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ABSTRACT: Rapid, comprehensive two-dimensional gas
chromatographic (GC × GC) separations by use of a
microfabricated midpoint thermal modulator (μTM) are
demonstrated, and the effects of various μTM design and
operating parameters on performance are characterized. The
two-stage μTM chip consists of two interconnected spiral
etched-Si microchannels (4.2 and 2.8 cm long) with a cross
section of 250 × 140 μm2, an anodically bonded Pyrex cap,
and a cross-linked wall coating of poly(dimethylsiloxane)
(PDMS). Integrated heaters provide rapid, sequential heating
of each μTM stage, while a proximate, underlying thermo-
electric cooler provides continual cooling. The first-dimension column used for GC × GC separations was a 6 m long, 250 μm
i.d. capillary with a PDMS stationary phase, and the second-dimension column was a 0.5 m long, 100 μm i.d. capillary with a
poly(ethylene glycol) phase. Using sets of five to seven volatile test compounds (boiling point ≤174 °C), the effects of the
minimum (Tmin) and maximum (Tmax) modulation temperature, stage heating lag/offset (Os), modulation period (PM), and
volumetric flow rate (F) on the quality of the separations were evaluated with respect to several performance metrics. Best results
were obtained with a Tmin = −20 °C, Tmax = 210 °C, Os = 600 ms, PM = 6 s, and F = 0.9 mL/min. Replicate modulated peak areas
and retention times were reproducible to <5%. A structured nine-component GC × GC chromatogram was produced, and a 21
component separation was achieved in <3 min. The potential for creating portable μGC × μGC systems is discussed.

Numerous reports have appeared over the past decade or
so on microscale gas chromatograph (μGC) compo-

nents,1−13 subsystems,14−16 and systems,17−25 consisting of one
or more microfabricated Si devices. The low power require-
ments, small size, and eventual low production cost of μGC
systems favor their use in field or clinical settings for measuring
volatile and semivolatile organic compounds (SVOC), such as
explosive markers, chemical warfare agents, indoor air
pollutants, and breath biomarkers of disease or toxic chemical
exposure. Although the scaling laws governing GC separations
generally favor miniaturization,26 inherent limitations on the
maximum length and minimum diameter of the (micro)
columns, as well as the minimum injection bandwidth, place
limits on the achievable peak capacity (np) and resolution (Rs).
One approach to relieving these constraints on performance
entails the use of comprehensive two-dimensional gas
chromatography (GC × GC).
GC × GC is a highly effective method for separating the

components of complex mixtures of (S)VOCs.27 A junction-
point modulator couples a relatively long first-dimension (1D)
column to a relatively short second-dimension (2D) column
having a different stationary phase and, thereby, different
retention properties. As each compound elutes from the 1D

column it is reinjected in a series of narrow bands that elute
through the 2D column rapidly enough to preserve the 1D
separation. Pneumatic modulation is achieved by tapping a
second carrier gas source into the junction point and toggling a
series of valves that transfer the effluent from the 1D column to
the 2D column at very high frequency.28,29 Reinjection
bandwidths as narrow as 22 ms can be obtained, but little or
no focusing occurs, and therefore, the peak amplitude
enhancement (PAE; i.e., the modulated/unmodulated peak
height ratio) is generally quite limited.29 Thermal modulation is
achieved by alternately bathing a small section of capillary at the
junction point in a cooled gas to trap and focus peak segments
from the 1D column and then heating to transfer them to the
2D column.30−34 Reinjection bandwidths as narrow as 50 ms
and PAE values as high as 70 have been reported by virtue of
the refocusing that occurs with the thermal modulator
(TM).27,32,33 Plotting the 1D retention times against the 2D
retention times provides a two-dimensional (2-D) chromato-
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gram that conveys the net differential retention of the mixture
components on the two columns.
The primary difficulties faced in trying to miniaturize GC ×

GC systems with commercial TM subsystems are the need for
large quantities of consumable cooling fluids and the power
demands for both heating and cooling, which can be on the
order of kilowatts.32b,33,34 As part of an ongoing effort
concerned with the development of μGC systems and
components in our laboratories,1,4,7,8,14−16,18,21,22,24,25 we
recently described a microfabricated TM (μTM) that operates
with relatively low power and without cryogenic fluids.35−37

