consideration to solvent compatibility. A secondary
aim in this work is to illustrate the importance of
employing multiple methods of system evaluation to
assess the orthogonality of the coupled systems.

Before we can investigate the separation behaviour
of couplegg C and CCZ systems, we must first
define our sample. Perhaps the most difficult sepa-
ration problem is one in which there is close
resemblance between all compounds in the sample
matrix. Under these conditions we believe multi-
dimensional separations are at their most useful.
However, if the sample can not be described accord-
ing to two dimensions, then a two-dimensional
separation approach is of course useless and no gain

in separation would be achieved by coupling systems

that offer different retention mechanisms.
In our current study, we have chosen a sample

matrix that contains structural isomers and diastereo-
isomers of each structural isomer. Our aim was to
explore the separation power of the two-dimensional
C,s-CCZ system, so we chose structural isomers that

1.1. Reversed phase environments

The most common stationary phase is thg, C
This has been the industry work-horse since its
inception in the early years of modern LC. While the
mechanism of retention for solutes on this stationary
phase remains a contentious issue [26—29], it is clear
that this surface is excellent for the separation of
members in a homologous series. Alkyl benzenes,
and oligomers for instance all enjoy excellent resolv-
ing power on a G; column, as do structural isomers
where, for instance, the location of a methyl group

differed by only a very subtle change in the location
of a single methyl group. Furthermore, we wanted
this change to be as insignificant as possible with
respect to the overall molecule. Hence, we chose
relatively large molecules for our sample. An
oligostyrene with five configurational repeating units
served perfectly as our model sample (Fig. 1). The
molecular formula of these isomeys is,C H . Three
types of structural isomers were obtained by using
polystyrenes with eithen-batyl, sec-butyl or

dictates the retention of the solute. This can be tert.-butyl end-group. The structures of these mole-

clearly seen in the change in retention of the various
forms of butyl benzene [30,31]. The,€ column is,
however, in general only a poor separator of dia-

stereoisomers [32]. These types of compounds are
better separated on stationary phases that are more

selective to molecular orientation, such as carbon
surfaces. Carbon clad zirconia (CCZ), for example,
provides an environment that is excellent for the
separation of diastereoisomers, but is not as useful
for the separation of homologues [2,33,34]. Conse-
quently, CCZ may be incorporated into a multi-

cules are depicted in Fig. la—c, respectively. Be-
cause of the stereochemistry of the configurational
repeating units, each of these different structural
oligostyrenes contains a number of diastereoisomers

[35]. In total, there are eight diastereoisomers for
bothnthand tert.-butyl oligostyrenes and 16 for
see-butyl oligostyrene (because of the stereo-
chemseadbutyl end group). That yields a total of

32 combined isomers, defined according to two
dimensions namely (a) structural isomers and (b)
diastereoisomers.
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Fig. 1. Isotactic forms of the fifthn(=5) oligostyrene, illustrating
the difference between the three end groups:n@jutyl poly-
styrene; (b)sec-butyl polystyrene; and (djert.-butyl polystyrene.

2. Experimental
2.1. Chemicals

High-performance liquid chromatography
(HPLC)-grade methanol and acetonitrile were ob-
tained from Mallinckrodt Australia. Polystyrene stan-
dards with molecular mass 58@-putyl) and 760
(sec-butyl) Da were purchased from Polymer Lab-
oratories and Aldrich Chemical Company, respec-
tively. tert.-Butyl polystyrene (molecular mas$80
Da) was synthesised using anionic polymerisation of
styrene initiated withert.-butyl lithium. The molecu-
lar mass of the members of the oligomer series were
determined using mass spectroscopy [2]. The5
oligomer from each of these polystyrene standards
was isolated by fractionation using methods previ-
ously described [36].

2.2. Equipment

All chromatographic separations were performed
on a Shimadzu LC system, incorporating a LC-
10ATvp pumping system, SIL-10ADvp auto injector,
SPD-10Avp UV detector (set at 262 nm), and
Shimadzu Class-VP software on a Pentium Il 266
MHz processor. A Value-pak (Activon — no longer

M. Gray et al. / J. Chromatogr. A 975 (2002) 285-297

trading) (250<4.6 mm, B 5um) C,; column was
employed for separations employing an acetonitrile
mobile phase, while a Nucleosil (18@.6 mm, R

10 pm) C,4 column, which was prepared in-house
[2] was employed for separations employing a
methanol mobile phase. The carbon clad zirconia
column (50<4.6 mm, B 3um) was packed in-
house, using methods previously described [2] from
packing material supplied by Zirchrom Separations
Inc.

