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Comprehensive two-dimensional gas chromatography (GC
� GC) is the most effective method known for separating

and detecting the components of complexmixtures of volatile and
semivolatile organic compounds.1�3 In GC� GC, a first-dimen-
sion column is coupled through a junction-point modulator to a
relatively short second-dimension column with retention proper-
ties that are complementary to those of the first-dimension col-
umn. Each mixture component eluting from the first-dimension
column is focused and reinjected in a series of narrow bands into
the second-dimension column at a rate that preserves the first-
dimension separation. The primary advantages of GC� GC are
the higher resolution and detectability that can be realized, rel-
ative to 1-D GC systems with comparable column lengths.1�4

Peak amplitude enhancements (PAE) (defined as the modulated/
unmodulated peak-height-maximum ratio) ranging from 10 to
70 have been reported.3

The modulator is a critical system component. Pneumatic5,6 and
thermal7�15 modulators (TM) can be used. In the latter, a
cryogenically cooled fluid such as CO2, N2, or air is used to trap
and focus the analytes eluting from the first-dimension column, and
then a resistive or convective heater is used to reintroduce them
to the second-dimension column.9�15 By periodically cooling and
heating in rapid succession, the first-dimension peak is parsed

into segments, each of which is eluted through the second-
dimension column. The primary limitations of most commer-
cial TM subsystems, particularly for portable instruments, are the
power demands for both heating and cooling, which can be on
the order of a few kW,8,14,15 as well as the need for large volumes
of consumable fluids.

As part of a broader effort concerned with the development of
microfabricated GC (μGC) systems and components thereof,16

we recently reported on a microfabricated TM (μTM) that ope-
rates at much lower power levels than conventional TMs and that
does not use any cryogenic fluids.7,17 Since the lengths of the col-
umns employed in μGC systems are inherently limited (typically
0.5�6 m long),18,19 incorporating 2-D separation modules
(i.e., μGC� μGC) is a logical approach to overcoming the con-
sequent limitations imposed on analytical performance. In that
study, we focused on the thermal analysis and showed prelimin-
ary results demonstrating the modulation of a single compound
and a ternary mixture. Although a brief report on the use of
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ABSTRACT:Amicrofabricated thermal modulator (μTM) designed for ultimate
use in a comprehensive two-dimensional microscale gas chromatography (μGC�
μGC) system is evaluated. The 2-stage device measures 13 mm (l)� 6mm (w)�
0.5 mm (h) and consists of two interconnected serpentine etched-Si microchan-
nels suspended from a thin Pyrex cap and wall-coated with PDMS (polydi-
methylsiloxane). The chip is mounted within a few tens of micrometers of a
thermoelectric cooler that maintains both stages at a baseline temperature
between �35 and �20 �C in order to focus analytes eluting from an upstream separation column. Each stage is heated to
210 �C sequentially at a rate as high as 2400 �C/s by independent thin-film resistors to inject the analytes in consecutive fractions to
a downstream column, and then cooled at a rate as high as�168 �C/s. The average power dissipation is only∼10W for heating and
21W for cooling without using consumable materials. In this study, the outlet of the μTM is connected directly to a flame ionization
detector to assess its performance. Following a demonstration of basic operation, the modulated peak amplitude enhancement
(PAE) and full-width-at-half-maximum (fwhm) are evaluated for members of a series of n-alkanes (C6�C10) as a function of the rim
and stage temperatures; modulation period, phase, and offset; analyte concentration; and carrier-gas flow rate. A PAE as high as 50
and a fwhm as narrow as 90 ms are achieved for n-octane under optimized conditions.
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pneumatic modulation for μGC� μGC appeared recently,20 our
study was the first report of a μTM.

Figure 1 shows the device structure and working configura-
tion. The μTM consists of two series-coupled serpentine Si
microchannels (stages) that can be independently heated and
cooled. Two stages are used to minimize breakthrough, whereby
sample is lost due to incomplete trapping during thermal
transitions. The microchannels are bonded to a thin Pyrex cap
and connected at each end to a Si rim, which provides mechanical
support and facilitates interconnection with upstream and down-
stream capillaries. The device is mounted on a printed circuit
board (PCB), inverted, and placed in close proximity to a ther-
moelectric (TE) cooler, with a precisely defined air gap created
by Si spacers. Thin-film resistors integrated on the Pyrex surface
are used to heat the two stages and the rim. The interior walls of
the microchannels are coated with a thin PDMS (polydimethyl-
siloxane) stationary phase.

