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Abstract

The separation of=2-5 n-butyloligostyrenes has been illustrated by reversed-phase reversed-phase (RP—RP) coupled-column liquid
chromatography. The coupled-column separation has been achieved by usgsafodu@n with methanol as the mobile phase followed
by a DiamondBond ¢ column with acetonitrile (ACN) mobile phase. The DiamondBongd i€ a hybrid carbon clad zirconia (CCZ){C
stationary phase. Unlike a;&-carbon clad zirconia two-dimensional liquid chromatographic system, which is orthogonalgtlaadC
DiamondBond G columns combination exhibit correlations based upon the molecular weigHbuatfyloligostyrenes. Using an alternative
strategy to two-dimensional liquid chromatography, the molecular weight dependence displayed by begltthenth and DiamondBond
Cyg has been used to increase throughput or decrease analysis time in the analysisftith@igostyrenes. However, this is at the expense
of a portion of the two-dimensional peak capacity displayed by thedarbon clad zirconia system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction totally divergent. The chromatographic community has given
the term orthogonality the connotation of being a measure of
Two-dimensional liquid chromatography is not a new divergence.
technique, although interest in its development has only re-  Depending upon the final aim of the experiment, chro-
cently increased due to the demands of analytical surety andmatographic peaks or samples from the first chromatographic
purification levels. Two-dimensional liquid chromatography dimension are transferred to the second dimension in a con-
is a broad category and includes certain coupled-column tech-secutive fashiofil2—14]} For example, in the transportation
niques, cross-fractionation, heart-cutting and comprehensiveof two first dimension samples (S1 and S2) to the second
methodq1-7]. dimension, S2 is not transported to the second dimension un-
Multidimensional liquid chromatographic systems are til the completion of the separation of the components con-
generally designed so that the selectivity difference betweentained within S1 on the second dimension. In this manner,
the separation dimensions is maximig&4-10]. As reten- wrap around15] or co-elution of peaks from consecutive
tion correlation between each dimension decreases, the peakirst dimension sections are avoided in the second dimen-
capacity and hence the amount of chromatographic infor- sion. If sections transported to the second dimension were
mation gained also increases with a subsequent decrease iallowed to overlap, an increase in the chaos of the second
the probability of co-eluting componentkl]. The term or- dimension chromatogram would occur and software used to
thogonality is widely used in reference to two-dimensional plot contour maps would provide erroneous results.
liquid chromatographic systems. Orthogonality has the im-  Inanumber of recent publications, we explored the merits
plication that an attribute (i.e. chromatographic selectivity) is of multidimensional reversed-phase reversed-phase (RP—RP)
HPLC [10,14-17] In these communications, we illustrated
* Corresponding author. Tel.: +61 245701442; fax: +61 245701621.  the divergent retention behaviour that was apparent between
E-mail addressr.shalliker@uws.edu.au (R.A. Shalliker). conventional @g columns and new generation carbon clad
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zirconia (CCZ) columns for the separation of polystyrene analysis time. This is accomplished by choosing an alternate
oligomers and diastereocisomers. Conventiongl @®lumns approach to the schedule of transporting first dimension
could separate these oligomeric species according to molecsamples to the second dimension. We used as our sample
ular mass with very little diastereoisomer selectivity if a base, a complex mixture ofi-butyloligostyrenes which
methanol mobile phase was employ@d®]. If an acetoni- had two to five styrene configurational repeating units.
trile mobile phase was used the diastereoisomer selectivityExamples of then=2-5 oligostyrenes used in this study
was expressed to a greater degy&g], but not to the ex- are shown inFig. L The sample base can be described in
tent achievable on carbon clad zirconia, which displayed a terms of two distinct sample attributes. Firstly, according to
very high degree of shape selectivity and very little molecu- variation in molecular mass; and secondly, by variation in
lar weight dependence. Hence, there was a vast difference irthe stereochemistry of the oligostyrenes.
the retention of these species on these two types of columns.
Furthermore, both columns (especially theglCwere sen-
sitive to the type of end group anmdbutyl-, secbutyl- and 2. Experimental
tert-butylpolystyrenes could be differentiatfi].