The μTM chip consists of two series-coupled, convolved-
square-spiral, deep-reactive-ion-etched (DRIE) Si microchan-
nels (stages) with an anodically bonded Pyrex cap, a cross-
linked poly(dimethylsiloxane) (PDMS) wall coating, and
individual thin-metal-film heaters and temperature sensors.
The chip is mounted on a thermoelectric cooler (TEC), which
is used for focusing. Highlights of that work include modulated
peaks with full width at half-maximum (fwhm) values as low as
70 ms (for n-heptane) and PAE values as high as 50. Testing
performed to date, however, entailed only a 1D column so that
the modulated peaks emerging from the μTM could be
characterized without the influence of a 2D column.
In this article, we describe a GC × GC system that uses a

μTM of similar design to that reported previously. Relatively
short commercial 1D and 2D capillary columns are used in
anticipation of developing a μGC × μGC system for (S)VOCs.
The effects of varying the stage temperatures, modulation
period, stage-heating offset period, and volumetric flow rate are
examined with respect to several performance metrics using a
small set of VOCs as test analytes. The reproducibility of the 2-
D separations provided under a given set of conditions is
examined, and then a structured chromatogram is produced
and assessed. Finally, a fast GC × GC 21 component VOC
mixture separation is presented. The implications of the results
for using this type of μTM in bench-scale GC × GC systems
and in portable μGC × μGC systems for fast analysis of
(S)VOC mixtures are considered.

■ EXPERIMENTAL SECTION
μTM Preparation. The design, thermal analysis, and

fabrication of the μTM device have been described
previously.35,36 Figure 1a shows a photograph of the device
(see refs 35 and 36 for dimensional diagrams). The 13 × 6 mm2

μTM chip consists of two square-spiral, boron-doped Si
microchannels, 4.2 cm (stage 1) and 2.8 cm (stage 2) long,
with cross sections of 250 μm (w) × 140 (h) μm and wall
thicknesses of 30 μm. The microchannel dimensions were
chosen on the basis of the modulator reported by Libardoni et
al. in ref 34 and prior work by that group cited in that article. A
100 μm thick Pyrex cap is anodically bonded to the top surface,
sealing the microchannels and providing additional mechanical
strength to the Si frame. There is a 0.5 mm long microchannel
interconnection segment between the two stages. Connections
to upstream and downstream capillaries are made at opposing
sides of the rim. Four Ti/Pt resistive heaters and temperature
sensors are patterned on the Pyrex surface, one set beneath
each stage and another set beneath the inlet and outlet ports on
the rim.
Two 5 cm long sections of deactivated fused-silica capillaries

having 250 μm i.d. and 100 μm i.d. were connected to the inlet
and outlet ports, respectively, with epoxy (Hysol epoxy patch
1C, Rocky Hill, CT). The interior walls of the microchannels

(and connecting capillaries) were coated with a 0.3 μm thick
cross-linked film of PDMS (OV-1, Ohio Valley, Marietta, OH)
from a 1:1 n-pentane/dichloromethane solution (0.6% w/v
PDMS, 0.005% w/v dicumyl peroxide), using a static coating
and thermal cross-linking method described previously.7 The
μTM chip was then mounted and wire-bonded to a custom
printed circuit board in proximity to an underlying TEC as
described in the Supporting Information accompanying this
article.

Performance Testing. The μTM-TEC testing platform
was placed inside the oven of a bench-scale GC (model 6890,
Agilent Technologies, Santa Clara, CA). Resistance values of
the integrated temperature sensors were calibrated using the
GC oven. The TEC was operated continuously at an applied
power of 21 W, which yielded a minimum stage temperature,
Tmin, of −40 °C with the rim heaters deactivated and an
ambient temperature of 23 °C. Reducing the power to the TEC
allowed for higher Tmin values. Modulations entailed applying
100 ms voltage pulses independently to each stage heater
through two solid-state relays (D1D12, Crydom, San Diego,
CA). The voltage applied to each stage was adjusted manually
between 55 and 60 V to achieve the desired maximum stage
temperature, Tmax, which ranged from 195 to 250 °C. A custom
Visual C# program was used to control the timing of the
applied voltages, as well as to read the temperature sensors via a
DAQ card (NI USB-6212, National Instruments, Austin, TX)
installed in a laptop computer. A constant voltage was applied
independently to each rim heater and adjusted to maintain the
ports at the ambient temperature when the TEC was on.
Inlet and outlet capillary sections were connected to

commercial fused-silica capillary columns by means of press-
tight connectors. The 1D column was a 6 m long, 0.25 mm i.d.
capillary with 0.25 μm thick stationary phase of PDMS (Rtx-1,