Here, we provide a more extensive characterization of the
performance of the μTM. To mimic the ultimate application in a
μGC � μGC, a short (3-m) section of commercial PDMS-
coated capillary (250 μm i.d.) was used as the first-dimension
column, and the outlet was connected directly to a flame ioni-
zation detector (FID) via a 10-cm segment of narrow-bore de-
activated fused silica capillary (100 μm i.d.). Following the
presentation of representative results illustrating the basic fea-
tures of device operation, we explore the effects of several ope-
rating parameters on performance. The PAE and full-width-at-
half-maximum (fwhm) are used as the primary performance
metrics, and the members of a series of n-alkanes are used as the

test analytes. The operating parameters examined include the
stage and rim temperatures, modulation period and timing
(phase), interstage heating lag time (offset), analyte concentra-
tion, and carrier-gas flow rate. The modulated separation of a
multianalyte mixture is then demonstrated.

’EXPERIMENTAL SECTION

μTM Fabrication and Assembly. To fabricate the μTM, two
interconnected meander-line boron-doped-Si microchannels are
created by deep-reactive-ion etching (DRIE) and capped with an
anodically bonded Pyrex membrane (100-μm thick). Four Ti/Pt
resistive heaters and associated temperature sensors are pat-
terned on the Pyrex surface; one set beneath each stage and two
beneath the rim near the inlet and outlet ports, respectively.7

The inlet and outlet ports of the fabricated μTM device were
fitted with 5 cm long sections of deactivated fused-silica capil-
laries having 250 μm i.d. and 100 μm i.d., respectively, and sealed
with a high-temperature epoxy (Hysol 1C, Dexter Corp., www.
rshughes.com). The μTM chip was then mounted on a custom
printed circuit board (PCB1), two Si spacer chips were bonded
to the Pyrex beneath each stage, and the assembly was inverted
and mounted on the top surface of the four-stage TE cooler
(SP2394, Marlow industries, www.marlow.com) (see Figure 1
and the Supporting Information for more details). This study
used spacers providing an air gap of 19 μm. Finally, a shallow,
rectangular chamber (shroud) with a gas inlet port was sealed
over the assembly (Figure 1B). During operation, the chamber
was purged with dry air from a tank at 200 mL/min to prevent ice
formation on the μTM and TE cooler surfaces.
Stationary-PhaseDeposition.Polydimethylsiloxane (PDMS,

OV-1, Ohio Valley, www.ovsc.com) was used as a stationary
phase to improve trapping, and was deposited and cross-linked
using a static method described previously for the coating of
stationary phases in microfabricated columns.19 This resulted in a
nominal PDMS film thickness of 0.3 μm, calculated from the
PDMS concentration and the total internal surface area of the
microchannels. This relatively thick film was used to enhance the
trapping of the more volatile test compounds.
Temperature Control and Modulation Conditions. The

resistive-type temperature sensors beneath the stages and the rim
were calibrated in a GC oven. The TE cooler was operated con-
tinuously by the application of 21 W which yielded a minimum
stage temperature, Tstage-min, of �35 �C when the rim heaters
were turned off. The difference in Tstage-min values between the
two stages was e1.5 �C. To heat the rim, constant voltages
were applied separately to each rim heater such that the
minimum rim temperature, Trim-min, at the inlet and the outlet
regions of the rim differed by <3 �C. Modulation was achieved
by applying 100-ms voltage pulses to each stage in succession.
Timing was controlled by a custom computer program (Visual
C#, Microsoft, msdn.microsoft.com) through two solid-state
relays (D1D12, Crydom, www.crydom.com). The output
from each temperature sensor was measured directly by
the same computer program via a data acquisition device
(NI USB-6212, National Instrument) and converted to tem-
perature via the calibration curves.7

