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Short Communication

Application of Hadamard transform to gas
chromatography/nonresonant multiphoton
ionization/time-of-flight mass spectrometry

The technique of Hadamard transform was successfully coupled with GC/nonresonant
multiphoton ionization/TOFMS, for the first time. 1,4-Dichlorobenzene and the fourth
harmonic generation (266 nm) of a Nd:YAG laser were employed as a model sample and
an ionization laser, respectively. A Hadamard-injector coupled with a capillary-based
supersonic jet nozzle (capillary-injector) was also developed in this study. The Hadamard-
injector was used to obtain the chromatogram, which was encoded by successive sample
introduction based on Hadamard codes, and the capillary-injector was used for injection
of GC-elutes into TOFMS. Compared with a conventional single injection method, the
S/N ratios were substantially improved after inverse Hadamard transformation of the
encoded chromatogram. Under optimized conditions, when Hadamard matrices of 103
and 255 were used, the S/N ratios of the signals for 1,4-dichlorobenzene (concentration
level, 4 pg/1 mL ACN) were substantially improved to 4.1- and 6.6-fold, respectively, and
those improvements are in good agreement with those obtained by theory (5.1- and
8.0-fold).
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1 Introduction

Multiphoton ionization (MPI) spectrometry is a well-known
technique. It is sensitive and useful when combined with
TOFMS, the so-called MPI/TOFMS. This is particularly
useful, when a femtosecond laser is used in conjunction
with the MPI/TOFMS technique, the ionization efficiency
can be improved significantly [1-4]. With such a superior
characteristic, the measurements of dioxin precursors and
non-chlorinated aromatic compounds have been reported
[5-7]. However, the sample injection method used in most
GC/MS (or GC/MPI/TOFMS) methods involves a single
injection by means of an injection cylinder and the injected
volume is typically a 1-10 pL/single injection. Due to such
small sample volume, the detection sensitivity is limited,
although the use of large volume in a single injection
becomes possible and devices to achieve this are commer-
cially available [8-10]. With respect to chromatographic
separations, some studies have reported on the use of HT
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for GC [11]. The advantages of the HT technique using
pseudorandom injections in GC have also been proposed
but only by means of computer simulation. Trapp reported
high-throughput multiplexing GC using the HT method
[12]. We recently, developed a novel method for improving
the sensitivity of GC/MS, i.e. the Hadamard transform
(HT)-GC/MS method [13]. In our previous research, a
multiple-injection method was used to obtain a Hadamard-
encoded chromatogram. The chromatogram was decoded by
means of inverse Hadamard transformation, and as a result,
the S/N ratios were substantially improved, compared with
a conventional single injection method. In fact, the HT
technique has been applied in many fields, including
TOFMS [14-17], Raman spectrometry [18-20], fluorescence
imaging [21-24], ion mobility spectrometry [25, 26] and even
NMR [27, 28]. This technique has also been successfully
applied to CE separations, where the theoretical background
and experimental results were presented to demonstrate the
capabilities and analytical advantages of the HT technique
[29-33]. In this work, the application of a HT to GC/NR-
MPI/TOFMS is described for the first time. 1,4-Dichlor-
obenzene and the fourth harmonic generation (266 nm) of a
Nd:YAG laser were used as a model analyte and an
ionization laser, respectively. The performance of a Hada-
mard-injector (for the introduction of the sample solution),
the design of a capillary-injector (for the introduction of a
gas sample to TOFMS) and details of the experimental
conditions are reported herein.
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2 Materials and methods
2.1 Reagents

All chemicals were of analytical grade and were purchased
from commercial sources. 1,4-Dichlorobenzene was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Apparatus

