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Summary
A series-coupled ensemble of two capillary GC columns of different
selectivity with an adjustable pressure at the column junction point is
used to obtain tunable selectivity for high-speed GC and GC/
TOFMS. An electronic pressure controller with a 0.1-psi step size is
used to obtain numerous computer-selected unique selectivities. Sys-
tem configurations for conventional, atmospheric-pressure outlet
operation with flame ionization detection and for vacuum-outlet
operation with photoionization detection are described for GC-only
experiments. Polydimethylsiloxane is used as the non-polar column
and polyethylene glycol (atmospheric outlet) or triflouropropylpoly-
siloxane (vacuum outlet) is used as the polar column. For GC/
TOFMS experiments, 5% phenyl polydimethylsiloxane was used as
the non-polar column, and polyethylene glycol was used as the polar
column. The time-of-flight mass spectrometer can acquire up to 500
complete mass spectra per second. Since spectral continuity is
achieved across the entire chromatographic peak profile, severely
overlapping peaks can be spectrally deconvoluted for high-speed
characterization of completely unknown mixtures. For mixture com-
ponents with significantly different fragmentation patterns, spectral
deconvolution can be achieved for chromatographic peak separations
of as little as 6.0 ms. This can result is very large peak capacity for
time compressed (not completely resolved) chromatograms. The use
of columns with tunable selectivity allows for precise peak-position
control, which can result in more efficient utilization of available
peak capacity and thus further time compression of chromatograms.
The limits of tunability and deconvolution are tested for near co-elu-
tions of different classes of hydrocarbon compounds as well as for
more multi-functional mixtures.

1 Introduction

Combinations of two columns having different selectivities
have been used in several schemes to obtain enhanced selec-
tivity and increased peak capacity for gas chromatography
[1–3]. Parallel packed columns in instruments having two
injectors and two detectors have been used often to obtain
more detailed analytical information on mixtures that could
not be completely separated on either column alone. Often
component pairs which elute with excessive overlap on a
non-polar phase will be adequately separated on an appropri-
ate polar phase. This takes advantage of differences in the
stationary-phase chemistries of the two compounds in the
polar phase. This strategy is particularly attractive for packed
columns, which generally have relatively low peak capacity.
Parallel capillary columns also are used for confirmation ana-
lysis, often for regulatory-driven procedures.

The much greater peak capacity available with capillary
(open-tubular) columns often obviates the need for parallel
separations with columns of different selectivity. However, as

needs grow for the separation of more complex mixtures and
as recognition increases that conventional GC is just too slow
for some important applications, the use of combinations of
capillary columns of different selectivities is receiving more
attention [4].

While parallel separations on two capillary columns are very
useful, strategies to enhance selectivity and increase peak
capacity, using series-coupled columns may be more flexible
and more powerful. Two columns of different selectivity can
be combined in series (tandem) with or without an intermedi-
ate trap. When a trap is used, a portion of the effluent from
the first column containing one or more target compounds is
focussed in the trap and then re-injected onto the second col-
umn. This forms the bases for heart-cut methods [2, 3], which
result in much larger peak capacity for targeted portions of
the mixture. The use of the trap de-couples the chemistries of
the two different columns, and provides independent reten-
tion data for the target compounds on two different stationary
phases. In addition, with the focusing provided by the trap,
peak dispersion from the first column does not contribute to
the peak dispersion in the chromatogram from the second col-
umn.

If sequential heart cuts are made for the entire effluent from
the first column, and if the peak widths from the first column
are sufficiently large that several cuts are made during the
elution from the first column of a single peak, the trap serves
to modulate the chemical signal from the first column. The
result is comprehensive two-dimensional GC [5–7]. This
powerful technique results in very high peak capacity and has
been applied to very complex mixtures.

If two capillary column of different selectivity are combined
in series without an intermediate trap, the stationary-phase
chemistries from the individual columns are combined, and a
unique selectivity is obtained [8–10]. While this does not sig-
nificantly change the peak capacity, it can result in the more
efficient utilization of the available peak capacity by provid-
ing a more favorable selectivity for a set of target com-
pounds. In many cases, this can dramatically reduce the
separation time for multifunctional mixtures [11, 12].

Selectivity tuning for an ensemble of two capillary columns
using different stationary phases can be obtained by changing
the relative contributions that the individual columns make to
the overall separation selectivity. This can be accomplished
by changing the column length ratio [13], the column tem-
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peratures[14, 15] or the carriergaspressure at the junction
point betweenthe columns [16–18]. Sincethe manipulation
of the junction-point pressure is very convenient and can
obtain a wide rangeof availableselectivities with both col-
umnsin a single GC oven, this approachfor tuning column
selectivityhasbeenmost frequently used.By usingelectronic
pressurecontrol at the junction point betweenthe columns,
high-precision, computer-controlled selectivity can be
obtained[19, 20].