Figure 1. (a) Photograph of the microfabricated two-stage thermal
modulator (μTM), with labels identifying the essential features. (b)
Photograph of the fully assembled μTM mounted on a printed circuit
board (PCB). The TEC is located beneath the μTM PCB, and the 1D
and 2D columns are beyond the field of view.
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Restek Corp., Bellefonte, PA), and the 2D column was a 0.5 m
long, 0.1 mm i.d. capillary with a 0.1 μm thick stationary phase
of poly(ethylene glycol) (PEG, Rtx-Wax, Restek). The
temperature of the 1D column corresponded to that of the
GC oven. The 2D column was wrapped with insulated Cu wire
(100 μm o.d., EIS, Inc., Atlanta, GA) and then with heat-
resistant thin polyimide tape (McMaster Carr, Santa Fe
Springs, CA). A fine-wire thermocouple (type K, Omega,
Stamford, CT) was placed between the capillary and heater coil.
For all tests the 2D column was maintained at ∼80 °C. Note
that the outlet capillary segment affixed to the μTM chip was
coated with PDMS and was at oven temperature for all testing.
The distal end of the 2D column was connected to the flame
ionization detector (FID) via a 5 cm segment of deactivated
fused-silica capillary (100 μm i.d.). For some testing, the 2D
column was bypassed and the TEC was turned off so that the
1D peak widths could be measured.
Test compounds were >98% pure (Sigma-Aldrich, Milwau-

kee, WI) and used without further purification. Vapor mixtures
were prepared by injecting 1 μL of each component into a 10 L
Tedlar bag (SKC Inc., Eighty-Four, PA) filled with a known
volume of dry N2. A sample of this test atmosphere was drawn
by a small diaphragm pump (UN86, KNF Neuberger, Trenton,
NJ) through a 112 μL sampling loop connected to a six-port
valve. The valve and loop were housed in a heated (80 °C)
enclosure on the GC chassis. Actuating the six-port valve
injected the contents of the loop to the 1D column of the GC ×
GC subsystem via a short section of deactivated fused-silica
capillary. Using He as the carrier gas, the volumetric flow rate,
F, was adjusted by varying the GC inlet pressure and was

measured at the end of the 2D column with a bubble flow
meter.
The data sampling rate and temperature of the FID were 200

Hz and 250 °C, respectively. ChemStation software
(rev.B.01.01, Agilent Technologies, Santa Clara, CA) was
used for data acquisition, GRAMS32 (version 6.0. Thermo-
Scientific, Pittsburgh, PA) was used for 1-D data processing,
and GC Image (rev 2.2, Zoex, Houston, TX) was used for 2-D
data processing and display of 2-D chromatograms.

■ RESULTS AND DISCUSSION
Several μTM operating variables must be set for a GC × GC
analysis, and each has an effect on performance. The stage-
heating offset, Os, is the time delay between heating of the first
and second stage heaters, which can affect sample transfer
efficiency. The modulation period, PM, is the time between
successive first-stage heating events (i.e., modulations), and it
must be considered together with the retention time, tR, on the
2D column which, in turn, is affected by the F value, 2D column
temperature, and the analyte−stationary phase interactions.
The values of Tmin and Tmax affect the efficiencies of trapping
and remobilization, and the rates at which Tmin and Tmax are
reached affect the minimum achievable PM as well as the
reinjection bandwidth for the 2D column separation. The rate
at which Tmax is reached for the μTM design used here is
determined by the magnitude and duration of the applied
heater voltage and was as high as 2300 °C/s for the range of
Tmin and Tmax values studied. The rate at which Tmin is reached
is determined by the thermal mass of the stage and the net
thermal resistance of all heat dissipation pathways.35 Although

