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Abstract

The development of a two-dimensional liquid chromatographic system requires a process of assessment that can yield an optimum performing
system with minimal experimental evaluation. Information Theory and a geometric approach to Factor Analysis are two techniques that when
used in combination, provide important information on the expected two-dimensional performance. In the present study, we compare the
predicted separation performance of two-dimensional systems that have been subjected to analysis by Information Theory and Factor Analysis
to that of actual chromatographic separation performance. Our test separation comprised a mixture of 32 oligostyrene structural isomers and
stereoisomers. The optimal combination as determined by Information Theory and Factor Analysis consisted of a C18 column with a methanol
mobile phase in the first dimension and a carbon clad zirconia column with an acetonitrile mobile phase in the second dimension. This system
was also shown to be the most successful practical system when a heart-cutting approach was employed. The practical results were in
total agreement with the results from Information Theory and Factor Analysis. The number of isomers resolved using this system was 27.
A second system, namely one comprising of a C18 column and methanol mobile phase in the first dimension and a carbon clad zirconia
column with a methanol mobile phase in the second dimension was also predicted to be a system with high separation potential. However,
practical assessment of this system did not realise the theoretical predictions, largely due to the long separation times required in the second
dimension. Furthermore, all combinations that employed a C18 column with an acetonitrile mobile phase in the first dimension failed to
realise the theoretical separation potential due to high solute crowding, low orthogonality and a disordered arrangement of bands along the
first separation axis. This was also predicted by the theoretical assessment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The incorporation of switching valves and mobile phase
flow diversion techniques in HPLC has provided fresh ways
Two-dimensional high-performance liquid chromatogra- to overcome difficult separation problems. The chromatog-
phy (2D HPLC) of complex mixtures in heart-cuttir)] rapher can in many instances tailor a two-dimensional chro-
and comprehensive mod§g] has become a common tool matographic system to tackle specific separation tasks. For
in the separation scientist’s arsenal. Advances in technolo-example, the two-dimensional system configuratj8r9]
gies[3-7] and a better understanding of the requirements that was utilised by Opiteck et §B] has been employed in
of two-dimensional systeniZ] have been paramount in the a number of studies, primarily in the analysis of protdRis
development of the technique and will aid in making 2D and peptides from protein digeg8. In this systeni8] the
HPLC a mainstream separation tool. size exclusion column arrangement in the first dimension,
C1, was connected to two ‘identical’ non-porous reversed
e phased C18 columns (run in parallel), denoted as C2A and
_ * Corresponding author. Faculty gf Sc_ien_ce _and Technology, Univer- C2B, in the second dimension using two four port switching
sity of Western Sydney, South Penrith Distribution Centre, Hawkesbury, . . . .
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fax: +61-245-701621. diverted alternately to each of the C18 columns in the sec-
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onto these columns. While the separation was underway ondifferent. In the past we have shown that the C18 stationary
C2A, a second heart cut fraction would be loaded onto C2B. phase in combination with carbon clad zirconia (CCZ) pro-
Once the separation on C2A was complete, eluent would bevided for orthogonal separation dimensi¢b8,19] Orthog-
diverted to C2B, while at the same time a new cut would onality may also be achieved by varying the mobile phase
be diverted from C1 to C2A. This process would continue or temperature in each separation dimension.
allowing the two-dimensional analysis of all sample con- In a previous communicatiofl8] we used Information
stituents, hence the system functioned in a comprehensiveTheory[16] and Factor Analysifl7] to theoretically evalu-
manner. The main disadvantage of the technique was thatate the orthogonality and separation quality of a 2D HPLC
multiple C18 columns were employed in parallel as the sec- system consisting of a C18 column and a CCZ column
ond dimension. Sweeney and WyI[iH)], Sweeneyl11] and in the first and second dimensions, respectively. The num-
Sweeney and Shallikgfl2] and Gray et al[13] also have ber of mobile phases that provided the best separation of
developed a number of two-dimensional systems for use in oligostyrenes and the isomers contained within this sample
reversed phase-reversed phase HPLC. These systems incowas limited to two; methanol and acetonitrj0], each of