The fully assembled μTM testing platform was placed inside
the oven of a bench-scale GC (HP7890, Agilent, Santa Clara, CA),
and a 3-m-long section of a commercial fused-silica capillary
column having a PDMS stationary phase (250 μm i.d, 0.25 μm
thickness, Restek, Bellefonte, PA) was connected to the inlet

Figure 1. (A) Perspective-, side-, and back-view diagrams of the μTM,
showing the essential structural features and mounting configuration.
The lengths of the first and second stage microchannels are 4.2 and
2.8 cm, respectively, and that of the interconnection is 1 mm. The
microchannel cross section is 140 (h) � 250 μm (w) throughout, and
the wall thickness is 30 μm. Inset (upper right) shows the voltage�time
relationship of a representative modulation period, PM, for the resistive
heater on each stage of the device (PH and PC are the heating and cooling
segments of the modulation period, respectively). (B) Photographs of
the fully assembled μTMmounted on a printed circuit board. The right-
hand panel includes a cartoon of the first dimension column used for
device characterization in this study.
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capillary of the μTMbymeans of a press-fit connector. The outlet
of the μTM was similarly connected to the FID of the GC via a
10-cm segment of deactivated fused silica capillary (100 μm i.d.).
Test atmospheres of one or more reagent-grade n-alkanes

(Sigma-Aldrich, St. Louis, MO) were generated in Tedlar bags
(SKC Inc., Eighty Four, PA) and drawn through a 125-μL sample
loop connected to a six-port valve by a small sampling pump. The
valve and loop were housed in a heated enclosure mounted on
the chassis of theGC andmaintained at 80 �C. Actuating the valve
resulted in sample injection directly into the first-dimension
column via a short section of passivated capillary. The flow rate,
F, of the He carrier gas was varied from 0.20 to 0.38 mL/min by
varying the inlet pressure from 2.5 to 4.0 psi (17.2 to 27.6 kPa).
The lowest flow rate tested corresponds to the optimal velocity
for the first-generation column when using air as carrier gas and
the highest flow rate tested approaches the optimal velocity when
using He as carrier gas (∼0.4 mL/min). The GC oven was
maintained at 33 �C, and the data sampling rate and temperature
of the FID were 150 Hz and 250 �C, respectively.

’RESULTS AND DISCUSSION

Basic Operating Features. By design, as the leading edge of a
peak emanating from the first column enters this two-stage μTM,
it is trapped and focused in the cooled first stage. The first stage is
then heated rapidly from its baseline Tstage-min value to its maxi-
mum temperature, Tstage-max, and the peak segment is released to
the cooled second stage and further focused, thereby minimizing
breakthrough. Subsequently, the second stage is heated in the
same manner to release the refocused peak segment to the FID
while the first stage heater is turned off, and it is rapidly cooled to
Tstage-min in order to focus the next peak segment. The second
stage heater is then turned off, and it is also cooled to Tstage-min.
The process is then repeated.
Among the operating parameters that can be adjusted is the

modulation period, PM, defined as time between successive first-
stage heating events (Figure 1A). This, in turn, determines
the modulation ratio, MR, defined as the unmodulated peak

width (at the base) divided by PM (i.e., the number of modula-
tions in an unmodulated peak).21 Another parameter is the mod-
ulation phase, defined in terms of the temporal relationship
between the heating events of the modulation cycle and the apex
of each unmodulated peak. The two limiting cases are (1) in-phase
modulations, where the heating events symmetrically brack-
et the apex of the unmodulated peak and (2) 180� out-of-phase,
where one of the heating events coincides with the apex. The
modulation offset, which is the time delay between heating the
first and second stages of the μTM, is another adjustable para-
meter. Finally, it is also possible to adjust Tstage-max and Trim-min

by varying the voltages applied to the integrated heaters on the
μTM chip. All of these parameters will influence the performance
of the μTM to differing extents.
Figure 2 shows a representative set of chromatograms for a