Figure 2. Two-dimensional chromatogram showing the effect of the modulator temperatures (a−c), volumetric flow rate (d−f), and modulation
period (g−i) on the quality of separations; 1D column temperature = 33 °C (25 °C for panel a), 2D column temperature = 80 °C. Conditions for
panels a−c: F = 0.9 mL/min, PM = 6 s, Os = 600 ms. Conditions for panels d−f: PM = 6 s, Os = 600 ms, Tmin = −20 °C, Tmax = 210 °C. Conditions for
panels g−i: F = 0.9 mL/min, Os = 600 ms, Tmin = −20 °C, Tmax = 210 °C. Compounds: 1, benzene; 2, isoamyl alcohol; 3, hexanal; 4, n-octane; 5, 2-
methyl-2-hexanol; 6, 2-heptanone; 7, n-decane.
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the thermal time constant for cooling the μTM was ∼0.34 s,
regardless of Tmax, it required ∼3−4 s to fully return to Tmin.
Thermal crosstalk between the rim and each stage and

between the two stages can also affect performance. If no
voltage were applied to the rim heaters, then the inlet and
outlet ports would reach temperatures similar to Tmin, creating a
cold spot in the sample transfer path. By applying a constant
bias in the range of 2−3 V to each rim heater, the temperatures
of the inlet and outlet ports were adjusted to match that of the
GC oven (i.e., 25 or 33 °C). The interstage thermal crosstalk
was ∼7−10% for the μTM design used in this study under the
conditions employed. This is as much as 3% higher than that
for the device described in ref 36 owing to the shorter
interconnection microchannel employed (i.e., 0.5 vs 1 mm). As
a result, heating the first stage led to a transient increase of
∼16−19 °C in the value of Tmin for the second stage during
each modulation over the ranges of Tmax and Tmin values
studied. Increasing Os from the default value of 600 to 1800 ms
prolonged the transient temperature and reduced the trapping
efficiency of the second stage. Reducing Os to 200 ms gave
performance similar to that for Os = 600 ms, indicating that
interstage heat transfer is rapid.
Performance was assessed with respect to the fwhm of the

primary modulated peaks, the tR values and critical-pair
resolution in the 2D column (Rs2), the modulation ratio (MR,
i.e., number of detectable 2D peaks per 1D peak), np, and the
extent of breakthrough. The latter phenomenon was assessed
qualitatively by careful inspection of the 2-D chromatograms.
Breakthrough occurs when the trapping capacity of the μTM is
exceeded in one or both stages. It is accompanied by the
appearance of vertically broadened signals in the 2-D
chromatogram at 1D retention times that are earlier than
expected, and it results in unpredictable 2D retention times.
Wrap-around occurs when PM is shorter than the retention time
on the 2D column. It results in compounds eluting in a later
modulation cycle at an unpredictable, though reproducible, 2D
retention time. Rs2 is defined as (tR2 − tR1)/wA, where tR2 and
tR1 are the

2D retention times of adjacent compounds, assuming
coelution in the first dimension, and wA is the average base peak
width of the primary modulated peaks.38 Values of Rs2 for the
(“critical”) n-octane/hexanal pair were used to compare the
performance under certain operating conditions.
The peak capacity represents the hypothetical number of

perfectly spaced peaks that could be separated at a specified
value of Rs: np = 1 + N1/2/(4Rs) ln(tRn/tM),

38 where N is the
plate number derived from the expression 5.545(tR/fwhm)

2, Rs
= 1 for this study (arbitrary), tM is the hold-up time, and tRn is
the retention time of the last retained peak. For GC × GC
separations, np,GC×GC is the product of the peak capacity for
each dimension, i.e., np1 × np2,

27 and PM is used instead of tRn
for the 2D column.34

Modulator Temperatures. The influence of Tmin and Tmax
on performance was evaluated using the following seven VOCs,
the boiling points (bp) of which range from 80 to 174 °C:
benzene, isoamyl alcohol, hexanal, n-octane, 2-methyl-2-
hexanol, 2-heptanone, and n-decane. The values of Os, PM,
and F used initially were 0.6 s, 6 s, and 0.9 mL/min,
respectively. Four different combinations of Tmin and Tmax were
tested; as the value of Tmin was adjusted the corresponding
value of Tmax was also adjusted so as to maintain a span (i.e.,
ΔT = Tmax − Tmin) of 220−230 °C.
For the first tests, with Tmin = −27 °C and Tmax = 195 °C, the