porated either a sample loop for storage of cut sample frac-which in combination with either C18 or CCZ stationary
tions prior to transfer to the second dimension, or a sam- phases yielded varying degrees of orthogonality and sepa-
ple trapping column for preconcentratifi?] of cut sample ration potentia[18]. In general, each of the systems could
components prior to transfer to the second dimension. In theoretically separate between 26 and 28 of the 32 isomers
the first instance separations could be conducted either in ain the sample mixture. Although the reported calculations
heart-cutting mod¢10,11] or a comprehensive moda3]. provided evidence for orthogonality within reversed phased
In the latter instanc§l?2], the system was potentially use- liquid chromatography, they failed to take into account ex-
ful for preparative scale separations and as a hyphenationperimental factors such as band broadening, and the physi-
technique coupled to NMR. cal limitations in the operation of switching valves and dead
In heart-cutting chromatography, only a section of the first volumes of chromatographic systems. If the physical limita-
separation dimension is transported to the second dimensiortions of a coupled system limit the separation power, then the
[1,7]. An advantage of this technique is that only the com- theoretical peak capacity and separation quality will deviate
ponents of interest need be analysed, speeding the overalfrom that predicted by theory. This was certainly the case in
separation. Heart-cutting is also essential in method develop-the verification of the separation qualities using a compre-
ment for comprehensive two-dimensional systems becausehensive system designed for the separation of these isomers
the elution of the components in the second dimension can[14]. Of the four systems studied, only one was successful
be assessed in a simplified system without the complication (C18 methanol/CCZ acetonitrile), despite predictions to the
of peak overlap or wrap-around effedtis4]. Furthermore, contrary[18]. This system enabled 27 of the 32 isomers to
in some instances, such as those where peak wrap aroundbe separatefl4]. The success of this system was attributed
effects cannot be avoided, a heart-cutting approach is theto the structural isomer selectivity and the limited stereoiso-
only process that can be applied to a two-dimensional sep-mer selectivity on the C18 column, complemented by a high
aration. Also, when an isolation process is required to ob- degree of stereocisomer selectivity on the CCZ surfaég
tain sample ‘in-hand’ a heart-cutting approach may prove The three remaining chromatographic combinations did not
to be the most appropriate process, especially in separatiorresolve the projected number of isomers. However, interpre-
systems that display a high degree of chaotic band displace-tation of the results of Information Theory and Factor Anal-
ment. Under such circumstances, solute crowding and dis-ysis and also band order in the first separation dimension
ordered solute displacement may make it difficult to firstly easily accounted for these deviatidig].
identify the component of interest and secondly separate the In this communication, we compare the results of the-
species in a high degree of purity and recovery. Application oretical predictions, previously determined, against the re-
of a comprehensive process under such circumstances magults of practical two-dimensional heart-cutting HPLC sep-
prove to be too complicated. arations. The 2D HPLC separations in the present study
The most useful 2D HPLC system is one in which there is were conducted using a heart-cutting technique employ-
a high degree of orthogonalif§5,16] between each separa- ing four combinations of two-dimensional chromatographic
tion dimension. This is achieved when the stationary phasesystems. The heart-cutting technique allows transportation
and mobile phase contributions of each separation dimensionof discrete sections of sample from the first dimension to
provide different selectivities. If the retention behaviours of the second dimensiofi,7]. The sample was a 32 compo-
both separation dimensions are equivalent, little if any gain nentn = 5 oligostyrene isomeric mixture, which was com-
in separation will be seen in a two-dimensional system over posed of a group of oligostyrenes, containimg sec-, and
that of a single-step separatifitv]. However, the more dif-  tert-butyl endgroups. This represents a variation in struc-
ferent the dimensions’ retention behaviours are, higher sep-tural isomerism within the sample base. Within each of these
aration potential§l 7] and greater peak capacities of the sys- structural isomer groups is a variation in the stereochem-
tem will result. The most obvious way to increase orthog- istry. In total there are eight stereocisomers withinhand
onality is to utilise stationary phases that are considerably tert-butyl groups and 1&ec-butyl stereoisomers due to a
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site of stereochemistry on tisec-butyl end groug21]. The USA). Columns were packed using a Haskel air driven fluid