Figure 1 shows a schematic diagram of the HT-GC/NR-
MPI/TOFMS system used in this study. A commercially
available GC (5890Hewlett-Packard, Avondale, PA, USA)
equipped with a separation capillary column (HP-5MS,
Agilent Technologies; 30 m x 0.25 umid) was used. Helium
was used as carrier gas. Temperatures of inlet, column oven
and transfer line were maintained at 250, 150 and 200°C,
respectively. The linear type TOFMS was a modified Wiley-
McLaren design. The flight distance was 1.3 m; two turbo
pumps were used for flight tube and ionization region to
maintain a vacuum below 10 °Torr during the experi-
ments. The applied voltages of repeller/acceleration grids
and deflection/focus plates were set at +1550/+1400 V and
+45/+700V, respectively. Mass resolution of this system
was determined to be ~650. The ionization source (266 nm
radiation, <20 m]J at 10 Hz) was generated from a Nd:YAG
laser (Spectra Physics GCR-170, Mountain View, CA, USA).
Ions were produced by nonresonant process in a field-free
region and then directly migrated toward the detector,
where a 25 mm triple microchannel plate was used for ion
detection. Similar to a SIM method, the signal of a
molecular ion was selected and accumulated by a boxcar
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(Stanford Research System, SR-250), where gate width was
set at 0.2 ps. The averaged signal was transferred to an
analog/digital device (PCI 6221 device, National Instru-
ments) and then recorded by a personal computer. The
encoded HT-GC chromatograms were decoded using the
LabVIEW 8.6 program. The ion signals were observed by
using a LeCroy 9350A digital oscilloscope (500 MHz), which
was connected to a personal computer. A total ion current
chromatogram also can be recorded by means of a home-
built LabVIEW 8.6 program.

3 Results and discussion
3.1 Hadamard-injector

The Hadamard-injector, as shown in Fig. 2, was made by
modifying a regular pulse nozzle. Instead of a pinhole,
which is used in general pulse nozzles, a piece of a capillary
was used for the introduction of the pressurized sample
solution (id, 50 pm; 8cm in length). The body of the
Hadamard-injector was made of brass; the plunger had a
diameter of 9.5mm and a length of 34mm. A 24V
electromagnetic coil and the spring were removed from a
solenoid valve (SMC model VX2110: 0-1.5MPa, Japan),
respectively, and used directly. A septa-BTO (Item No.
298735) was inserted into a brass holder, which was used to
firmly attach the capillary and prevent gas or liquid leaks,
and was sealed with a brass stopper. The Hadamard-injector
can be heated and directly inserted into the GC inlet; the
injection volume of the sample solution can be adjusted by
changing the background pressure (nitrogen gas), the id of
the capillary, the capillary length and the injection time to
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HT-GC/MPI/TOFMS used in this study.
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achieve a micro-controlled injection. During the sample
injection process, a personal computer was used to rapidly
turn the Hadamard-injector on and off through the PCI
6221 device, according to a series of Hadamard codes,
leading to the introduction of the pressurized sample
solution through the capillary into the GC column. The
injection volume of the pressurized sample solution can be

Sample solution

24V

™~ Spring
S~

Electromagnetic coil
Body

__Septa

— Septa-holder
<—— Stopper

GC inlet

| =

- Glass liner

Figure 2. A schematic drawing of the Hadamard-injector used in
this study.
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adjusted by changing the background pressure (nitrogen
gas), the id of the capillary, capillary length and injection
time. The RSD values of intra-day and inter-day were
determined to be 0.56-1.06 and 0.92-1.67%, respectively,
indicating that the procedure is stable and reproducible.