1D column temperature was 25 °C and the 2-D chromatogram

in Figure 2a was obtained. MR values were between 2 and 3 for
all compounds, all 2D tR values were <2.5 s, Rs2 was 1.7, and the
separation required 4.4 min. Importantly, the most volatile test
compound, benzene, was trapped efficiently in the μTM under
these conditions. The 2D tR values of the polar compounds
were generally larger than those of the hydrocarbons, as
expected, and the fwhm value of the primary modulated peak of
each compound ranged from 82 ms (n-octane) to 300 ms (n-
decane). The tailing observed along the 2D axis could arise
from any of several of factors, including the low value of Tmin,
the relatively thick PDMS wall coating in the μTM, and the
short segment of downstream interconnecting capillary, which
was at the oven temperature of 25 °C. The horizontal band
apparent in most of the Figure 2 panels has a retention time
similar to that of n-octane in the 2D column and can be
ascribed to a small amount of bleed arising from decomposition
of the PDMS in the μTM each time it is heated.
For the second test condition (Figure 2b), the GC oven (1D

column and capillary interconnect) temperature was increased
to 33 °C, and the lowest Tmin value that could be maintained
was −20 °C. The value of Tmax was therefore increased to 210
°C. Under these conditions, breakthrough of benzene occurred;
it eluted from the 2D column as a broadened signal in the
modulation cycle preceding that in which it was expected and
gave an anomalous 2D tR value of ∼5.4 s. This can be attributed
to the interstage thermal crosstalk, which led to a transient
increase in the second-stage Tmin value to −1 °C during each
modulation and reduced the trapping capacity for benzene. The
2D tR and MR values of the remaining test compounds were
similar to those in Figure 2a, but the 1D retention times were
shorter due to the higher 1D column temperature. In addition,
there was less 2D peak tailing due to the higher Tmin, Tmax, and
interconnect temperatures; values of fwhm of the primary
modulated peaks decreased slightly for the more volatile
compounds (e.g., 72 ms for n-octane) and significantly for the
less volatile compounds (e.g., 197 ms for n-decane). The Rs2
value increased to 2.4 while the separation time decreased to
2.9 min.
For the data shown in Figure 2c, Tmin was increased to 0 °C

(transient second-stage Tmin = 16 °C) and Tmax was increased
to 230 °C while maintaining the column temperatures as in the
previous run. In this case, both benzene and hexanal showed
evidence of breakthrough from the second stage, and fwhm
values increased 2−3-fold for all other compounds except n-
decane, for which fwhm decreased by ∼10% (i.e., 180 ms) in
spite of the higher value of Tmin. Apparently, the increase in
fwhm for the four other compounds arises from a reduction in
focusing within the second stage of the modulator and a
consequent increase in the reinjection bandwidth. Accordingly,
the 2D tR and MR values and total separation time were the
same as those for Figure 2b. Due to hexanal breakthrough, Rs2
could not be calculated. The separation required <3 min.
For Tmin = 20 °C (transient second-stage Tmin = 35 °C) and

Tmax = 250 °C, all compounds except for n-decane broke
through the modulator (data not shown). The fwhm of n-
decane remained at 180 ms, suggesting that these conditions
would be suitable for compounds of similar and somewhat
lower volatility than n-decane. Note that the fwhm for n-decane
did not change upon reducing Tmax to 210 °C, which indicates
that the reinjection bandwidth was not limited by this factor.
From the preceding results, values of Tmin = −20 °C and Tmax

= 210 °C seemed to provide the best performance for this set of
compounds, with the exception of benzene. With these
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modulator temperatures and the other operating conditions
used in this series of experiments, np,GC×GC was 216 on the basis
of the n-decane tR and fwhm values (np1 = 18; np2 = 12) and 60
on the basis of 2-heptanone tR and fwhm values (the latter
allows comparisons with data from the next series of
experiments).
Flow Rate. In GC × GC, it is generally necessary to

compromise between optimal carrier gas velocities for the 1D
and 2D columns, because they are connected in series and F
cannot be adjusted independently. In general, F should be
adjusted such that the maximum 2D tR value is less than PM.
This places a constraint on the minimum F value. At higher F
values, several issues can arise. First, the trapping capacity of the
modulator can be exceeded because of sample overloading or
because insufficient time is available for the first stage to cool
down after the first modulation heating event. Second, MR
values can be reduced because the peaks eluting from the 1D
column are narrower.39 Third, the retention on the 2D column
could be reduced to a point where resolution is compromised.
These factors, thus, place constraints on the maximum F value.
Golay plots generated separately for each column using He