results of practical experimentation were compared to the pump (Haskel International, Burbank, CA, USA).

results of theoretical predictions based on Information The-

ory and Factor Analysis by comparing the number of com- 2.3. Chromatographic separations

ponents physically separated to the number of components

theoretically separated. Oligostyrene standardsn ( = 5) were dissolved in
methanol. All separations were conducted using mobile
phases as described in the text. Mobile phases were sparged

2. Experimental continuously with helium and/or degassed for 10—15min
under vacuum with sonication. Flow rates are noted in
2.1. Chemicals the appropriate sections of the text, but in general the first

dimension flow rate was 1.0 ml/min while in the second

HPLC grade methanol and acetonitrile were ob- dimension the flow rate was 2.0 ml/min. Injection volumes
tained from Mallinckrodt Australia. Polystyrene standards were either 5, 10 or 2l as noted in the appropriate text.
with molecular weights of 580 Dan{butyl) and 760 Da UV detection was at 262 nm.
(sec-butyl) were purchased from Polymer Laboratories
and Aldrich Chemical Company, respectivetgrt-Butyl 2.4. Results and discussion
polystyrene (molecular weight- 580 Da) was synthe-
sised using anionic polymerisation of styrene initiated with A simple 2D HPLC system was constructed that consisted
tert-butyl lithium. The molecular weights of the members of two electronically operated six-port two-position switch-
of the oligomer series were determined using mass spec-ing valves, sample isolation loop and two independently
troscopy[22]. Then = 5 oligomer from each of these operated chromatographic columns. The first dimension con-
polystyrene standards was isolated by fractionation usingsisted of a C18 column, C1, while the second dimension

methods previously describef@0]. An Activon (manu- consisted of a carbon clad zirconia column, C2. Operation
facturer no longer trading) C18 (250 mm4.6 mm, 5um of this system is described iRig. 1la—c This system was

particle diameter) column was used in the first separa- also used in another study that detailed the separation of
tion dimension. Carbon clad zirconia (8 particle di- this isomeric mixture in a comprehensive mode of opera-

ameter), which was used as the stationary phase in thetion [14]. In Fig. 13 the eluent from C1 was sent directly
second dimension was purchased from ZirChrom Separa-to waste. InFig. 1h the system switches allowing the elu-
tions, Inc., (Anoka, MN, USA) and packed into columns ent from C1 to be directed to the sample loop. Switching

(30 mmx 4.6 mm) using methods previously descriljad]. the system to position 3-(g. 19 allows the contents of the
The stationary phase material was used as supplied from thesample loop to be injected into C2 and hence complete the
manufacturer. two-dimensional separation. In a previous communication,

we evaluated four combinations of chromatographic systems
2.2. Equipment using Factor Analysis and Information Thed@8]. In this

communication, we evaluate these systems experimentally.
All chromatographic experiments were conducted using The systems were:
a Shimadzu LC system (Shimadzu Scientific Instruments, System 1: C18 (methanol)/CCZ (acetonitrile).

Rydalmere, NSW, Australia) incorporating a LC-10AT System 2: C18 (methanol)/CCZ (methanol).

pumping system, SIL-10ADVP auto injector, SPD-10AVP : o e
) . System 3: C18 (acetonitrile)/CCZ (acetonitrile).
UV detector, SCL-10AVP system controller and Shi System 4: C18 (acetonitrile)/CCZ (methanol).

madzu Class-VP version 5.03 software on a Pentium Il
266 MHz PC. Column switching was achieved using six-port A brief summary of the results of the orthogonality and
two-position switching valves fitted with micro-electric separation quality analysis are showriTable 1 A full dis-

two position valve actuators (Valco Instruments Co., Inc., cussion of these results has been discussed previfigly
Houston, TX, USA). Valve switching was controlled using Using Information Theoryf16], the informational similar-
Shimadzu SCL-10AVP system controller and Shimadzu ity can be determined, which is a measure of the degree
Class-VP version 5.03 software. Two additional UV-Vis of solute crowding on a normalised retention plane. Values
detectors (Waters 286, Waters Associates, Milford, MA) range between zero and one (one represents total crowding
were employed to record chromatographic information in on the normalised retention plane, zero indicates no solute
the first and second dimensions. A HP 1050 pump (Agilent crowding)[16]. Using Factor Analysi§l7], the correlation
Technologies, Palo Alto, CA) was used to control flow in between any two separation dimensions can be assessed us-
the second dimension. Data acquisition was achieved usinging retention correlation coefficients. Values range between