Columnensembleswith tunableselectivity arelessuseful for
high-speedseparationof complexmixturescontainingmostly
compounds of similar polarity. For these compounds, the
relative changesin elution patternswith changesin column
polarity aresmall.For high-speedGC, relative peakposition
shifts with changesin polarity on the order of severalpeak
widths aredesirable for at leastsomeof the targetedcompo-
nent pairs. The recent development of time-of-fligh t mass
spectrometer(TOFMS) detection[21, 22] for high-speedGC,
however, dramatically reducesthe separation requirements
for characterization andanalysisof complex, unknown mix-
tures.

With time-array ion detection [23], some TOFMS instru-
mentscan obtain up to 500 completemassspectraper sec-
ond. In addition, TOFMS providesvery constant ion abun-
danceratios over the entire chromatographic peak profile.
This allowsfor thespectraldeconvolutionandthuscharacter-
ization of evenseverely overlapping chromatographicpeaks
from high-speed separations of unknown mixtures. Since
peakseparations of only a few ms are required for spectral
deconvolution, pressure-tunable column ensembles with
TOFMSdetectioncanbevery useful for mixturescontaining
predominatelynon-polarcompounds.

This report describes experiments with computer-controlled
tunable column ensemblesfor high-speed GC and GC/
TOFMS. Pneumaticsystems are describedfor conventional
GC with atmospheric-pressureflameionization detectionand
vacuum-outlet GC with photoionization detection. Applica-
tions are presented for multifunctional mixtures of volatile
organic compounds.An absolute pressure controller is used
so that tunableselectivity canbe obtainedwith sub-ambient
aswell assuper-ambientcolumnjunction-point pressures.A
pressure-tunablecolumnensemble alsois usedwith TOFMS
detectionfor enhancingthe spectraldeconvolution capabil-
ities of this powerful detection method for high-speed GC.
Application to the high-speed characterization of hydrocar-
bonmixturesis emphasized.

2 Apparatusand Experiment Design

2.1Apparatusfor High-SpeedGC

Figure 1 showstwo instrumentconfigurationsdevelopedfor
selectivity tuning with capillary columns. Configuration (a)
is usedfor conventional GC at atmosphericoutlet pressure
with a flame ionization detector (FID), and (b) is usedfor

vacuum outlet operation with a photoionization detector
(PID). Both systems makeuseof a cryofocusing inlet system
(Cryointgator Model L, Chromatofast, Inc, Ann Arbor, MI).
The inlet, which concentratesorganic vapor samplesfrom a
gasstreamandtheninjects themasvaporplugs typically 5–
10msin width, hasbeendescribedin detail [24, 25]

For bothsystems, the junction point betweencolumns C1 and
C2 is connectedto electronic pressurecontroller EPC. The
controller (Model 640A, MKS Instruments, Andover, MA)
usesan absolute-pressure capacitancemanometerto control
the pressure in the range 0 to 100psia in 0.l psi steps.Set-
point reproducibility typically is l0.01psi. The controller is
alsoconnectedto carriergassupply CG. The controller out-
put is connected to the columnjunction point by means of a
low-restriction capillary tube in order to minimize the pres-
suredropalongtheconnection.

An uncoatedfusedsilica restrictor R connected by a glassY
splitter is usedasa vent betweenthe controller and the col-
umn junction point. This serves two functions.If the control
pressure is set below the value that would normally exist at
thecolumn junction point in theabsenceof anyotherconnec-
tions, the efluent from the first column is split betweenthe
secondcolumnandthe vent line. Without the vent line, this
split flow would passthrough thecontrollerandthuscontam-

Figure 1. Apparatususedfor pressure-tunablecolumn selectivity with
atmospheric-outletpressureoperation(a) and vacuum-outletoperation
(b). C1 and C2, capillary columns;PC, electronicpressurecontroller; I,
cryofocusinginlet system;R, capillary pneumaticrestrictors;P, pressure
monitors; CG, carrier gas inputs; FID, flame ionization detector;PID,
photoionizationdetector;VP, vacuumpump.
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inate it. With the vent line, the controller set-point pressure
can be anywherebetweenthe inlet pressureof the first col-
umn and the outlet pressure of the secondcolumn without
risk of contamination. The vent line also results in much
morerapidequilibration of thejunction-point pressurefor the
caseof downwardchangesin theset-point pressure.Thecon-
troller outputhasconsiderable deadvolume.Without thevent
line, higher-pressuregastrappedin this volume must bleed
off through column C2 beforethe equilibrium set-point pres-
sureis achieved.A smaller vent-linerestriction results in fas-
ter equilibrationbut greatercarriergasconsumption.

For configuration (a), a Varian 3500 capillary GC was used
asan experimental platform. The VarianFID wasusedwith-
out change.The column ensemble consists of a 6.0-meter
length of 0.25-mmi.d. non-polar DB-1 (J & W Scientific,
Folsom, CA) followedby a 6.0-meterlength of 0.25-mm i.d.
polar Stabilwax (Resteck, Bellefonte, PA). Both columns
used0.25-lm stationary phase film thickness.A high-speed
electrometer built in housewas interfacedto a Pentium,75-
MHz PC by meansof a 16-bit A/D board (CIO DAS 1602/
16,Computer Boards,Inc, Middleboro,MA).