3.2 Capillary-injector

The use of a commercially available pulsed supersonic valve
(PSV) is convenient in MPI/TOFMS experiments. However,
when a PSV is utilized as the interface of the GC and
TOFMS, the dead volume of the PSV is too large to create a
link between the GC and TOFMS. Capillary-based super-
sonic jet nozzles (abbreviated as a capillary-injector in this
article) have been developed, with typical diameters of
50-200 um [34-36]. In this approach, the gas sample can be
injected in a continuous mode into a vacuum without using
a complicated mechanical valve. Recently, we found that the
use of the capillary-injector was useful for on-line concen-
tration where an analyte is adsorbed on the tip of the
capillary and subsequently desorbed by laser ablation,
resulting in the production of a supersonic jet [37]. The
capillary-injector was made by the following procedure; a
piece of a capillary (id =250 um; 50 cm in length) was
sealed using a high temperature flame (>1200°C), and the
sealed part was then polished until the diameter of the
outlet reached approximately 50 um. The capillary-injector
was directly inserted into the electrode region of TOFMS,
where the ionization laser was focused ~1 mm downstream
of the capillary-injector. Using the capillary-injector, a
supersonic beam was ejected into the TOF vacuum chamber
the vacuum of which was maintained below 10> Torr
during the GC-TOFMS experiments. Figure 3 shows
photographs of the tip of the capillary-injector at different
stages of manufacture; in (A), a capillary is closed because of
melting the tip, and in (B), the tip is polished to make the
capillary-injector. The nozzle is opened (¢p~50pm) by
abrasion with fine sandpaper (No. 2000). A continuous
supersonic jet expansion of high quality was generated

Figure 3. Photographs of the capillary tips at
different stages of manufacturing: (A) capil-
lary closed because of the melting proce-
dure; (B) ready, the capillary-injector. The
nozzle has been opened (@~50um) by
abrasion with fine sandpaper.
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Figure 4. Typical GC/MPI-
TOFMS chromatograms (1,4-

dichlorobenzene concentra-
Time (min) tion level, 4ug/TmL ACN)
excited by the 266 nm laser
radiation obtained by single
injection (frame A) and by
multiple-injection (i.e. Hada-
mard injection, frame B),
respectively. Inset in frame
A, a mass spectrum of 1,4-
dichlorobenzene standard.
The major molecular ion (m/z
=146, according to flight
time = 31.45 us) was selected
as the monitoring peak by the
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through the capillary-injector at a low carrier gas flow rate
(1 mL/min, in this study).

3.3 Application to 1,4-dichlorobenzene

Figure 4 shows GC/MPI-TOFMS chromatograms of
1,4-dichlorobenzene (concentration, 4 pg/mL in ACN). The
analyte, 1,4-dichlorobenzene, was excited by the 266 nm
laser radiation to obtain the chromatograms. Figure 4A and
B was obtained by single injection and by multiple-injection
(i.e. Hadamard injection), respectively. The inset in frame A
shows a mass spectrum of 1,4-dichlorobenzene standard.
The major molecular ion (m/z =146, according to flight
time = 31.45 ps) was selected as a peak to be monitored by a
boxcar (gate width, 0.2 ps). This procedure functions in the
SIM mode, as well as the function used in a commercial
GC/MS. As can be seen, the S/N ratio of the peak
corresponding to 1,4-dichlorobenzene is poor in the case
of a single injection. In contrast to this, when the Hadamard
injection method is applied (chromatogram in (B); matrix
order, n = 255), the S/N ratio is improved substantially. The
inset in frame B shows the raw data before the inverse
Hadamard transformation. The signal for 1,4-dichloroben-
zene was substantially improved to 6.6-fold, which is in
good agreement with theory (8.0-fold). When the matrix
order was changed to 103, the S/N ratio was improved to
4.1-fold which is also in good agreement with the theoretical
value (5.1-fold, data not shown). Thus, compared with the
single injection used in conventional GC/MS systems, the

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

use of a boxcar (gate width,
0.2 pus). Inset in frame B, raw
data shown before the inverse
Hadamard transformation.
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S/N ratios were improved substantially after inverse
Hadamard transformation of the encoded chromatogram.