a Lawson Labs model 203 serially interfaced 20 bit data zero and one with a correlation coefficient of one repre-
acquisition system with a custotial VV gain range operated  senting high correlation between the two separation dimen-
at either 2, 5 or 10Hz (Lawson Labs Inc., Malvern, PA, sions. A correlation coefficient of zero indicates orthogonal
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Fig. 1. Schematic diagram of the 2D HPLC column switching system. P1-P2: Low pressure quaternary solvent delivery systems; V1-V2: six-port
two-position switching valves; C1: column in first separation dimension; C2: column in second separation dimension. (a) System configuratiom for elu

of C1 mobile phase to waste and sample loop isolated. (b) System configuration for the elution of a band from C1 onto sample loop. (c) System
configuration for loading the contents of sample loop onto C2.

Table 1
System attributes used to determine the measure of 2D orthogonality for each of the 2D RP-RP systems EvAluated
Attribute Two-dimensional chromatographic combinations
C18M/CCZA System 1 C18M/CCZM System 2 C18A/CCZA System 3 C18A/CCZM System 4
Informational similarity 0.56 0.62 0.92 0.93
Peak spreading angle 75 70 42 37
Practical peak capacityNp) 54 57 156 160
Correlation €) 0.26 0.34 0.75 0.79
Usage (%) 90 87 56 52

Resolved components (/32) 26 28 26 26
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separation dimensions. Factor Analysis also allows the de-ration on the carbon clad zirconia column in combination
termination of the practical two-dimensional peak capacity with an acetonitrile mobile phase was superior in terms of
and the percentage usage of the theoretical two-dimensionaboth the separation time and the degree of band broaden-
peak capacity17]. ing, although the chromatographic profiles were quite sim-
In our previous communicatiofi4] that focused on the ilar. With this in mind the two-dimensional separations of
experimental separation of a 32 component oligostyrene iso-this sample can be divided into two distinct groups. These
mer mixture using a comprehensive mode of analysis, the groups depend on the separation observed in the first dimen-
system that gave excellent agreement with theoretical pre-sion and are determined by the extent of the stereoisomer
dictions was a C18 (methanol)/CCZ (acetonitrile) system. resolution.
These separation dimensions were coupled according to the The system that employed a C18 column with a methanol
configuration shown irFig. L Even though the number of mobile phase (first dimension) and a carbon clad zirconia
separated components equalled that predicted by theory thissolumn with an acetonitrile mobile phase (second dimen-
was only achieved using a “wrap around” technique. Two sion) was examined first. This is because the heart-cutting
important factors that enabled the successful isolation of efficiency of a system where no significant stereoisomer se-
27 of the 32 components were: (1) a vacancy in the chro- lectivity on occurs on C1 may be examined. In this system,
matogram in the second dimension that allowed the wrap three heart-cut sections in the first dimension were deemed
around effect to be successful, without significant detrimen- appropriate, each cut corresponded to one of the three dif-
tal effects; and (2) the separation in the first dimension dis- ferent end groups that made up the sample mixture. The re-
played a high degree of order. These factors allowed the gions corresponding to thert-, sec- andn-butyl end groups
separate transportation of the structural isomer componentsare labelled accordingly as 1-3, respectively,Fig. 2a
(with minimal overlap of thetert- and sec-butyl isomers) The heart-cut of region 1 from the C18 column is shown in
which minimised coelution problen{§4]. With this mode Fig. 3a The resulting diastereoisomer separation observed
of operation[14] systems 2 and 4 (in the present text) inthe second dimension of this heart-cut is showRig 3h
were not practical since the analysis times in the second Seventert-butyl stereoisomers were resolved, however, the
dimension (systems 2 and 4, in the present text, employedpartial overlap between theec- andtert-butyl oligostyrenes
methanol in the second dimension) were too long, not al- in the first separation dimension resulted in the appearance
lowing a wrap around effect to be implemented. The ex- of bands that contained oligostyrene diastereocisomers with
perimental results that were obtained using system 3 in thesec-butyl end groups. These components are labelled with
present text (C18 (acetonitrile)/CCZ (acetonitrile)) deviated an asterisk. Heart-cutting of the second sectiofrig.(30
significantly from the theoretical predictions that were based resulted in the separation of 1&c-butyl sterecisomers
on Factor Analysis and Information Theory. The number of (Fig. 3d. Similarly, there was evidence aért-butyl iso-
resolved components was approximately 12 as opposed tamers in this separation. All eightbutyl stereocisomers were
the 26 predicted. The deviations were attributed to a high resolved following the heart-cutting of section Bid. 3e)
degree of solute crowding, which made the experimental re- to the carbon clad zirconia column, and becausenthatyl
alisation almost impossible. Partial resolution of stereoiso- isomers in the first dimension were fully resolved from
mers in the first separation dimension (C18) resulted in a the sec-butyl isomers in the first dimension, there was no
high degree of overlap between the structural isomer com-contamination in this separatiofi¢y. 3f). In total, 27 of
ponents and reduced resolution of components on the CCZthe 32 isomers were resolved, which is one more than that
column. predicted by theory18]. The difference can be attributed to
Separation of the = 5 oligostyrene isomer mixture on  different batches of carbon clad zirconia stationary phases
a C18 column with a methanol mobile phase is shown in [23] used in the current experiments compared to the previ-
Fig. 2a Separation was dependent on the end group (re-ous experiment from which our theoretical predictions were
tention increasing in the ordeert-, sec-, andn-butyl) and based[18]. These results are in good agreement with the
all stereoisomers coeluted according to their respective endresults of the theoretical predictions of Information Theory
groups. In comparison, some stereoisomer selectivity wasand Factor Analysis.
apparent when the mobile phase was changed to acetonitrile  Changing the mobile phase from acetonitrile to methanol
(Fig. 2by. This resulted in an increase in band heterogene- in the second dimension had little effect on the overall
ity as there was an increase in the overlap of the structuralnumber of components that could be resolved. However,
isomer retention windows. The separation process of thesethe overall separation time was three—four times longer
oligostyrenes on carbon clad zirconia stationary phases iswhen methanol was the mobile phase for the second di-
dominated by stereochemistry, more so than the by struc-mension. Band broadening and band resolution (in general)
tural isomeric aspects. The chromatograms showrign2c were also worse for system 2 than for system 1. There was,