2.3. Chromatographic separations

Oligostyrene standards1€5) were dissolved in
methanol. All separations were conducted using
either a 100% methanol mobile phase or a 100%
acetonitrile mobile phase as appropriate. Mobile
phases were sparged continuously with helium. All
flow-rates were 1.0 ml/min and injection volumes
were 10 pl. All chromatographic columns were
thermostated at 2T unless stated otherwise. UV
detection was set at 262 nm. Duplicate injections
were performed for each sample.

Two dimensional separations were accomplished
following a fractionation—reinjection process. Frac-

tions of the eluent from the first separation or

dimension (in most cases ;the C column) were
collected and separately injected onto the second
dimension (in all cases the CCZ column).

3. Results and discussion

As our aim was to study the two dimensional
separation power for the chosen solutes in only
reversed-phase—reversed-phase systems, the number
of stationary phase and mobile phase combinations
could be narrowed through simple deductive pro-
cesses. A change in the length of the alkyl chain on a
silica support simply reflects a change in the degree
of retention rather than a change in selectivity.
Correlations between retention data op C, C and
15 C stationary phases by Slonecker and Dorsey show
that retention is highly correlated [37]. Hence, there
was no reason to suggest that divergent behaviour
would be observed as a function of the alkyl chain
length for the solutes studied in the current work.
Further, all reported studies conducted on the re-
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tention behaviour of oligostyrenes on columns in
which diastereoisomers have been partially resolved
have suggested that the primary mechanism of
retention is dictated by the molecular mass of the
oligomer [2,32]. Stereoisomers typically elute ac-
cording to a secondary mechanism underlying the
molecular mass separation. In addition, the retention
of oligostyrenes on ¢, columns is sensitive towards
the type of end-group [38]. Since we chose to study
only RP—RP systems, we can ignore solvents that
elute these molecules under “critical” conditions.
Likewise we can ignore solvents for which elution
occurs in an exclusion process. Hence, for the
separation process in which the stationary phase is
C,s. either methanol or acetonitrile mobile phases
would be the most suitable. Solvents such as tetrahy-
drofuran and dichloromethane are unsuitable since
the isomers are not retained by the stationary phase
under these mobile phase conditions. On the other
hand, water is too weak as an eluent, but could be
used as a modifier for both methanol and acetonitrile
[36]. However, in reality this would not be necessary
since molecules of the molecular mass chosen are
adequately retained in both pure methanol and
acetonitrile [36].

In the second dimension of the separation in which
CCZz is employed as the stationary phase, the number
of potentially suitable mobile phases has been previ-
ously evaluated [36]. On CCZ, retention behaviour
has been shown to be dominated by the stereo-
chemistry of the molecule and largely independent of
the molecular mass. Typically, acetonitrile and
methanol yield the best separation, whik®-pro-
panol and hexane show some separation power for
diastereoisomers, but not as substantial as that of
either acetonitrile or methanol. The polystyrenes
were unretained in tetrahydrofuran and dichlorome-
thane [36]. Consequently, the number of 2D combi-
nations that would be useful can be limited to four.
They are:

» C,4(acetonitrile)/ CCZ(acetonitrile)
» C,g(acetonitrile)/ CCZ(methanol)
* C,g(methanol)/CCZ(acetonitrile)
* C,g(methanol)/CCZ(methanol)

It is important to note that two-dimensional sepa-
ration systems are only useful in the separation of
mixtures unable to be separated in a single chromato-
graphic step or where a two-dimensional system is

. A 975 (2002) 285-297
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less time consuming. The chromatogram shown in
Fig. 2a illustrates the separation of the 32
oligostyrene mixture on a ValueRak C column
using an acetonitrile mobile phase. Resolution of the
isomers is poor. Likewise, the separation of the same
isomer mixture on the carbon clad zirconia column
resulted in a poor separation, as shown in Fig. 2b.
Consequently, if these components in this sample
matrix were to be separated, a two-dimensional
approach would be required.
As a starting point to this discussion, we investi-
gated the resolving power of a system that incorpo-
rated as the first separation dimensgjon a C column
with an acetonitrile mobile phase. The second sepa-
ration dimension consisted of a carbon clad zirconia
column also with acetonitrile as the mobile phase. In
both dimensions, the separation is sensitive to dia-
stereoisomer resolution, however, the second dimen-
sion affords a substantially greater degree of dia-
stereoisomer selectivity [2,32,33]. The first dimen-
sion is also sensitive to the structural factors, where-
as little selectivity with regard to structural factors is
apparent in the second dimension. Using an acetoni-
trile mobile phase in both dimensions affords com-
plete solvent compatibility between the dimensions.
Any orthogonal behaviour will then totally depend
on the properties of the stationary phase, which is an
interesting prospect in a reversed-phase—reversed-
phase 2D system and is akin to GC-GC.