Configuration (b) wasdesignedfor vacuum-outlet operation
usingatmospheric-pressure air asa carriergas.A Varian3700
GC was usedas the platform. The PID (Model PI52-02A,
HNU Systems, Newton, MA) usesa 10.2eV lamp. The PID
cell volume is lessthan 100lL. The PID and the pressure-
controller vent line are connected to a vacuum pump
(CENCO Model HYVAC 14, Central Scientific, Chicago,
IL). All experiments were conducted with a detector cell
pressureof 0.3psia(2.1 kPa).The columnensembleconsists
of a 4.5-meterlengthof 0.25-mmi.d. non-polarDB-1 (J & W
Scientific, Folsom, CA) followed by a 7.5-meter length of
0.25-mm i.d. polar Rtx-200 (Restek, Bellefonte, PA). An
electrometer with a time constant lessthan10ms(Chromato-
fast, Inc, Ann Arbor, MI) was interfaced to a Pentium II
350MHz PC by means of a 16-bit A/D board (C10-
DAS1602/16,ComputerBoards,Inc, Middleboro,MA).

2.2Apparatusfor High-SpeedGC/TOFMS

The massspectrometer usedfor thesestudieswas a LECO
Model PegasusII time-of-flight instrument (LECO Instru-
ments,St.Joeseph, MI). Theinstrumentusestime-arraydetec-
tion [23] so a complete massspectrum(5–1000 amu) is
obtainedevery 0.2ms (5000 spectraltransients per second).
Tenor moreof thesespectraltransientsaresummedfor every
displaypoint in the extracted ion chromatograms.Thusfull-
spectraacquisition ratesup to 500Hz canbeobtained.Instru-
mentsoftwareprovidesfor completely automated peakfind-
ingonunknownmixtures.Sincethereisnoconcentrationbias-
ing (constantion abundanceratiosacrosstheentirechromato-
graphicpeakprofile), spectraldeconvolution andthuscharac-
terization canbe obtainedfor evenseverely overlapping and
unknown chromatographic peaks. Instrument software pro-
videsfor completelyautomatedspectraldeconvolution.

The TOFMS is interfacedto an HP-6890 GC equippedwith
an HP 7683autoinjector. The column ensemble consists of a
10-meter length of 0.18-mm i.d. polar DB-Wax (J & W
Scientific, Folsom, CA) followed by a 10-meter length of
0.18-mm i.d. non-polar DB-5 (J & W Scientific, Folsom,
CA). Both columnsused0.25-lm stationaryphasefilm thick-
ness.The pressurecontroller was mountedoutsidethe GC
oven,and the connecting line was passedthrougha hole in
the GC which is usually usedfor detector connection. The
instrument wasusedwith a Dell Pentium II, 333MHz PC.

2.3MaterialsandProcedures

All experimentswith FID or TOFMSdetection usedH2 ascar-
rier gasafterpurification with filters for watervapor, oxygen,
andhydrocarbons.All experiments with PID detectionunder
vacuum-outletconditionsusedtankair ascarrier gasafterpur-
ification with filtersfor water vaporandhydrocarbons.

All compoundsusedfor preparing testmixtureswerereagent
gradeor better. For GC experimentsusingthecryointegrating
inlet system, gas-bagvapor samples were used.The pure
liquid samples were mixed, usually in equalvolume ratios,
andthemixturewasmicropipettedinto a Saranor Tedlargas-
sampling bag and diluted with nitrogen. Typically about
0.5mL of thevapormixturewasintroducedinto theinlet sys-
tem for eachexperiment. For GC/TOFMSexperiments,mix-
tureswereprepared in 2-mL autoinjector vials, anda 5.0-lL
head-space sampleinjectedfor eachexperiment.Table 1 lists
themixturesusedfor eachsetof experiments. Mixture A was
usedfor GC experimentswith both FID andTOFMS detec-
tion. Mixture B wasusedfor vacuum-outletexperimentswith
PID detection. Mixture C, which containsonly hydrocarbon
compounds,wasusedto demonstratetheuseof tunableselec-
tivity for thehigh-speedGC/TOFMScharacterization of mix-
turescontainingmorechemically similar components.

Hold-up times for the individual columns, tm1 and tm2, are
neededto calculatethe fractional contributionsthat the indi-
vidual columns maketo the overall selectivity of the tandem
columnensembles.For atmospheric outletpressureoperation
(configuration (a) of Figure1), values of tm1 and tm2 were
obtaineddirectly from measuredvalues using a secondFID
(not shown in theFigure)to monitora portion of theeffluent
from column C1. For vacuum-outlet operation (configuration
(b) of Figure1), valuesof tm1 and tm2 were calculated for air
ascarriergasat 308C using standard equationsfor gasflow
in capillary tubes [3].