and dillustrate the stereoisomer separations for the 5 however eight bands apparent for tteet-butyl stereoiso-
tert-butyl oligomer on carbon clad zirconia. Fig. 2¢ a mers instead of seven, but the sample carry over due to the
methanol mobile phase was employed, whild-ig. 2d an overlap of thetert- andsec-butyl end groups was of course

acetonitrile mobile phase was employed. Clearly the sepa-still apparent Fig. 4a and b Heart-cutting and transport of
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Fig. 2. Chromatograms of @ = 5 butyl oligostyrene samples: (@}, sec-, tert-butyl oligostyrene sample on a C18 column (250 mm.6 mm). Mobile
phase 100% methanol (20 injection). Peaks: (1jert-butyl; (2) sec-butyl; and (3)n-butyl. (b) n-, sec-, tert-butyl oligostyrene sample on a C18 column
(250 mmx 4.6 mm). Mobile phase 100% acetonitrile (2Dinjection). Sections labelled 1-5 correspond to the cut fractions referred to in the text. (c)
tert-Butyl oligostyrene sample on a CCZ column (30 nx.6 mm). Mobile phase 100% methanol (@Dinjection). (d) tert-Butyl oligostyrene sample

on a CCZ column (30 mnx 4.6 mm). Mobile phase 100% acetonitrile (binjection).

sections 2 and 3 to the second dimension (chromatogramsan acetonitrile mobile phase in the second dimension was
not shown) resulted in quite poor separations, primarily due experimentally far superior due to the shorter analysis time
to the long analysis time, which caused the peaks to blendin the second dimension.