Although the degree of orthogonality observed between 2.1. Chemicals
retention processes on each of these different stationary
phases was high, bonding well for a successful coupling of HPLC-grade methanol and acetonitrile (ACN) were
these systems, the molecular weight retention independencebtained from Mallinckrodt, Australian-Butylpolystyrene
observed on the CCZ column resulted in experimental limi- standards with a molecular mass of 580 was purchased from
tations. Namely, the wrap-around eff¢t5] was difficult to Polymer Labs. The molecular masses of the members of the
avoid. Thatis, once a particular molecular weight component oligomer series were determined using mass spectroscopy
had been transferred from thadolumn to the CCZ col- [19]. The n=2-5 oligomer from the polystyrene standard
umn, another heart-cut fraction could not be loaded onto thewas isolated by fractionation using methods previously
CCZ column until all the components from the previous frac- described[10]. A Phenomenex (Pennant Hills, Australia)
tion had eluted. In order to perform comprehensive methods phenosphere (150 mm4.6 mm, 5um particle diameter)
of analysis, the experimental protocol relied on very large column was used in the first separation dimension. A Dia-
differences in flow rates between each of the two dimensions mondBond Gg column (100 mmx 4.6 mm) was used as the
and/or relied on the usage of fortuitous vacant regions within second separation column and was supplied by ZirChrom
the chromatogram in the second dimension of the compo- Separations (Anoka, MN, USA). Carbon clad zirconia
nents of the first injection for separation of components of (3um particle diameter) was purchased from ZirChrom
a subsequent injection. This second strategy could result inSeparations and packed into columns (30 sh6 mm)
chaotic band displacement. using methods previously describ§2i0]. The stationary

In this particular study, we addressed the problem of phase material was used as supplied from the manufacturer.
molecular weight independence in the second dimension of
CCZ columns by employing instead a hybrid CCZ column; 2.2. Equipment
one which contains chains ofiginterdispersed throughout
the CCZ matrix. The results show that depending upon  All chromatographic experiments were conducted using a
the required aim, correlation between chromatographic Shimadzu LC system (Shimadzu, Rydalmere, Australia) in-
systems can be used as an advantage in order to speed ugorporating a LC-10ATVP pumping system, a SIL-10ADVP
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Fig. 1. Diagrammatic representationsrsf 5 oligostyrenes showing structural and stereochemical variation.
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auto injector, SPD-10AVP UV detector, SCL-10AVP system
Injector

controller and Shimadzu Class-VP version 5.03 software on
a Pentium Il 266 personal computer. Column switching was
achieved using six-port two-position switching valves fitted P11
with micro-electric two position valve actuators (Valco In-
struments, Houston, TX, USA). Valve switching was con- C1
trolled using Shimadzu SCL-10AVP system controller and
Shimadzu Class-VP version 5.03 software. Two additional
UV-vis detectors (Waters 286; Waters Associates, Milford,
MA, USA) were employed to record chromatographic in-

formation in the first and second dimensions. A Waters 510

HPLC pump was used to control flow in the second dimen-
sion. Data acquisition was achieved using a Lawson Labs
model 203 serially interfaced 20-bit data acquisition system
with a custom+5V gain range operated at 5Hz (Lawson P2
Labs., Malvern, PA, USA). Columns were packed using a

Haskel air-driven fluid pump (Haskel International, Burbank,
CA, USA).

2.3. Chromatographic separations

n-Butyloligostyrene standards€2-5) were dissolved
in methanol. All separations were conducted using mobile
phases as described in the text. Mobile phases were sparge
with helium. Flow rate for the g column was 1.0 mL/min
as indicated in the text, the flow rate using the DiamondBond _ ) ) _
C1s was 1.5mL/min and the flow rate for the carbon clad Of solute crowding on a normalised two-dimensional
zirconia column was 2.0 mL/min. The carbon clad zirconia rétention plot[9]. Values range between zero and one

column was thermostated at 30. Injection volumes were with a value of one representing the highest level of solute
10pL. UV detection was at 262 nm. crowding. The percentage synentropy, also determined using

information theory, is defined as a measure of retention
mechanism equivalencf9]. A value of 100% indicates
3. Results and discussion that two chromatographic systems are 100% equivalent.
The retention correlation coefficient is a direct measure of
In order to minimise replication with other experimental ©rthogonality[11]. Values range between 0 and 1, with a
results reported previously, we restrict our study here to a value of 0 indicating that two _separatlop systems are totally
coupled system in which the first dimension is g €olumn orthogonal. The peak spreading angle is calculated from the
running a methanol mobile phase, while the second dimen- correlation co.eff|C|ent and is a relative measure of utilization
sion is a DiamondBond G column running an acetonitrile ~ ©f the theoretical two-dimensional peak capafity].
mobile phase. A two-dimensional liquid chromatographic ~ AS the results inTable 1show, the informational simi-
system was used to perform the coupled-column separationd@'ities for both the g (methanol)-CCZ (acetonitrile) and
illustrated in this manuscript. This is shown Filg. 2 The Cis (methanol)-DiamondBond {g (acetonitrile) are quite
system consists of two chromatographic columns that are ul-
timately connected by four two-position switching valves. Table 1
Sample loops located on valves 2 and 3 are used to sampleSystem attributes used to determine the measure of two-dimensional orthog-
eluent from the first chromatographic column and to transport onality for each of the two-dimensional RP—RP systems evaluated