Instrument operation anddataacquisition for all GC experi-
ments were controlled with Labtech Notebook software
(Laboratory Technologies,Corp, Wilmington,MA). Chroma-
tographic data were processed with Grams 32 software
(Galactic Industries,Salem, NH). All calculations were per-
formed with MS Excel spreadsheets.Data acquisition and
instrument control for all GC/TOFMS experimentswaspro-
videdby thePegasusII software.
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3 Resultsand Discussion

Pressure-tunabletandemcolumn ensembles are very useful
for obtaining dramatic reductions in separation times for
many mixtures containing up to 20–30 components.With
electronic pressurecontrol, a largenumber of unique,compu-
ter selectable and very repeatable selectivities can be
obtained. For manysingle-columnseparations, only 10–20%
or lessof the available peakcapacityis usedin the separa-
tion. A two-fold increasein this efficiency canbe translated
into a four-fold reduction in separation time, if extra-column
bandbroadening can be appropriately scaled. The inlet sys-
tem usedin thesestudiesinjectsvaporplugswhich aretypi-
cally 5–10 ms in width. This does not make a significant
contribution to peak variancesfor the retention time range
considered in thesestudies.

For the total column lengths used in these GC studies,
40,000–50,000 theoreticalplatestypically aregenerated, and
hold-up timesare in the 8–12 s range.For theseconditions,
isothermalpeak capacity values are in the 30 to 50 peak
range for separations in the timeframe of 30–60 s. If this
available peak capacity can be used with 50% efficiency,
thenseparations of 15–25 componentsshouldbe possible in
this timeframe.

The principle of operation of pressure-tunable tandemcol-
umn ensembles is describedeasily by referenceto Figure1.
It is assumedthat the inlet and detector pressures are fixed
and are the highest and lowest pressuresin the system,

respectively. Any changein the column junction-point pres-
sure results in a differential changein the pressure drops
alongthe two columns.For example,a decreasein the junc-
tion-point pressure resultsin an increasein the pressure drop
alongthe first columnanda decreasein pressuredrop along
the secondcolumn. This resultsin an increasein the carrier
gasvelocity in the first columnwith anattendantdecreasein
the residencetimes of all componentsin the first column.
The oppositeoccursin the secondcolumn. The influenceof
eachcolumn in determining theoverall selectivity of the tan-
dem column ensemblevarieswith the component residence
times.

The overall retention factor ko for a compound on the tan-
dem-column ensembleis foundfrom theoverall hold-uptime
tm andtheoverall retentiontime tR.

ko = (tR – tm)/tm (1)

Theoverall retention factor is alsoequalto theweightedsum
of the retentionfactorsk1 andk2 for the individual columns.
The weighting factors, which correspond to the fractional
contributions of the two columns to the overall selectivity,
areequalto the fractional contribution that the hold-uptime
of eachcolumnmakesto theoverall hold-uptime of thecol-
umnensemble [12].

ko = (tm1/tm)k1 + (tm2/tm)k2 (2)

Thus, plots of ko vs. either of the weighting factors are
straight lines. This forms the basisfor selectivity optimiza-
tion for anyset of targetcompounds.

3.1Atmospheric-PressureOutlet Operation

Figure 2(a) shows plots of overall retention factor vs. the
fractional contribution (phasefraction)of columnC1 for most
of the componentsof mixture A in Table1. The numbers
identifying the plots arethe sameasthe numbers in Table1.
The oven temperature was 508C. The later-eluting compo-
nentsin themixture arenot included sothatmostof thecom-
ponentscan be shown on an expandedvertical scale. The
straightlinesconnectingthepointsarefrom linear regression
analysis. Correlation Coefficients typically are in the 0.90–
0.99range.Note thata phasefraction of 0 correspondsto the
separation being done using only column C2, and a phase
fraction of 1.0 correspondsto using only column C1. These
datawere collectedovera junction-point pressurerangefrom
18.0 to 29.0psia. Since the pressurecontroller step size is
0.1psi,a total of 110 uniqueset-point pressuresareavailable,
eachoneresulting in a somewhatdifferentretention pattern.

Plotswith positive slopescorrespondto mixture components
which showgreaterretentionon columnC1. Plotswith nega-
tive slopesarefrom componentswith greaterretention on C2.

Table1. Compoundsusedfor testmixtures.