as carrier gas, (n-octane, k = 2.7, 33 °C for 1D; and n-tridecane,
k = 2, 80 °C for 2D) indicated optimal velocity values, uopt, of
37 and 14 cm/s for the 1D and 2D column, with Hmin values of
0.028 and 0.017 cm, respectively. The corresponding values of
N are 3570 and 5500 plates/m, respectively. This translates to F
values of 1.2 mL/min for 1D column and 0.06 mL/min for 2D
column. The effect of F was explored for a subset of five test
compounds (i.e., benzene, isoamyl alcohol, hexanal, n-octane,
and 2-heptanone) at discrete F values of 0.1, 0.4, 0.9, and 1.5
mL/min. Values of the other relevant operating variables are
given in the caption of Figure 2.
As shown in the 2-D chromatograms in Figure 2d−f,

increasing F leads to a commensurate decrease in the 1D
column tR values of all compounds. Notwithstanding the
breakthrough of benzene under these conditions, the effects on
the 2D column separation vary. At F = 0.1 mL/min the 2D tR
values exceeded PM and all compounds exhibited wrap around;
however, all compounds were well-separated (data not shown).
Due to the broadness of the 1D peaks at this low flow rate, the
MR values were >3 and the separation required 4.4 min. The
large fwhm values of the primary modulated peaks of the
compounds are also attributed to the low F in the 2D column
(e.g., n-octane fwhm = 627 ms).
At F = 0.4 mL/min (Figure 2d), all compounds were

effectively separated in 1.6 min. Rs2 was 2.7, MR values ranged
from 2.5 to 3.5, and the fwhm for the primary modulated peak
of n-octane was 130 ms. On the basis of 2-heptanone, the
np,GC×GC for this flow rate is 72 (np1 = 9; np2 = 8). At F = 0.9
mL/min (Figure 2e), the compounds were also effectively
separated, Rs2 was 2.5, MR values ranged from 2 to 3, and the
separation required 1.1 min. The fwhm for the primary
modulated peak of n-octane was 76 ms. On the basis of 2-
heptanone, the np,GC×GC for this modulation period is 60 (np1 =
6 and np2 = 10), slightly lower than at 0.4 mL/min. Increasing F
to 1.5 mL/min (Figure 2f) led to very short tR values on the 2D
column. Rs2 was not calculated due to breakthrough of hexanal;
however, the resolution among the other compounds was lower
than that at 0.9 mL/min. At this F, the base peak widths from
the 1D column decreased to where MR values were <2. The
separation required <1 min.
Although similar results were obtained for F values of 0.4 and

0.9 mL/min, the latter was deemed preferable because it

reduced the analysis time by 30% with minimal reductions in
Rs2 (8% reduction) and np,GC×GC (16% reduction).

Modulation Period. For the next series of tests, PM was
varied from 2 to 10 s while keeping all other variables at the
same values as indicated for Figure 2e. The same subset of five
test vapors was used. The shortest PM value of 2 s (Figure 2g)
resulted in breakthrough for all compounds due to insufficient
time for cooling the μTM stages between successive heating
events. There was also evidence of wraparound for those
compounds with tR (

2D) close to 2 s. At PM = 4 s (Figure 2h),
all compounds were effectively separated, Rs2 was 2.4,MR values
ranged from 2.2 to 3, and the separation required 1.1 min. The
fwhm for the primary modulated peak of n-octane was 80 ms.
On the basis of 2-heptanone, the np,GC×GC for this modulation
period is 57 (np1 = 6; np2 = 9.5). The data for PM = 6 s was
already presented in Figure 2e. Rs2 was 2.2, MR values ranged
from 2.0 to 3.0, and the 2D tR values were similar to those with
PM = 4 s. Despite the slightly smaller values of MR and Rs, a PM
of 6 s is considered preferable to 4 s because it allows more
time for the 2D separation and a slightly higher np,GC×GC. (i.e.,
60, based on 2-heptanone, see above).
At PM = 10 s (Figure 2i), all compounds were effectively

separated and only benzene suffered breakthrough. At this PM
value breakthrough might have been expected due to the
limited capacity of the μTM; however, none was observed for
other compounds. Rs2 was reduced to 1.6 and MR values were
<1.5 for all compounds, which is less than optimal, since the
resolution in 2D is degraded. The separation required 1.1 min.
The fwhm of the primary modulated peak of n-octane was 78
ms. The np,GC×GC value determined on the basis of 2-heptanone
increases to 78 (np1 = 6; np2 = 13) mostly by virtue of using the
value of PM as the default retention time in the peak capacity
calculation. It is clear from Figure 2i that one would want to
operate at a lower flow rate to take full advantage of such a long
PM setting.