series of 11-ng injections of n-octane vapor from a 21-ppm test
atmosphere for a typical set of operating conditions: an unmo-
dulated peak (Figure 2A); two modulated sets of peaks with
different modulation phases (Figure 2B,C); and a third set of
modulated peaks with a smaller value of PM (Figure 2D). The
unmodulated n-octane peak (Figure 2A) was measured by de-
activating the TE cooler and allowing the μTM to equilibrate
with the oven temperature (33 �C). It is reasonably symmetric
(asymmetry = 1.3) and has a fwhm value of 7.7 s. The μTM was
then activated and the timing of the heaters adjusted to obtain
both in-phase (Figure 2B) and ∼180� out-of-phase (Figure 2C)
modulations at a fixed value of PM = 8 s (MR = 3.3). As expected,
the in-phase modulation produces the largest PAE and a sym-
metric distribution of modulated peak heights.1 The out-of-phase
modulation produces the smallest PAE (for a fixed value of PM)
and the characteristic asymmetric peak height distribution. The
PAE values are 50 and 39 in Figure 2B and C, respectively.
Figure 2D shows the result of decreasing PM to 4 s (MR = 6.6)

for a slightly out-of-phase modulation. As PM decreases (andMR

increases) the PAE decreases because a smaller amount of
n-octane is collected during each cooling cycle of the μTM. It
is generally accepted that an MR of 3�4 is sufficient for precise
quantitative measurements.21 The effect of the modulation offset
on the PAE was evaluated over a range 0.3�1.5 s for n-hexane
and n-octane (see Supporting Information), and on the basis of

Figure 2. Influence of modulation period and phase on the modulated
peak profiles for 11-ng injections of n-octane vapor (21 ppm): (A)
unmodulated peak; (B) in-phase modulation with PM = 8 s (MR = 3.3);
(C) out-of-phase modulation with PM = 8 s; (D) nearly in-phase
modulation with PM = 4 s (MR = 6.6). Note the smaller range spanned
by the ordinate scale in panel A. Conditions: F = 0.38 mL/min, Tstage-min =
�21 �C, Trim-min = 35 �C, and Tstage-max = 210 �C.

Table 1. Reproducibility and Comparability of Unmodulated
(Au) and Modulated (Am) Peak Areas for the Series of
n-Alkanes Tested, C6�C10

a

vapor Wu
b (s) Au (pA s) Am (pA s) ΔAc (%)

C6 11 8.0 (2.9) 8.1 (1.8) 2.4

6.8 (6.7) �14d

C7 24 13.5 (2.4) 13.3 (0.6) �1.8

C8 27 13.2 (3.3) 13.2 (1.6) 0.4

C9 45 15.1 (3.3) 14.7 (1.1) �2.9

C10 67 17.5 (2.1) 17.3 (1.2) �1.1
a From replicate sample-loop injections of test atmospheres containing
10 ppm of each alkane (n = 4 for unmodulated and n = 6 for modulated
peaks); injected masses were 3.6, 4.2, 4.8, 5.4, and 5.9 ng for C6�C10,
respectively, and conditions were as in Figure 2. Value in parentheses
after eachAu andAm entry is the RSD (%). bWidth of unmodulated peak
at the base. The corresponding widths (at the base) of the primary
modulated peaks were 1.1, 1.9, 1.9, 1.9, and 3.9 s for C6�C10, res-
pectively. c [(Am� Au)/Au]� 100. dThese data for C6 were determined
by subtracting the contribution to the modulated peak area attributable
to breakthrough (see text and Figure 4).
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the results an offset of 0.6 s was used in all subsequent
experiments.
Among the more critical requirements of the μTM are that it

preserve the first-dimension separation and that it transfer the
entire sample to the downstream column. The former require-
ment is met by adjusting PM so that it is short enough to
sufficiently sample the incoming peak (see previous paragraph)
but long enough to exceed the retention time of the injected peak
segment on the second dimension column.2 To assess the trans-
fer efficiency, the areas of unmodulated and modulated peaks
were measured and compared for replicate analyses of individual
n-alkanes in the homologous series from C6 to C10. As shown in
Table 1, the unmodulated peak areas are reproducible to within
3.3% (relative standard deviation, RSD) in all cases. The corres-
ponding sets of (summed) modulated peak areas show some-
what lower levels of variability, with RSDs ranging from 0.6% to
1.8%. The higher RSD in the unmodulated peak is most likely the
result of integration error associated with baseline drift; although
the baseline noise is low in all cases (FID signal-to-noise ratios
>300), a slight drift would be more evident in replicates of the
broader unmodulated peaks.
Importantly, the differences in measured peak areas for