As each dimension of the separation utilises
different columns with different column formats and
particle characteristics, the retention data are normal-

ised. Normalisation according to Eq. (1) [10,37]
yields scaled retention f4ctovehich then allow
direct comparisons to be made between independen
systems. In EqR{1is the retention time of any
solutet, is the retention time of the last eluting
solute Rigds the retention time of an unretained
solute. The retention time of an unretained solute
was taken to be the retention time of the solvent
front in all cases.

Rt, — R,
(1)

The plot in Fig. 3 illustrates the transformed re-
tention data for the 2D system incorporating the C
(acetonitrile) and CCZ (acetonitrile) dimensions.
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Fig. 2. Separation of the 32 isomer mixture containingrtiwutyl, sec-butyl andtert.-butyl oligostyrenes on (a) the Valupak £ column and
(b) the carbon clad zirconia column. Flow rates ml/min, UV detection at 262 nm, injection volume.0 pl, both columns thermostated
at 25°C.

Each bar represents the normalised 2D elution time a very high degree of resolving power when the
of an individual isomer. A total of 26 out of the 32 complexity of the sample is considered.
isomers were resolved in this system. This represents Least squares and other correlation methods are
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Fig. 3. Normalised two-dimensional plot of the C (acetonitrile)/
CCZ (acetonitrile) system in the separation of the 32 oligostyrene
isomer mix.

primarily designed for determining the degree of data

correlation, not for measuring data scatter. In con-
trast, tools of informational theory (IT) permit the

description and quantification of data scatter through

entropy calculations based on the “bit” unit of

measure. The degree of data overlap in IT, which is

known as “informational similarity”, provides a

means to measure the informational orthogonality of
coupled systems. The assessment of informational
orthogonality of chromatographic separation systems
has been comprehensively reviewed by Slonecker et

al. [37]. In this IT approach, individual one-dimen-

sional separations of a molecular probe are evalu-
ated, the mutual retention components between each

201

system are determined, and the corresponding in-
dependent retention behaviour is calculated [37]. The
informational similarity of the two-dimensional sepa-
ration can then be computed [37] which measures the
degree of the solute crowding in the separation
space. A value of unity indicates high solute crowd-
ing, while a value of zero indicates no solute
crowding with a high degree of utilization of the
separation space [37]. The extent of solute crowding
can be visualised in the plot of normalised retention
factors as shown in Fig. 3. For this 2D system the
informational similarity was 0.92 (see Table 1)
indicating a high degree of solute crowding, reflect-
ing the grouping of the isomers in the lower right
section of the plot. We must note that in the
calculation of solute crowding, bands were deemed
to be separated when their respecti¥g factors
differed by greater than 0.0X, in accordance with
the work of Slonecker et al. [37].
Another tool of IT, which is used to determine
retention mechanism equivalency in a multi-dimen-
sional chromatographic system, is the percentage
synentropy. The % synentropy is a measure of the
percentage of 2D informational entropy that is
contributed equally from each dimension. An estima-
tion of the % synentropy may be calculated as the
percentage of the normalised retentionXdata (
factors) that are diagonally aligned on the normalised
retention plot. The % synentropy is determined by
dividing the informational entropy of the data
diagonally aligned on the normalized retention plot
by the total two-dimensional informational entropy.
A % synentropy of 0% describes a 2D system that

Table 1
System attributes used to determine the measure of 2D orthogonality for each of the 2D RP—RP systems evaluated
Attribute 2D systems

C,sA/CCZA C,sA/CCZM C,gM/CCZA C,;M/CCZM CCZA/CCZM
Informational similarity 0.92 0.93 0.56 0.62 0.99
Percentage synentropy 3.5 3.4 3.3 3.3 “ 86
Peak spreading anglg8] degrees 41.5 37.4 74.7 70.1 8.9
Theoretical peak capacityN() 280 308 60 66 440
Practical peak capacityN() 156.0 159.6 53.8 57.3 64.1
Correlation ¢) 0.75 0.79 0.26 0.34 0.99
(% Usage) 55.7 51.8 89.7 86.7 14.6
Resolved components (/32) 26 26 26 28 25