Reproducibility. To examine reproducibility, four replicate
separations were performed for the same subset of five test
compounds used in previous experiments under the conditions
presented in Figure 2e. Table S1 (Supporting Information)
shows the relative standard deviation (RSD) of the 2D tR values
and the total area of the modulated peaks. The former ranged
from 2.2% for 2-heptanone to 4.6% for isoamyl alcohol and is
largely a consequence of the lack of an automatic modulation
event start timer for the GC × GC analysis. The tailing peaks
obtained for isoamyl alcohol in the 2D column contribute to its
higher RSD value. The sums of the modulated peak areas show
a similar degree of variability, with RSDs ranging from 1% to
5%. RSD values of the peak areas for individual modulated
peaks, also shown in Supporting Information Table S1, are as
high as 7%, undoubtedly due to changes in modulation phase
associated with slight changes in the timing of the
modulations.40

Structured Chromatogram. Figure 3 shows more clearly
the effect of the different stationary phases of the two columns.
A mixture of 12 compounds composed of sets of n-alkanes (n-
heptane, n-octane, n-nonane), aromatics (toluene, m-xylene,
cumene), aldehydes (hexanal, heptanal, benzaldehyde), and
alcohols (1-propanol, 1-hexanol, 2-heptanol) was separated
using the conditions described above (see Figure 2e).
The alkanes eluted in order of bp from the 1D column and

were well-separated, but they were not retained significantly on
the polar 2D column. The aromatic compounds also eluted in
order of bp from the 1D column and were retained only slightly
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longer than the alkanes on the 2D column, due to p−π
interactions with the ether moieties on the PEG stationary
phase of the 2D column. The ketones and aldehydes also
showed bp separations on the 1D column and moderate
retention on the 2D column that reflects their relative polarities
and the dominance of dipole−dipole interactions with the PEG.
Note that several of these compounds coeluted with the
aromatics and alkanes on the 1D column, but they were
separated on the 2D column. As expected the alcohols, except
for 1-propanol, had the largest tR values on the 2D column by
virtue of strong dipolar and hydrogen-bonding interactions with
the PEG. The relatively low 2D tR for 1-propanol can be
explained by its high polarity and high volatility, which lead to
second-stage breakthrough, as seen for benzene in previous
experiments.
The grouping of homologues within a functional group class

is a well-known feature/advantage of GC × GC analyses of
complex samples, where compound-specific analyses are often
not necessary or feasible.27 Although a high degree of
orthogonality is observed between the 1D and 2D column
separations, the increase in 2D retention time with increasing
carbon number within a homologous group reflects some
residual volatility-based separation. This could be reduced or
eliminated with temperature programming of the 2D column.
Fast GC × GC Separation of a Moderately Complex

Mixture. Figure 4a shows the chromatogram from the 1D
column (i.e., bypassing the μTM and 2D column) of a 21
component test mixture containing compounds spanning a bp
range of 80 (benzene) to 178 °C (benzaldehyde). The column
temperature was 33 °C, and F had to be increased to ∼5 mL/
min to obtain tR values similar to those for the 1D column
obtained at 0.9 mL/min with the GC × GC setup (Figure 4b).
Peak assignments are based on individual runs of each

component. The total analysis time was only 3 min. Overall,
good peak shapes were obtained with some tailing of the more
polar compounds. The following full or partially coelutions are
apparent: peaks 3/4 (1-propanol/n-heptane), 9/10 (cyclo-
pentanone/isoamyl alcohol), 14/15 (n-nonane/cumene), and
13/21 (2-heptanone/benzaldehyde). The np for this chromato-
gram is ∼31 on the basis of the n-decane tR value. Note that the
relatively high value of F employed in this 1-D separation is well
above the optimal value. However, operating at F = 1.2 mL/
min (corresponding to uopt) increased the total separation time
3-fold (i.e., to 9 min).
Figure 4b shows the GC × GC chromatogram for the same

mixture with the same modulator settings and operating
conditions as used in the preceding section. Peaks 1, 2, and 3
correspond to the most volatile members of the mixture,
benzene, trichloroethylene, and 1-propanol, respectively. They
all showed evidence of breakthrough, as expected (vide supra).
The peaks of the polar compounds (i.e., peaks 17, 18, 20, 13,
and 21) were broader than those of the nonpolar compounds
due to the longer 2D tR values. Values of fwhm of the primary
modulated peaks ranged from 75 ms (n-heptane) to 900 ms
(benzaldehyde). All of the overlapping peaks in the 1D
separation (Figure 4a) are resolved in the 2D dimension;