C7�C10 are <2.9% indicating virtually no loss of vapor due to
modulation. Two values are presented for the modulated peak
area of n-hexane because there was breakthrough, as evidenced
by a noticeable increase in the baseline between the modulated
peaks (additional discussion of n-hexane breakthrough is pro-
vided in a subsequent section). One value includes the area under
the shifted baselines, and one value excludes that contribution to
the total area by extrapolating down to the original baseline as-
suming a Gaussian peak shape. The reproducibility of the peak
areas is high for the former case and somewhat lower for the latter
case. For n-hexane, if the entire integrated area is considered,
then the mass transfer is also close to 100%, but for the case
where the mass attributable to breakthrough was excluded the

mass transfer efficiency is reduced by 14%. We note that other
reports on GC � GC with air/CO2 cooled modulators also cite
difficulty efficiently trapping compounds of similar volatility.2,14

Thus, despite using a rather thick stationary phase in the μTM,
this problem could not be avoided at the minimum stage
temperature achieved with this device.
Thermal Response of the μTM. Representative periodic

temperature profiles of the μTM components are shown in
Figure 3A. Although the device is capable of providing stage
temperatures >300 �C, Tstage-max was limited to 210 �C in this
study to prevent stationary phase bleed, which was detected
when Tstage-max was increased to ∼250 �C. The lowest value of
Tstage-min that can be achieved is constrained by the design of the
TE cooler, the heat removal efficiency of the fan mounted on the
back (hot) side of the TE cooler, and the rim temperature. For
this device, Tstage-min ranged from �35 to �21 �C for Trim-min

values of�3 to 35 �C, respectively. The heating rate is limited by
the voltage applied to each stage heater, with rates as high as
2400 �C/s being achieved here for voltages of 50�58 V; this is
sufficient to increase the stage temperatures to 210 �C within
∼0.1 s. The cooling rate is limited by the thermal mass of the
μTM and the air gap between the μTM and the TE cooler.
Turning off the stage heater results in cooling to �15 �C within
1.3 s (i.e., �168 �C/s) followed by a more gradual return to the
baseline value of Tstage-min over the ensuing 3�4 s. Periodic
heating leads to slight creep in both Tstage-max and Tstage-min that
reaches steady state (saturation) within 10 cycles (see Support-
ing Information).
Since the rim is actively heated during operation and is con-

nected to the TE cooler via the Si spacers (Figure 1A), it was of
interest to characterize the effect of the rim temperature on the
stage temperatures. Figure 3B shows the effect on Tstage-max and
Tstage-min (steady-state values) of presetting the rim temperature
at each of several values and repeatedly actuating the stage
heaters (PM = 6 s). As Trim-min was increased from �3 to
35 �C, the shift in Tstage-min (+14 �C) was similar to the shift
in Tstage-max (+10 �C).
Influence of Stage and Rim Temperatures on Vapor Mod-

ulation. Figure 4 summarizes the effect of Trim-min on the PAE of
n-hexane and n-octane. AsTrim-min is increased, there is a roughly
proportional increase in the PAE for n-octane over the entire
range and for n-hexane up to a Trim-min of 14 �C. This trend can
be ascribed primarily to the band broadening incurred by passage
of the eluent from the second stage through the relatively cool
rim region prior to detection. As Trim-min is increased, this effect

Figure 3. (A) Representative temperature profiles of the two μTM
stages and the rim during a single modulation cycle. The stages were
heated by applying a 100-ms square-wave voltage pulse of 58 V (stage 1)
and 50 V (stage 2), and the rim heaters were turned off. The inset shows
the increase in rim temperature caused by the heating of the stages
(thermal crosstalk). (B) Effect of the rim temperature setting on the
steady-state values of Tstage-min and Tstage-max (PM = 6 s).