into the baseline making retention time and area determina- The stereoisomer selectivity that occurred on the C18
tions difficult. The total separation time for section 2 on the (acetonitrile) systemHig. 2b) resulted in significant overlap
C18 (methanol)/CCZ (methanol) system was 130 min while of structural isomer groups and consequently in a broader
section 3 was 169 min. This compared unfavourably with separation profile. Heart cutting across this sample dis-
the results of system 1, the analysis times for which were: tribution required five cuts instead of three and is shown
section 1: 36 min; section 2: 44 min; and section 3: 62min. in Fig. 2b The chromatograms ifig. 5a—eillustrate the
(The total sum of these three times was approximately that separations achieved using the C18 (acetonitrile)/CCZ (ace-
for section 2 using the second system.) So, although thetonitrile) system. The chromatogram following transport of
number of isomers resolved (27/32 isomers) and the prac-section 1 to the CCZ (acetonitrile) dimension is shown in
tical two-dimensional peak capacity (57 peaks) agreed with Fig. 53 section 2 inFig. 5k and so forth. The total number
theoretical predictions clearly the separation time, peak in- of bands resolved or even partially resolved did not exceed
tensity and band broadening associated with this separatior22 of the 32 oligostyrene isomers. This is an increase in
system were not favourable. Overall, even though theory the number separated in a previous study that employed a
predicted that the C18 (methanol)/CCZ (acetonitrile) and comprehensive separation modé]. This smaller number
C18 (methanol)/CCZ (methanol) systems were very sim- for the comprehensive separation was due to the continuous
ilar or essentially interchangeable, the system employing flow requirements necessary in the comprehensive mode of
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Fig. 3. Chromatograms for the heart-cutting separations af-asec- andtert-butyl n = 5 oligostyrene mixture. (aj-, sec- andtert-butyl oligostyrene
sample on a C18 column (250 mx4.6 mm). Mobile phase 100% methanol (@Dinjection). Cut time= 11.00-11.70 min. Flow rate- 1.0 mi/min. (b)
Transport of section 1 in (a) and injection onto a CCZ column (306 mm). Mobile phase 100% acetonitrile, flow rate2.0 ml/min. (c) n-, sec-,

tert-butyl oligostyrene sample on a C18 column (250 math6 mm). Cut time= 11.70—12.30 min; conditions as in (a). (d) Transport of section 2 in (c) and

injection onto a CCZ column (30 mm4.6 mm); conditions as in (b). (e}, sec-, tert-butyl oligostyrene sample on a C18 column (250 sah6 mm). Cut
time = 12.50-13.30 min; conditions as in (a). (f) Transport of section 3 in (e) and injection onto a CCZ column (86rmm); conditions as in (b).
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Fig. 4. Heart-cutting separation of the = 5 n-, sec-, tert-butyl
oligostyrene mixture. C18 column (250 mm4.6 mm). Mobile phase
100% methanol (2l injection). Cut time= 10.81-11.61 min. Flow
rate= 1.0 ml/min. Transport of heart-cut fraction in (a) and (b) injection
onto a CCZ column (30 mnx 4.6 mm). Mobile phase 100% methanol,
flow rate= 2.0 ml/min.

Table 2
Heart-cut times from the separation of the= 5 isomeric mixture on a
C18 column with a methanol mobile phase

Figure number Heart-cut start (min) Heart-cut finish (min)
6a 11.40 12.00
6b 11.50 12.10
6¢c 11.60 12.20
6d 11.70 12.30
6e 11.90 12.50
6f 12.05 12.65

have failed in this instance, but rather all of the informa-
tion gathered from theoretical predictions must be assessed
in order to determine whether a given two-dimensional
separation is possible to realise full expectations.

The results from the experimental validation of the C18
(acetonitrile)/CCZ (methanol) system were quite similar to
the C18 (acetonitrile)/CCZ (acetonitrile) system except re-
tention of oligostyrenes was much longer in the second di-
mension when methanol was employed. Again the number
of isomers separated did not meet the number theoretically
predicted due to the high solute crowding in the first dimen-
sion.