Figure 3. Structured chromatogram of compounds from several
functional group classes. Symbols designate subsets: triangles for
alkanes (in order of 1D tR, n-heptane, n-octane, n-nonane); hexagons
for aromatics (in order of 1D tR, toluene, m-xylene, cumene); circles
for ketones (in order of 1D tR, 2-hexanone, cyclopentanone, 2-
heptanone); diamonds for aldehydes (in order of 1D tR, hexanal,
heptanal, benzaldehyde); squares for alcohols (in order of 1D tR, 1-
propanol, 1-hexanol, 2-heptanol).

Figure 4. (a) One-dimensional chromatogram of a 21 component
mixture (16−20 ng of each compound, injected as vapor). Conditions:
6 m, 0.25 mm i.d. PDMS (0.25 μm thickness); 33 °C (oven); F = 5
mL/min, FID. (b) GC × GC chromatogram of the same mixture. The
1D column was the same as used for the 1-D chromatogram (33 °C),
the 2D column was a 0.5 m, 0.10 mm i.d. PEG (0.10 μm thickness, 80
°C), F = 0.9 mL/min, Tmin/Tmax = −20/210 °C, PM = 6 s, Os = 600
ms, FID. Compounds (bp, °C): 1, benzene (80); 2, trichloroethylene
(87); 3, 1-propanol (97); 4, n-heptane (98); 5, toluene (111); 6,
hexanal (119−124); 7, n-octane (125); 8, 2-hexanone (127); 9,
cyclopentanone (130); 10, isoamyl alcohol (131); 11, m-xylene (139);
12, 2-methyl-2-hexanol (141); 13, 2-heptanone (150); 14, n-nonane
(151); 15, cumene (152); 16, heptanal (153); 17, 1-hexanol (155−
159); 18, octanal (171); 19, n-decane (174); 20, 1-heptanol (175); 21,
benzaldehyde (178).
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however, peaks 8/11 (2-hexanone/m-xylene) are only partially
resolved in the 2-D plot. The np,GC×GC is ∼216.

■ CONCLUSIONS
This is the first study to demonstrate GC × GC separations
with a μTM. Short 1D and 2D columns were employed in
anticipation of using microfabricated columns to assemble a
μGC × μGC system, which resulted in fast separations even for
the moderately complex mixtures tested. The effects of the key
operating variables Tmin, Tmax, Os, Pm, and F on the quality of
isothermal GC × GC separations were rationalized in terms of
the trapping capacity and transfer efficiency of the μTM and
the retention time on the 2D column. Results demonstrate that
under proper operating conditions the performance of this
robust μTM rivals that of some commercial modulators
requiring much higher operating power or consumable
cryogenic fluids.
Due to the need to control the 1D column temperature by

means of a conventional GC oven in this series of experiments,
the lowest value of Tmin achievable was limited by the oven
temperature, which in turn reduced the trapping efficiency of
the more volatile compounds tested. This problem will be easily
resolved in the planned μGC × μGC system by using on-chip
heaters and temperature sensors to control the 1D and 2D
microcolumn temperatures. Thermal crosstalk between stages
also contributed to breakthrough of the more volatile
compounds, and the relatively slow cooling time of the μTM
stages limited the minimum PM to about 4 s. These issues
should be resolved by increasing the length of the interstage
interconnection channel and reducing the air gap between the
μTM and the TEC (at the cost of somewhat greater heating
power dissipation), respectively.
Although a Tmax of 210 °C was sufficient to remobilize even

the least volatile compounds tested here, a higher Tmax would
be required to analyze mixtures containing components with
boiling points >200 °C (e.g., essential oils, pesticides, and diesel
fuel). Furthermore, progressive ramping of Tmin and Tmax would
be required to analyze more complex mixtures. The former may
require use of a different stationary phase in the modulator due
to the possibility of excessive bleed at higher temperatures. The
latter could be addressed by implementation of temperature
controllers to coordinate Tmin and Tmax with the (micro)column
temperature program over the course of the separation, while
maintaining a constant value of ΔT.33 These modifications
would increase the range of compounds and the effective peak
capacity of a μGC × μGC system.
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