Figure 4. Influence of Trim-min (Tstage-min) on PAE of n-octane and
n-hexane (in-phase modulation data shown), revealing evidence of
breakthrough of hexane at Trim-min = 35 �C. The inset shows the bases
of the modulated peaks of n-hexane. Conditions: PM = 6 s, and F =
0.38 mL/min.
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diminishes. In addition, Tstage-max is shifted to a higher value with
the increasedTrim-min, which also contributes to peak sharpening.
However, the trade-off for this improvement in PAE at the

higher Trim-min settings is a loss in trapping efficiency for rela-
tively volatile compounds like n-hexane; further increases in
Trim-min do not result in any further increases in PAE for n-hexane.
The inset of Figure 4 shows the bases of the modulated peaks of
n-hexane at the highest Trim-min setting of 35 �C (or Tstage-min =
�21 �C). The increase in Tstage-min leads to significant break-
through of n-hexane, as evidenced by the failure to return to base-
line between the modulated peaks.
Effects of Flow Rate and Modulation Ratio. The effects of

F andMR on the n-octane PAE are summarized in Figure 5. The
filled and open symbols represent data from in-phase and out-
of-phase modulations, respectively. As F was increased from
0.2 to 0.38 mL/min the unmodulated peak width decreased from
35 to 27 s, accordant with a decrease in retention time from 3.1 to
1.8 min. At each value of F, modulations were performed on
samples at each of four different values of PM (i.e., 4, 5, 6, 8 s),
which resulted in the range ofMR values plotted in Figure 5. At a
given F, increasingMR leads to a roughly proportional decrease in
PAE, as well as a decrease in the influence of themodulation phase
on the PAE. Both of these trends follow from the reduction in the
quantity of vapor trapped in each modulation, and are consis-
tent with the model reported by Lee et al. (see Figure 4 of ref 22).
Note also that the effect of the phase on the PAE is less at the
lower F, regardless of the change inMR, due to the broadening of
the unmodulated peak. The largest value of PAE is 50, obtained
for the in-phase modulation at 0.38 mL/min and anMR value of
3.3. (Note that this sample is presented in Figure 2B above).
The corresponding plots of fwhm versus MR are presented in

the inset of Figure 5. The fwhm decreases rapidly with increasing
F but is affected little byMR or the modulation phase. When the
focused segments are released from the second stage of the μTM,
theymove faster at the higher F and dispersion is reduced (i.e., the
fwhm is narrower). This indicates that the thermal desorption is
not rate-limiting. The narrowest peak generated has a fwhm value
of 90 ms, which compares well with the value of 70 ms reported
for n-octane by Libardoni et al. using an air-cooled, macroscale
TM.14However, they used a significantly higher F (1.75mL/min)
than was used here, and their injection mass was not reported, so
a direct comparison is not possible (note that no PAE value was
reported in that study either). The F values used in this study are
close to the optimal value (i.e., Golay minimum) for the
microcolumns19 that will be eventually interfaced with the μTM.

The influence of the injection mass on the PAE of n-octane
was also evaluated. A 100-fold increase in injection mass leads to
a 45% decrease in PAE because of the increase in band broad-
ening and associated increase in MR (see Figure S3 in the
Supporting Information).
Modulation of Alkane Mixture. A test atmosphere contain-

ing 10 ppm each of n-hexane, n-heptane, n-octane, n-nonane, and
n-decane (C6�C10) was then analyzed. However, due to the
short first-dimension column and low oven temperature used,
the peaks for n-hexane and n-heptane overlapped. Therefore,
new test atmospheres were generated containing a mixture of
C7�C10 in one bag and C6 in another. Figure 6A shows the
unmodulated chromatogram of the mixture and of C6 (inset).
The fwhm values are 5.2, 6.5, 10.5, and 22.4 s, for C7�C10,
respectively, and that for C6 is 4.5 s. The μTMwas then activated,
and the analyses were repeated with modulation. Several repli-
cate analyses were performed. By incrementally changing the
timing of the initial heating event, the modulation phase changed
by a small amount in successive trials. In this way, it was possible
to capture in-phase modulations for all of the analytes. Repre-
sentative modulated chromatograms are shown in Figure 6B for
the mixture and for C6 (inset).