Mixture A Mixture B Mixture C

1. Nitrogen Isopropylalcohol 2,3-Dimethylpentane
2. n-Pentane Acetone 2,2,4-Trimethylpentane
3. 2,2-Dimethylbutanen-Heptane 1-Heptene
4. Cyclopentane 2-Butanone n-Heptane
5. n-Hexane n-Octane Benzene
6. Methyl alcohol Ethylbenzene 2-Heptene
7. Ethyl alcohol p-Xylene Methylcyclohexane
8. 1-Propylalcohol Butyl acetate 2,5-Dimethylhexane
9. Cyclohexane 2,4-Dimethylhexane

10. 1,1,1-Trichloro-
ethane

2,3,4-Trimethylpentane

11. Benzene 2-Methylheptane
12. n-Heptane Cycloheptene
13. Toluene Cycloheptane
14. 1,2-Dichloropropane n-Octane
15. 1-Butyl alcohol Toluene
16 n-Octane 2-Octene
17. n-Nonane
18. 1-Pentylalcohol
19. Ethylbenzene
20. m-Xylene
21. o-Xylene
22. 2-Hexyl alcohol
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The slopesindicatethe relativepolarity of the mixture com-
ponentsfor the particular columns used in the ensemble.
Wherevera pair of plots cross,that pair of componentswill
co-eluteat the corresponding phasefraction, anda complete
separationof the mixture cannotbe achieved. Note that for
this multifunctionalmixture,many co-elutionsoccuroverthe
rangeof phasefractions.

Figure 2(b) showsa window diagram [26, 27] for the com-
plete mixture. For this plot, the relative resolution Rrel [28],
describedby equation 3, is computed for all possible compo-
nent pairs and the smallest value (poorest resolution) for
everyphase-fractionvalueis plottedvs. thephasefraction of
eithercolumn.

Rrel = Dko/(koave+ 1) (3)

whereDko is thedifference in overall retention factorsfor the
two components,andkoave is their averagevalue. Every zero
point in the plot correspondsto the co-elutionof a particular
component pair. Betweeneachpair of zeropoints,a window
occurswith finite resolutionof theworst-casepair.

Thegoalof theoptimization is thedeterminationof thephase
fraction giving the greatestrelative resolution for the worst-

casecomponentpair. This corresponds to the tallest window
in thediagram.The ideais that if theworst-casepair (critical
pair) is adequately separated,then all mixture components
will be adequately separated.For this multifunctional mix-
ture,manyco-elutions occurandthusthewindow diagramis
quitecomplex.

Figure 3 showschromatogramsobtainedwith conditionscor-
responding to vertical lines labeled a and b in the window
diagram. The insets show the early portions of the corre-
sponding chromatogramson an expandedtime scale. Chro-
matogram(a) was obtainedwith a phasefraction for C1 of
0.865 at a junction-point pressure of 27.5psia. This corre-
spondsto a valley in thewindow diagram,andcorrespondsto
theco-elutionof components2 (n-pentane)and6 (methanol).
Note that for this phasefraction, componentpairs17/21 and
8/10nearly coelute.

A change in phasefraction for C1 to a value of 0.912results
in chromatogram(b). Thecorrespondingjunction-point pres-
surechange was+0.7 psi. Note in the window diagram that
this correspondsto a much greaterresolution of the worst-
casecomponentpair. Note also that the worst-casepair has
changedto 17/21. Component pairs 2/6 and 8/10 are now
completely separated.This clearlyshowstheutilit y of a pres-

Figure 2. Plotsof overall retentionfactorko vs.phasefractionof column
C1 (a) andcorrespondingwindow diagram(b) for mixture A of Table1
usingtheatmospheric-outletpressureconfigurationshownin Figure1(a).
Numbersnextto plotscorrespondto thecompoundnumbersin Table1.

Figure 3. Chromatogramsof mixture A from Table1 using the atmo-
spheric-outletpressureconfiguration shown in Figure1(a). Numbers
next to peakscorrespondto the compoundnumbersin Table1. The
phasefraction valuesusedfor thechromatogramscorrespondto thever-
tical brokenlinesin Figure2(b).
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sure-tunable column ensemble for improving the quality
(completeness)of theseparation.

3.2Vacuum-Outlet Operation

Generalfeaturesof vacuum-outlet GC havebeendiscussedin
detail [29–31]. Important advantagesinclude enhancedcol-
umnperformanceat high averagelinearcarriergasvelocities
and reduceddetector deadtime. The vacuum-outlet system
(configuration (b) in Figure1) is beingdevelopedfor ahighly
portableinstrument,which requiresno compressedgastanks.
To this end, atmospheric-pressure air is usedas the carrier
gas.For the outlet pressure usedhere(2.1kPa),the inlet-to-
outlet pressureratio is large, andfor a single-column instru-
ment,theaveragelinear carriergasvelocity is determinedby
the inlet pressure(1.0 atmosphere),the column length, the
column diameter and the viscosity of the carrier gasat the
column operating temperature. The value for a 12-meter
long,0.25-mm i.d. column in air at 308C is about50 cm/s.

Adapting a pressure-tunable column ensemble to this instru-
ment requiresconnectingthe pressure controller vent line to
the vacuumpump so that sub-ambient pressure air can be
delivered to the columnjunction point. In addition, the polar
column was changedto trifluoropropylpolysiloxane, since
this phaseis muchmoreresistant to oxygendegradation than
the polyethylene glycol phase.The accessible range of col-
umn junction-point pressuresis determinedby the pressure
drops in the various pneumatic restrictions in the system.
This includescontributionsfrom thecontroller itself. For this
system,the junction-point pressurecouldbecontrolled in the
range from 7.5 to 14.0psia. For a pressurestep size of
0.1psi, this pressurerangeresultsin 65 computer-selectable
selectivities.