®The informational entropy for the calculation of percentage synentropy was included assum¥pdaator of variance for correlated

data equal ta+=0.05 of the normalized retention factox,j.
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has no correlation between each of the individual
dimensions and thus exhibits no retention mechanism
equivalency. In contrast, a % synentropy of 100%
describes a 2D system in which there is complete
correlation between both dimensions of the system,
which thus exhibits complete retention mechanism
equivalency. A practical application of the IT
equivalency technique is for the comparison of
retention behavior of stationary phases produced by
the same and by different manufacturers [39].

In the 2D separation system described above the
% synentropy was only equal to 3.5%. This indicates
that the individual dimensional retention mechanisms
were not equivalent with this molecular probe. If
they were equivalent, the data would have been
diagonally aligned. The high 2D informational simi-
larity value of 0.92 describes a 2D chromatographic
system comprised of 1D systems whose retention
behavior is not orthogonal. This is entirely reason-
able because less than one quadrant of the 2D

CCZ Acetonitrile
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D = Peak Capacity

Unit

-
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Fig. 4. Geometric plot showing the practical two-dimensional

separation space (_:ontains aI_I of the scattered df_ita-peak capacity of the § (acetonitrile)/ CCZ(acetonitrile) separation
Only one data point was aligned along the main system in the separation of the 32 isomer mix.

diagonal.

A different approach useful in describing the
orthogonality of two-dimensional chromatographic
systems is to utilize the chromatographic resolving
power to estimate the divergent nature of the 2D
retention behaviour. Therefore, in order to fully
evaluate the extent of divergent retention behaviour a
geometric approach to factor analysis, as described
by Liu and Patterson [40], was applied to the data
set. In this method the practical peak capacity of the
separation space can be readily calculated from
correlation matrices and then visualised by plots of
the peak capacity in one dimension against the peak
capacity in the second dimension. A rectangular plot,
the axes of which correspond to the peak capacity in
each dimension, illustrates the effective separation
space utilized in the separation process. Fig. 4
illustrates the retention relationship for the,,C
(acetonitrile)/CCZ (acetonitrile) 2D system. The
spreading angleg) depicted in Fig. 4 is a measure
of the separation space utilization. A spreading angle
of 9C° indicates complete utilisation of the theoretical
separation space. As the dimensions become more
correlated the spreading angle decreases and the
effectiveness of the two-dimensional separation de-
creases. For the & (acetonitrile)/CCZ (acetonitrile)

system the spreading angle wds fes peak
capacity of each separation dimension was calculated
from the normalised retention data where each
normalised peak that was separated by a normalised
retention factor of 0.01 was given a value of one
peak capacity unit. Multiplication of the peak capaci-
ties of the constituent separation steps in each of the
two-dimensional separations resulted in the theoret-
ical two-dimensional peak capacity. The practical
peak capacity of the system was measured to be 156,
while the theoretical peak capacity was 280. This
represents an overall 56% usage of the available

separation space and correlation between each di-

mension was 0.75=(e0fect correlation, 0.08

perfectly orthogonal) (Table 1).

The next system that was evaluated employed
methanol as the mobile phase in the carbon clad
zirconia dimension. Again, like the, C

(acetonitrile)/CCZ (acetonitrile) system, both sepa-
ration dimensions of thg C  (acetonitrile)/CCZ

(methanol) system displayed selectivity towards dia-

stereoisomers, with the CCZ (methanol) dimension

having a greater diastereoisomer selectivity. The
normalised retention plot (not shown) for this sepa-
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ration combination was almost identical to the
retention plot shown in Fig. 3. Not surprisingly, very
similar results to the ¢, (acetonitrile)/CCZ (acetoni-
trile) system were observed. A total of 26 isomers
were separated and the informational similarity was
equal to 0.93, which signifies a high degree of data
overlap and clustering. A geometric factor analysis
revealed that the peak spreading angle decreased
marginally to 37.4, and the peak capacity of the
system remained almost constant (160). The theoret-
ical peak capacity of this system was 308. A total of
52% of the separation space was utilised, which was
slightly less than the ¢ (acetonitrile)/CCZ (ace-
tonitrile) system. Correlation between each dimen-
sion was almost the same as for the previous system
(0.79). The high correlation between each of the
single dimensions in both these 2D systems is due to
the diastereoisomer selectivity afforded in each of
the single dimensions. From a practical aspect, the
diastereoisomer resolution on the CCZ (acetonitrile)
system was substantially greater than thg C (ace-
tonitrile) system. Nevertheless, both these 2D sys-
tems could be used almost interchangeably, but the
determining factor as to which 2D system would be
most appropriate as a coupled system would be