Figure 5. Influence of F andMR on PAE and fwhm (inset) of n-octane
vapor (11-ng injections) for in-phase (filled symbols) and out-of-phase
(open symbols) modulations. The value of F (mL/min) is given in
parentheses for each pair of curves. Other conditions were as in Figure 2.

Figure 6. (A) Unmodulated chromatogram of a mixture of 10
ppm each of four n-alkanes C7�C10, as well as that of C6 (inset). (B)
Corresponding modulated chromatograms. (C) Corresponding PAE
and fwhm values for in-phase modulations. Conditions were as in Figure 2.
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Figure 6C presents the resulting PAE and fwhm values of the
n-alkanes, calculated on the basis of the largest modulated peak in
each case. From C7 to C10 the PAE decreases nearly linearly, and
the fwhm increases nearly exponentially with carbon number.
The trends for C7�C10 can be rationalized in terms of the analyte
volatilities. For the relatively low-boiling C7 and C8, the similarity
in the fwhm indicates that the injection process is limited by the
flow rate through the μTM and not by the heating rate or by
Tstage-max, whereas for C9 and C10, whose boiling points approach
Tstage-max, the rate of thermal desorption becomes important and
broadens the peaks. This also explains the decrease in PAE from
C8 to C10.

23 Some additional broadening may be incurred for the
larger alkanes by wall adsorption in the capillary connection
between that μTM and the FID at the relatively low oven
temperature (33 �C). Ultimately, with the incorporation of a
heated second-dimension column, this would be eliminated.
For n-hexane, the fwhm is just slightly narrower than that of

n-heptane, which is consistent with its relatively low boiling
point, but the PAE is anomalously low. As discussed above, under
this set of operating conditions, partial breakthrough of n-hexane
occurs and the reduction in PAE relative to that of n-heptane is
23%, which is consistent with the estimate of fractional break-
through presented in Table 1.

’CONCLUSIONS

This is the first study to thoroughly characterize the perfor-
mance of a microfabricated thermal modulator (μTM) for com-
prehensive two-dimensional gas chromatography (GC � GC).7

Results obtained with a set of n-alkane test vapors under a range
of operating conditions demonstrate performance comparable to
that of many macroscale thermal modulators that we estimate to
consume at least 2 orders of magnitude more power.

For this study, thedevicewas configured to alternate between�35
and 210 �C during each modulation cycle. The high rates of heating
(up to 2400 �C/s) and cooling (up to�168 �C/s) are achieved by
virtue of the low mass of the structure, power-efficient design,
and precise fabrication and mounting. The maximum stage tem-
perature was intentionally limited to 210 �C to minimize sta-
tionary phase bleed and does not represent an inherent limit of
device design. The minimum stage temperature was limited to
about �20 �C during normal operation by a combination of
factors, including the rate of dissipation of waste heat from the
back side of the TE cooler and thermal crosstalk between the
heated rim and the stages of the device.

PAE values ranging from 14 to 50, and fwhm values ranging
from 70 to 340 ms were achieved for the set of alkanes analyzed,
which have vapor pressures spanning a ∼100-fold range. This
demonstrates that the analyte focusing function of the μTM is
highly effective. However, evidence of fractional breakthrough of
n-hexane during several experiments indicates that a reduction in
minimum temperature is required to quantitatively trap com-
pounds of such high volatility. On the other hand, the relatively
broad modulated peaks obtained for n-nonane and n-decane
indicate that an increase in the maximum temperature is required
to enhance the rate of desorption of compounds of such low vol-
atility. These results illustrate the trade-off inherent to all thermal
modulators between efficient trapping and sharp injection.

Several design modifications are being considered to expand
the temperature range and to increase the rates of both heating
and cooling. Since we have observed no structural degradation of
the μTM after thousands of modulations, operation over a wider

range of temperatures appears feasible. Adjusting the lengths and
diameters of the stage channels, and the stationary phase thick-
ness, may also enhance performance. On-going work is focused
on integrating theμTMwithmicromachined separation columns
and microsensor-array detectors to create a high performance
microsystem (i.e., μGC � μGC) suitable for deployment in
clinical settings and as components of networked environmental
monitoring systems for analyzing complex mixtures.
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