Figure 4(a) shows plots of overall retention factor vs. the
phasefraction of C1 (dimethylpolysiloxane) for the eight
componentsin mixture B of Table1. The column ensemble
temperature was308C. The plots areall very linearwith lin-
ear-regression correlation coefficients in the range 0.980–
0.999.Extrapolationsto phasefraction values of 0 and 1.0
showthe retentionpatternsandretention factorsfor the indi-
vidual columns.

Figure 4(b) shows thecorrespondingwindow diagram.Since
the mixture was simpler than for Figure2, the window dia-
gram is simpler and shows only four co-elutions over the
entire phasefraction range. The vertical lines in Figure4(b)
correspondto the conditions used for the chromatograms
shown in Figure 5. Chromatogram (a) was obtained at a
phasefraction C1 of 0.405. This is a valley point in the win-
dow diagramcorresponding to the co-elutionof component
pair 7/8. Note that this co-elution is observedin the chroma-
togram.Chromatogram(b) was obtainedwith a phasefrac-
tion of 0.546.This correspondsto anothervalley in the win-
dow diagram for the co-elution of componentpair 6/8. The
predicted co-elution is seenin thechromatogram.Chromato-

gram (c) was obtainedwith a phasefraction of 0.752.This
corresponds to a very favorable window, and a complete
separation of thesecomponentsis observed in the chromato-
gram.However, someoverlap of component8 with animpur-
ity is observedis chromatogram(c)

While thetrifl uoropropylpolysiloxanephaseis lesspolarthan
polyethyleneglycol, it is still very useful in pressure-tunable
ensemblesusing dimethylpolysiloxane as the non-polar
phase.Its greaterthermal stability and much greaterresis-
tanceto oxygen are attractive features for this application.
Current studieswith this vacuum-outlet instrument involve
the useof mixtures of interest in indoor air monitoring and
industrial hygienestudies.

3.3Pressure Tunable Columnsfor High-SpeedGC/TOFMS

The TOFMS technology used in this study is extremely
powerful for the high-speedcharacterization andanalysis of
organic compounds.The maximum spectral acquisition rate
of 500Hz is adequateto track chromatographic peaks with
widths of only a few tensof milliseconds.In addition, spec-
tral deconvolution of even severely overlapping unknown
peaks obviates the need for complete chromatographic

Figure 4. Plotsof overall retentionfactorko vs.phasefractionof column
C1 (a) andcorrespondingwindow diagram(b) for mixture B of Table1
using the vacuum-outletconfigurationshown in Figure1(b). Numbers
nextto plotscorrespondto thecompoundnumbersin Table1.
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separation. This greatly increasespeak capacity and thus
allowsfor dramatic time compressionof chromatograms. For
mixture componentswith significantly different fragmenta-
tion patterns,automateddeconvolution is achieved if two or
morespectracanbeobtainedbetweenthepeakapexes.With
a 500Hz spectral acquisition rate, the corresponding mini-
mum temporal separation of the peakapexesis only 6.0ms.
This givesa maximum peakcapacity of about 167peaks per
second.If this availablepeakcapacitycanbe usedwith only
5%efficiency, an80-componentmixturecould becompletely
characterizedin a 10-stime window.

Pressure-tunable column ensembles for high-speed GC are
lessuseful for mixtures containing more chemically similar
compounds such as hydrocarbonmixtures. Usually critical
componentpairsshowsimilar behavioron bothcolumnsand
thus large changes in elution patternscannot be obtained.
Relative peak shifts of less than one peak width over the
entire tuning pressure range are common for hydrocarbon
mixtures. However, for GC/TOFMS, much smaller peak
separations areacceptable.In many cases, anunknowncom-

ponentpair, which completely co-elutesat a certaincolumn
tuning pressure, canbe characterizedif a separation of only
6 mscanbeobtainedat a differenttuningpressure.

Figure 6 shows an example of a time compressedextracted-
ion chromatogramfor 18 componentsof the multifunctional
mixture A in Table1. Methanol, n-pentanol, and 2-hexanol
werenot presentin the sample. Extracted-ion massesof 43,
45,57,58,59, 70,71,78,91,and97 aredisplayedsothatall
mixturecomponentscould beobserved.Thespectralacquisi-
tion ratewas200Hz. This requiresa minimum peaksepara-
tion of 15 msin orderto obtain spectraldeconvolution.

Thepressure tunablecolumnensemble used10-meterlengths
of 5% phenyl dimethylpolysiloxaneandpolyethylene glycol.
In order to increasethe speedof the separation,a column
temperatureof 808C wasused.This wasthehighesttempera-
ture for which baseline separation of ethylbenzene(compo-
nent 19) and m-xylene (component 20) could be obtained.
The fragmentationpatternsof thesecompoundsaretoo simi-
lar for spectraldeconvolution.