Eig. 2. System configuration of the two-dimensional liquid chromatographic
System.

this sample to the second column according to the switching Attribute Cig (MeOH)-Diamond  C;5 (MeOH)-CCZ
valve positions. Operation of the switching valves has been Cis (ACN) (ACN)
described previousli4]. Informational similarity 082 079

In accordance with the previous studifk0,16] we Percentage synentropy .9 6.7

have used information theory and factor analysis to assessﬁeak spreading angle 47 648

. . . . . ractical peak 375 453
the suitability of these two dimensions when coupled in a = capacity ;)
multidimensional system. The results reportedTable 1 Correlation €) 0.675 0426
compare the separation performances of thg-Diamond Usage (%) 67 81
system to that of the {§~CCZ system in the separationref ~ Resolved components 14 15

butylpolystyrene. The informational similarity is a measure (/15)
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1.0 7 the n-butylpolystyrene mixture on the basis of molecular
. Bg mass, whereas the carbon clad zirconia column separates the
g . oligostyrenes on the basis of their stereochemistry with little
E %7 dependence on molecular mass. The hybrid DiamondBond
§ 07 Cis (acetonitrile) column still maintains much of the shape
2 06 o selectivity of the CCZ column, but retention of oligostyrenes
§ - ] is also influenced by molecular mass as shown by the increase
§ o o in the correlation along the main diagonalRiy. 3a.
% 04 7 g Separation of the=4 and 5-butyloligostyrenes is shown
5 o034 9 e in Fig. 4(a—d) for comparison of separation quality. The peak
g i o o shape and band resolution is significantly superior on the
% B °© CCZ column even though the data points in the normalised
= o] . . . . .
> 01 retention plots irFig. 3 show improved separation between
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Fig. 3. Normalised two-dimensional retention plot in the separation of the
n=2-5 oligostyrene sample for: (a) agXmethanol)-DiamondBond 1g 3.5
(acetonitrile) theoretical two-dimension chromatographic system; (hya C 3.0
(methanol)-CCZ (acetonitrile) theoretical two-dimension chromatographic
system. <25
E
=20
similar. However, the peak spreading angle is higher and the § 1.5
retention correlation coefficient is significantly lower for the = iob
system that employs a CCZ column and acetonitrile mobile Ml
phase in the second dimension. This is clearly illustrated in \UU s
Fig. 3a where the normalised retention factoXg)(for the 0ok
n-butyloligostyrenes on the 1@ (methanol)-DiamondBond L S RN SR S PR S S S
0 5 10 15 20 25 30 35 40 45 50 55 60

Cis(acetonitrile) system show a distinct trend in the direction
of the main diagonal, whereas for theggmethanol)-CCzZ
(acetonitrile) systemHig. 3b) this trend is absent. As ex-

pected from these plots, the percentage usage of the theoreti

cal two-dimensional peak capacity is higher for the CCZ sys-
tem (81%) compared to the DiamondBong8ystem (67%).
The high orthogonality of the {g (methanol)-CCZ (ace-
tonitrile) system has been previously described in detail
[10,16] and comes about through the distinctly different
sample attributes that are expressed on thg ahd CCZ
surfaces. The g column separates the components of

(b)

Retention Time (min)

Fig. 4. (a) Chromatogram of the=4 n-butyloligostyrene sample follow-
ing separation on the 4§ (methanol)-CCZ (acetonitrile) chromatographic
system C1 mobile phase: 100% methanol at 1.0 mL/min, injection volume
10pL. C2 mobile phase: 100% acetonitrile at 2.0 mL/min and thermostated
to 30°C. (b) Chromatogram of the=5 n-butyloligostyrene sample. Con-
ditions as forFig. 3a. (c) Chromatogram of the=4 n-butyloligostyrene
sample following separation on the DiamondBongs €olumn. Mobile
phase: 100% acetonitrile at 1.5 mL/min, injection volumew10(d) Chro-
matogram of then=>5 n-butyloligostyrene sample following separation on
the DiamondBond & column. Conditions as fdfig. 3.
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Fig. 4. Continued.