In order to assess the effect solute crowding and band
heterogeneity may have on the resulting two-dimensional
separation we conducted a series of experiments where the
region that was heart cut from the first dimension was sys-
tematically moved across a heterogeneous band in the first
dimension. The heterogeneous band evaluated is that of the
tert- and sec-butyl oligomers shown irFig. 2a In order to
study the effect of heterogeneity the heart-cut times across
the first separation dimension (C18/methanol) were changed
systematically. The corresponding heart-cut times are given
in Table 2 Shifting the heart-cut time, in most instances,
by 6 s systematically resulted in an increase in the amount
of the sec-butyl isomers observed in the second dimension
(seeFig. 6). Many of thesesec-butyl isomers overlapped
tert-butyl isomers in the second dimension, resulting in in-

operation. Even though 22 bands were apparent, many ofcreasingly impure bands and a reduction in separation power
these bands were poorly resolved as consequence of the inef the system. The most obvious of these, discounting the
crease in band heterogeneity in the first dimension and thegroup of early eluting peaks, is indicated by an asterisk in
subsequent increase in solute crowding. The number of sep+ig. 6d—f Likewise the reverse was observed as the heart-cut
arated components was less than the 26 predicted by Infor-time was systematically decreased from the right hand side
mation Theory and Factor Analysis. Since separation times of the band towards the left hand side, and an increasing
were relatively long, conducting more heart-cuts in order to amount oftert-butyl end group oligomers were observed to
improve the resolution and increase the number of separatedo-elute with thesec-butyl endgroup oligomerd=g. 6d—.
components was not a practical solution. Therefore, due to Consequently, as the solute crowding increased (which was
the lack of order along the first separation dimension and highest in the region corresponding to the overlap otéhe

the high solute crowding, the results obtained using real lig- and sec- bands) the ability to perform the separation suc-
uid chromatographic systems do not meet the expectationscessfully became more difficult. In this particular instance,
based on theoretical predictions for this system. Also, the ex- resolution in the second dimension would only be achieved
tremely poor resolution observed in the first dimension of the if the components of interest had different retention mecha-
C18 (acetonitrile)/CCZ (acetonitrile) system reduces the ac- nisms in the second dimension.

tual performance compared to systems where methanol was An important finding from this study is that heart-cutting
employed in the C18 dimension. These statements shouldtechniques allow for a greater degree of versatility in the
not be taken as an indication that the theoretical predictionsexperimental optimisation of two-dimensional separations
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Fig. 5. Chromatograms for the heart-cutting separations ofi-arsec- and tert-butyl n = 5 oligostyrene mixture on a C18 column with acetonitrile
mobile phase and a CCZ column with acetonitrile mobile phase. C1 chromatographic condition&igs 8arand C2 chromatographic conditions as for
Fig. 3h (a) Separation of heart-cut Fi§. 2b on a CCZ column; (b) separation of heart-cutR2g( 2b on a CCZ column; (c) separation of heart-cut 3
(Fig. 2b on a CCZ column; (d) separation of heart-cutFg( 2b on a CCZ column; (e) separation of heart-cutFg( 2b on a CCZ column.

than comprehensive mode separations. For example, wherdent upon solvent selection. Factors such as solvation effects
the analysis time in the second dimension is long and conse-and perhaps even viscous fingeri2g] may ultimately de-
quently prevents (or limits) the application of a comprehen- termine which solvent combinations can be employed and in
sive mode of operation, a heart-cutting approach may still be which dimension. The versatility of the heart-cutting mode,
feasible. This is particularly important since the successful therefore, improves the possibility of success, albeit at the
application of two-dimensional separations is very depen- expense of analysis time.
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Fig. 6. Chromatograms for time shifted heart-cut separations of theés n-, sec- andtert-butyl oligostyrene mixture on a CCZ column (30 nxd.6 mm).
SeeTable 2for heart-cut times. C1 chromatographic conditions asHigr. 3a (10l injection) and C2 chromatographic conditions as Fig. 3h (a)
Separation of heart-cut: section 1; (b) separation of heart-cut: section 2; (c) separation of heart-cut: section 3; (d) separation of heiart-dyt(eJec
separation of heart-cut: section 5; (f) separation of heart-cut: section 6.

3. Conclusion and a carbon clad zirconia column in the second dimension.
The number of isomers separated was approximately equal

The separation of 27 of the 32 highly similar structural tothe number predicted by theory when solute crowding was
and stereoisomers was achieved by heart-cutting using amoderate and if order was observed along the first separation
two-dimensional reversed phased liquid chromatographic dimension. Theoretical predictions of the number of isomers
system incorporating a C18 column in the first dimension separated were not attained in practical experiments when
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