£
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dictated by separation time and solvent compatibili-

ty. In this respect thg C (acetonitrile)/CCZ (ace-
tonitrile) 2D system would be more suitable because
the total analysis time was shorter and acetonitrile
was common to both columns.

A more interesting effect on the separation space
of the two dimensional system resulted when the first
dimension was changed,from C (acetonitrile) to

(methanol). No diastereoisomer separation was
observed in the C (methanol) dimension, but
structural isomers were partially resolved (which is

apparent in the plots shown in Fig. 6). Consequently,
eightt.-butyl oligostyrenes co-eluted on the
column, s&6butyl oligostyrenes co-eluted and

piphtyl oligostyrenes co-eluted. In contrast, the
CCZ column employing an acetonitrile mobile phase

allowed the full resolution of all diastereoisomers of
ghebutyl andn-butyl oligostyrenes, and seven of

the waghbutyl oligostyrenes (An example of the
diastereoisomer  separation for nthetyl
oligostyrenes is shown in Fig. 5). There was, how-
ever, considerable overlap in their retention time
windows, which would make the separation of this
mixture impossible in a single dimension as shown
also in Fig. 2b. This is also depicted in thexglot of

0.003

0.002 4

Volts

0.001

i

S

T T T
0 5 10 15 20 25

Minutes

T T T T
30 35 40 45 50

Fig. 5. Stereoisomer separation of the5 n-butyl oligostyrenes on the carbon clad zirconia column. Mobile phase: 100% acetonitrile,
flow-rate=1 ml/min, UV detection at 262 nm, injection volure 0 pl, column temperature thermostated at°@0
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peak capacity was now only 53.8, but this repre-
sented a 90% usage of the available separation space
and correlation between the two individual dimen-
sions decreased to 0.26 (Table 1). The decrease in
correlation between the single dimensions reflects the
fact that diastereoisomers are no longer separated in
the C,; (methanol) system. The overall reduction in
total peak capacity is due to the reduction in
separation power of the, @ (methanol) system. It is
interesting to note, however, that because of the
increased order in this system the practical peak
capacity almost reached the theoretical limits.
Similar results were obtained in a 2D system that

o L1 lrn

o
@

00 o1 02 03 04 05 06 07
X, Factor C18 (Methanol)

Fig. 6. Normalised two-dimensional plot of the, C (methanol)/
CCZ(acetonitrile) system in the separation of the 32 oligostyrene
isomer mix.

factors shown in Fig. 6 for the G (methanol) and
CCZ (acetonitrile) 2D system (note the separation is
less chaotic). Despite the higher degree of order
within the 2D separation space, the number of
isomers separated remained at 26 out of the possible
32. The increased order of thg £ (methanol) system
decreased the degree of solute crowding in the 2D
system (for this system the informational similarity
was 0.56). In comparison, partial diastereoisomer
separation was observed in the previous 2D systems
that employed acetonitrile as the eluent for thg, C
column. Because the elution order of the diastereo-
isomers on the CCZ column and the,C column was
different, the re-organisation of the elution order
increased the solute crowding. This was not so when
methanol was the eluent on the C column, so no
band reordering took place, and hence a less chaotic
displacement of bands occurred, which was ultimate-
ly reflected in the informational similarity. Geomet-
ric factor analysis of this 2D system revealed that the
total peak capacity for this coupled system would be
expected to be lower. In total, the theoretical peak
capacity was 60—approximately one third of the
previous two systems in which,& (acetonitrile) was
employed and a slight degree of diastereoisomer
selectivity was apparent. However, the actual utiliza-

ing angle equal to 74%7(see Fig. 7). The practical

2

E

g

8

<

NLB | |

@) J//
C18 Methanol

> . . ’ Fig. 7. Geometric plot showing the practical two-dimensional
tion of the separation space increased, with a spread-peak capacity of the G (methanol)/CCZ(acetonitrile) separation
system in the separation of the 32 isomer mix.