At 808C, numerousco-elutionsoccurin theearlyportionsof
the chromatogram,which is shown on an expanded time

Figure 5. Chromatogramsof mixture B from Table1 usingthe vacuum-
outlet configurationshownin Figure1(b). Numbersnext to peakscorre-
spondto the compoundnumbersin Table1. The phasefraction values
usedfor the chromatogramscorrespondto the vertical broken lines in
Figure4(b).

Figure 6. Time-compressedextracted-ionchromatogramsfor mixture A
in Table1 from the GC/TOFMS system.Peaknumberscorrespondto
compoundnumbersin Table1. TheGC oventemperaturewas808C and
the spectralacquisitionrate was 200Hz. Extractedion chromatograms
areshownfor masses43,45,57,58,59,70,71,78,91,and97.
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scalein part (b) of Figure6. Experimentswereconductedat
severalcolumn junctions-point pressures.For Figure6, the
junction-point pressurewas 25.4 psia, and the automated
peak find and deconvolution algorithms in the instrument
software successfully characterized the complete mixture.
Note that 11 componentswere characterized in a time win-
dowextending only from 16 to 22 s.

The combination of a pressure-tunable column ensembles
andTOFMS is clearly very powerful for high-speedcharac-
terization andanalysisof multifunctionalmixtures.A greater
challengefor this combination of technologies involves the
high-speedcharacterization of hydrocarbonmixtures,which
exhibit a much smaller rangeof polarities. The polarities of
the components in mixtures A (multifunctional) and C
(hydrocarbons only) from Table1 for the column ensemble
used in theseGC/TOFMS studiesare shown in Figure 7.
Theseplots show overall retentionfactorsko obtainedfrom
GC/TOFMSexperiments at a column junction-point pressure
of 40 psiavs.valuesat a pressure of 16 psia.This is aboutthe
usefulpressure rangefor thesystem. The low pressure endis
limited by the atmospheric-pressure vent usedwith the pres-

surecontroller, and the high pressure end is limited by the
GC inlet pressure.The numbersby the pointscorrespond to
thecompoundnumbersof therespectivemixturesin Table1.
Note that datafor the multifunctional mixture wereobtained
at 808C, and the data for the hydrocarbon mixture were
obtainedat 508C.

If theoverall polaritiesof the tandem-columnensemble were
the sameat the two different junction-point pressures, then
the points representing the various mixture components
would lie along a straight line, andno overall selectivity con-
trol could be obtained. The scatterin the plots represents the
degreeof orthogonality in theselectivitiesobtainedat thedif-
ferent junction point pressures.The points representing the
hydrocarbon compounds in Figure7(b) show significantly
greatercorrelation at the two junction-point pressure values
thanis the casefor the multifunctional mixture.Components
5 and15, which arefor aromatic compounds,and12 and13,
which arefor cyclic compounds,areimportant exceptions.

Figure 8(a) showsplots of overall retention factor vs. junc-
tion-point pressurefor the first 11 componentsin the hydro-

Figure 7. Plotsof overall retentionfactorsfor thecomponentsof mixture
A (a) andmixture C (b) in Table1 for a columnjunction pressureof 40
psia vs. valuesfor a junction pressureof 16psia. Data are from GC/
TOFMS measurementswith an 808C GC oven temperaturefor plot (a)
anda 508C oven temperaturefor plot (b). The spectralacquisitionrate
was 200Hz. The numbersby the points correspondto the compound
numbersin Table1.

Figure 8. Plotsof overall retentionfactorvs.columnjunction-pointpres-
sure (a) and peak separationvs. junction-point pressurefor co-eluting
peak pairs (b) for the first 11 eluting componentsof mixture A from
Table1. Dataarefrom GC/TOFMSmeasurementswith a 508C GC oven
temperature.The spectralacquisitionrate was200Hz. Numbersby the
plotscorrespondto thecompoundnumbersin Table1.
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carbonmixture. The plots are not shown for the remaining
components so that the first 11 could be presentedon an
expandedvertical scale.Numbersby the plots correspondto
thenumbersfor mixture C in Table1. Hold-uptime for reten-
tion-factor calculationswasmeasuredastheretentiontime of
the N2

+ ion from the headspacesamples.Correlationcoeffi-
cientsfor the linear-regression lines are in the range0.981–
0.991. For this study, hold-up times for the individual col-
umns were not computed, and junction-point pressurewas
useddirectly asthe independentvariablefor theplots in Fig-
ure8(a).Previous work hasshown that the fractional contri-
bution of the first columnin theensemble variesnearlyline-
arly with junction-point pressure [20].

All of theseplots havenegative slopesexcept for except for
plot 5 (benzene). Toluene(not shown in the Figure)alsohas
a positiveslope. Negative slopesareexpected for theserela-
tively non-polarcompoundssincethe fractional contribution
of thefirst (polar)columnincreaseswith increasing junction-
point pressure.Note that the plots for components3 (1-hep-
tene)and6 (2-heptene) havesignificantly smaller slopesthan
theplots for thesaturatedhydrocarboncompounds.