peak maxima on the Diamond column. This occurrence is
simply due to compression of tlyeaxis values for the CCZ
(acetonitrile) system iifrig. 3 as a result of the long sepa-
ration time of the last eluting-butyl n=5 diastereoisomer
(Fig. 4b), compared to the same componenfig. 3a using
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Fig. 5. Chromatogram illustrating the separation ofrike?—5 oligostyrene
sample on a g column. Mobile phase: 100% methanol, flow rate
1.0 mL/min, injection volume 1QL.

the DiamondBond &g (acetonitrile) system, which exhibits
significantly less retentionHg. 4d) as is seen by compar-
ing the chromatograms for the separation ofrtHaityl n=5
diastereoisomers shownkiig. 4b and d). However, depend-

ing upon the type of sample that may be tested, band tailing
may not be as significant as is the case for these oligostyrenes
and then the DiamondBond;gcolumn may be of benefit in
reducing analysis time.

Multidimensional liquid chromatographic systems are de-
signed to maximise dimensional orthogona|it]. Second
dimension chromatographic peaks may then be located at any
time within the specified time-window that components from
the first dimension are allowed in the second dimension. If
selectivity factors in the second dimension distribute peaks
across the full peak capacity of the second dimension, this
increases the likelihood of co-elution of second-dimension
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Fig. 6. (a) Chromatogram of the= 2-5 oligostyrene sample following sep-
aration on the g (methanol)-DiamondBond g (acetonitrile) chromato-
graphic systemC1 mobile phase: 100% methanol, flow rate: 1.0 mL/min,
injection volume 1G.L. C2 mobile phase: 100% acetonitrile, flow rate:
1.5mL/min. (b) Chromatogram as féig. 5a with solvent peaks base-line
subtracted.
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peaks from different first-dimension samples if each sam- the second dimension may influence this decision. The im-
ple is not allowed enough time for complete separation and portance of each of these different objectives can be argued,
subsequent elution from the second dimension. Using thebut in reality, they will differ for each analyst. As a conse-
molecular mass dependency that both dimensions of tge C quence this study has shown alternative separation strategies
(methanol)-DiamondBondig (acetonitrile) system exhibit,  that may be implemented by separation scientists who are
consecutive samples can be transferred to the second dimenprepared to explore new types of column selectivities.
sion in a faster manner. After the first sample is transported
to the DiamondBond & column the second sample can be
injected while the first sample is still on the DiamondBond
Ciscolumn and so on. The positive aspect of this is that com-
ponents from each consecutive injection do not catch up and
overlap with the previous sample that was transferred to the
DiamondBond Gg column.

Separation of the=2-5n-butyloligostyrene sample on
a Gg column with a methanol mobile phase is shown in
Fig. 5. The coupled-column separation of the oligomers and
diastereoisomers of the sample, following separation on both
the Cg and the DiamondBond {g columns is illustrated in
Fig. 6a. Fig. 6b represents the same chromatogram as that
depicted irFig. 6a, except that solvent peaks associated with
solvent transport from the first dimension to the second di-
mension have been baseline subtracted. For comparison,
separation of the same sample from thg€CZ column
combination is shown irFig. 7 (second dimension only).
Clearly the advantage of the DiamondBongsColumn as a
second dimension column is the great reduction in the analy-
sistime for the sample. However, this comes with the sacrifice
of some resolution, as predicted by information theory and
factor analysis. Consequently, the analyst must have a cleal
objective in mind when choosing an appropriate combination
for separation of complex samples. Factors such as speed, to-
tal sample analysis versus partial sample analysis, or perhap#\cknowledgements
the preparative collection of specific compounds eluting in

4. Conclusion

The results have revealed that by utilising the correlation
between the g (methanol)-Diamond (acetonitrile) system,
oligostyrenes eluting from the;gcolumn can be transported
to the DiamondBond ¢ column without the need to wait
for all components from one injection to elute from the sec-
ond dimension. This alternative strategy has allowed the sep-
aration of a complex mixture af-butyloligostyrenes with
higher throughput and no subsequent wrap-around effects
than would be observed if the same strategy was employed
when a CCZ column was used in the second dimer4ish
A short-fall of this approach was, however, a reduction in
fhe peak capacity of the system and a decrease in the useable
separation space. Hence, a lower number of diastereoisomers
were resolved in the system employing the DiamondBond
Cis column. This may place restrictions on specific appli-
cations of this technique, such as fingerprinting methodolo-
gies, when correlation between systems increases to the point
rvvhere uniqueness of retention may be compromised.
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