M. Gray et al. / J. Chromatogr. A 975 (2002) 285-297

employed methanol as the mobile phase for both the
C,s and CCZ columns. The number of separated
components increased to 28 out of 32. However,
despite this increase the solute crowding also in-
creased slightly such that the informational similarity
was 0.62. Geometric factor analysis revealed the
peak spreading angle to be 70.4nd the practical
peak capacity was 57.3, with a theoretical peak
capacity equal to 66. Space utilisation was 87% and
correlation between the two single dimensions was
0.34. Like the G; (methanol)/CCZ (acetonitrile)
combination, the resolving power approached the
theoretical limit of 66 (Table 1).

The evaluation of system orthogonality is perhaps
most appropriately determined using multiple meth-
ods of evaluation, particularly when the sample
population contains a large number of very closely
related members. In this work informational similari-
ty was used to measure the extent of system ortho-
gonality and the degree of global solute crowding.
Informational similarity measurements of the,,C
(acetonitrile)/CCZ (acetonitrile), &  (acetonitrile)/
CCZ (methanol) and CCZ (acetonitrile)/CCZ
(methanol) 2D systems indicate limited potential of
these systems for future coupled 2D separations
because most of the data was clustered in one
quadrant of 2-dimensional space. Informational simi-
larity measurements of the ;€ (methanol)/CCZ
(acetonitrile) and G (methanol)/CCZ (methanol)
2D systems indicate a higher potential of these
systems for future coupled 2D separations. Geomet-
ric factor analysis was also employed to evaluate the
potential 2D resolving power. Calculation of theoret-
ical peak capacities and practical peak capacities also
gave a quantitative comparison of the resolving
power of the 2D systems. The greatest utilisation of
separation space was achieved when the separation
theoretical peak capacities were small (i.e,qC
(methanol)). Then, the practical peak capacity close-
ly approached the theoretical peak capacity, largely
due to the limited peak capacity of the  (metha-
nol) dimension. The correlation between each dimen-
sion also decreased accordingly. But, as this example
demonstrated, a high utilisation of separation space
does not necessarily mean that these systems would
be best suited as a coupled system. The practical
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28 of the 32 isomers could be resolved in each
system. The choice of which system would be best
coupled to produce a 2D system comes down to the
selection criteria. Factors that influence this decision
are numerous, and should be weighted according to
the analyst’s preferences. They may be, for instance,

analysis time considerations in which case the C

(methanol)/CCZ (acetonitrile) system would be pre-
ferable. Or, preference may be given to the mainte-
nance of elution order (as opposed to chaotic band
displacement) in which case the C (methanol)/
CCZ (acetonitrile) or the C  (methanol)/CCZ
(methanol) systems would be more suitable. A third
selector may be the practical resolving power. In this
case thg C (methanol)/CCZ (methanol) system
was the most effective because this system separated
the most components in this analysis. A fourth
selector may be the maximum theoretical peak
capacity, in this case,the C (acetonitrile)/CCZ
(methanol) system. In such a system, the analysis of
more complex samples may feasible, but the correla-
tion between these separation steps is high, which
would ultimately limit its potential.

It is interesting, by way of comparison, to evaluate
the effective separation power of a “2D system” in
which the retention mechanisms of each individual
system are highly correlated or equivalent: For

instance, a “2D system” that contains a CCZ
column in each dimension, but the mobile phase in
the first dimension is methanol and in the second the
mobile phase is acetonitrile. A high % synentropy
(86%) was obtained as shown by the alignment of
data along the main diagonal ¥, tfector plots

(see Fig. 8 and Table 1). The informational similarity
increased to almost one, indicating a high degree of
solute crowding, which is particularly apparent for

the less retained isomers. Geometric factor analysi:
indicated that the peak spreading angle was very
poof)@®¥the data were aligned essentially along
the main diagonal resulting in a correlation between

the two dimensions being equal to 0.99. The practi-
cal peak capacity (64) was very much less than the

theoretical peak capacity (440), which represented a
14.6% utilisation of the separation space (Table 1).

experimental outcome must also be considered. In 4. Conclusion

that respect, the practical resolving powers of all four
systems were essentially identical. Between 26 and

We set out to evaluate the resolving power of 2D
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system using these methods must be made in con-

7 junction with the ideals of the experimental outcome.
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