Figure 8(b) shows plots of peak-pair separation for all com-
ponentpairs from Figure8(a) which co-elute for somejunc-
tion-point pressure value.Thesepeakseparation valueswere
founddirectly from theautomatedpeakfind algorithm avail-
ablewith the TOFMS software.Zero valuesof peaksepara-

tion indicate that only one peak was indicated. The corre-
sponding junction-point pressurevaluesdo not provide for
complete characterization of the mixture. Note that for com-
ponentpair 7 (methylcyclohexane) and 8 (2,5-dimethylhex-
ane),deconvolution failed overa considerablerangeof junc-
tion-point pressurevalues. This is becauseof the low sensi-
tivity with respectto junction-point pressure for the peak
separation of this componentpair. Plotsof the type shownin
Figure8(b) can be usedfor the selection of junction-point
pressure values which will obtain complete characterization
of a targetmixture.

Figure 9 showsportionsof extractedion chromatogramsfor
four values of junction-point pressure. For case(a), the pres-
surewas17.6psia,andfrom theplots in Figure8(b), all com-
ponentsshould be adequately separatedfor completecharac-
terization of the mixture. While peaks7 and 8 show severe
overlap, both peakswerefound, anddeconvolution wassuc-
cessful. For case (b), the junction-point pressure was
increasedto 20.4psia. For this case, only a single peak
shouldbe found for peakpair 7/8 andalsofor peakpair 5/6.
This is confirmedin theextracted-ion chromatograms. When
thepressure is increasedto 23.2psiafor case(c), component
pair 5/8 showsnearly complete overlap, and deconvolution
was not successful. Finally, for case(d) the pressure was
increasedto 28.0psia, and all components are adequately
separatedfor complete characterization of the mixture. This
is predicted from theplotsin Figure8(b).

Figure 9. Extractedion chromatogramsfor components5–10 from mixtureC in Table1 usingcol-
umn junction-pointpressurevaluesof 17.6 psia (a), 20.4 psia (b), 23.2psia (c) and28.0 psia (d).
The GC oventemperaturewas508C, andthe spectralacquisitionratewas200Hz. Peaknumbers
correspondto compoundnumbersin Table1. Vertical lines correspondto peaklocationsfrom the
automatedpeak-findTOFMSsoftware.Chromatogramsaredisplayedfor masses55,63,85,and99.
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4 Conclusions

Pressure-tunablecolumn ensemblesusing electronicpressure
control are very useful for high-speedGC and GC/TOFMS.
With electronicpressurecontrol, very precise peakposition
control can be achieved, and window-diagram procedures
can be used to reliably predict the junction-point pressure
valuesneededfor the most complete separation that can be
obtainedfor a specifiedsetof targetcompoundsusingaparti-
cular pair of stationary phases.All of the studiesreported
hereinvolved isothermal column operation. While pressure-
tunablecolumnensemblescanbeusedwith temperaturepro-
gramming, theprediction of peakelution timesis morediffi-
cult andwasnot attemptedin thiswork.

By theuseof a vent line betweenthepressure controller and
the column junction point, a very wide tuning rangecan be
achieved without risk of contaminating the controller. How-
ever, for the extremeendsof the tuning rangethe pressure
drop along oneof the columnsbecomesvery small, and the
averagecarriergasvelocity in that column becomesso low
thatcolumn efficiency andseparationtime bothareseriously
degraded. In addition,whenthe controller set-point pressure
is below the value that would normally exist at the junction
point in the absenceof external connections, some of the
sampleis lost throughthe vent. The implicationsof this for
accurate quantitation areunder investigation.

The developmentof a pressure-tunablesystemfor vacuum-
outlet operation is significant andmay impacton the design
of small, portable instrumentationusingatmospheric-pressure
air ascarriergas.Columnstability studieshaveindicatedthat
both dimethylpolysiloxane and trifluoropropylpolysiloxane
columnsshow good stability in air at temperaturesup to at
least1508C. Theuseof vacuum-outletoperation alsosignifi-
cantly increasescolumn performanceat higherflow rates and
reducesthedeadtime of closed-cell detectors.

Therecent introduction of TOFMSfor GC detection provides
powerful technology for high-speedmixturecharacterization.
The combination of TOFMS and pressure-tunable column
ensemblesshouldallow for very rapid andcomplete charac-
terization of complexmixtures.The resultsreportedhere are
very encouraging and show that evenfor hydrocarbonmix-
tures, the combination of dimethylpolysiloxane and poly-
ethyleneglycol columnscanachieve considerablecontrol of
elution patterns. This control coupled with the ability of
TOFMSto automatically find anddeconvolute severely over-
lappingchromatographicpeaks shouldbe very usefulfor the
high-speed characterization of complex hydrocarbon mix-
turesof interestto thepetroleumindustry.
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