4 Concluding remarks

In this study, the HT technique was successfully applied to
GC/NR-MPI/TOFMS. When 1,4-dichlorobenzene and the
fourth harmonic generation (266 nm) of a Nd:YAG laser
were employed as a model analyte and an ionization laser,
respectively, the S/N ratio of the analyte was substantially
improved as expected from theory. If a tunable laser is
employed for adjusting the wavelength at 279.80 nm (0-0
transition wavelength of 1,4-dichlorobenzene), i.e. by the
REMPI (resonance enhanced MPI) process, the LOD could
be improved even more. Furthermore, if the Hadamard-
injector is combined with on-line concentration or extrac-
tion methods, such as supercritical fluid extraction method,
accelerated solvent extraction, microwave extraction of
polycyclic aromatic hydrocarbons or polychlorinated biphe-
nyls. Finally, the methodology described in this study has
certain disadvantages. For example, a longer analysis time
and no temperature gradient could be applied in the GC
separation and the composition of the injected mixture
would not increase substantially, etc. If these drawbacks
could be addressed appropriately, further applications of the
methodology can be expected.

This work was supported by grants from the National
Science Council of Taiwan under Contracts of No. NSC

www.jss-journal.com



630

C.-C. Cheng et al.

95-2113-M-003-016-MY3. T. K. acknowledges support by the
Japan-Taiwan Joint Research Program from the Interchange
Association, Japan.

The authors have declared no conflict of interest.

5

[11

[2

[3]

[4

[5

6

[7

[8]

[91]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

References

Yamaguchi, S., Uchimura, T., Imasaka, T., Anal. Sci.
2006, 22, 1483-1487.

Matsumoto, J., Lin, C. H., Imasaka, T., Anal. Chem.1997,
69, 4524-4529.

Matsumoto, J., Lin, C. H., Imasaka, T., Anal. Chim. Acta
1997, 343, 129-133.

Lockyer, N. P., Vickerman, J. C., Int. J. Mass Spectrom.
1998, 176, 77-86.

Matsumoto, J., Nakano, B., Imasaka, T., Anal. Sci. 2003,
19, 383-386.

Yoshida, N., Hirakawa, Y., Imasaka, T., Anal. Chem.
2001, 73, 4417-4421.

Heger, H. J., Boesl, U., Zimmermann, R., Dorfner, R.,
Kettrup, A., Eur. Mass Spectrom. 1999, 5, 51-57.

Vecera, Z., Bartosikova, A., Sklenska, J., Mikuska, P.,
Chromatographia 2005, 61, 197-200.

Korenkova, E., Matisova, E., Slobodnik, J., Waste

Manag. 2006, 26, 1005-1016.

Sabik, H., Rondeau, B., Gagnon, P., Jeannot, R.,
Dohrendorf, K., Int. J. Environ. Anal. Chem. 2003, 83,
457-468.

Kaljurand, T., Kullik, E., Chromatographia 1978, 11,
328-330.

Trapp, O., Angew. Chem. Int. Ed. 2007, 46, 5609-5613.

Lin, C.-H., Kaneta, T., Chen, H.-M., Chen, W.-X,,
Chang, H.-W., Liu, J.-T., Anal. Chem. 2008, 80,
5755-5759.

Brock, A., Rodriguez, N., Zare, R. N., Anal. Chem. 1998,
70, 3735-3741.

Fernandez, F. M., Vadillo, J. M., Kimmel, J. R., Wetter-
hall, M., Markides, K., Rodriguez, N., Zare, R. N., Anal.
Chem. 2002, 74, 1611-1617.

Trapp, O., Kimmel, J. R., Yoon, O. K., Zuleta, I. A,
Feranadez, F. M., Zare, R. N., Angew. Chem. Int. Ed.
2004, 43, 6541-6544.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

J. Sep. Sci. 2010, 33, 626-630

Fernandez, F. M., Rodriguez, N., Vadillo, J. M., Wetter-
hall, M., Markides, K. E., Zare, R. N., J. Am. Soc. Mass
Spectrom. 2001, 12, 1302-1311.

Treado, P. J., Govil, A., Morris, M. D., Sternitzke, K. D.,
McCreery, R. L., Soc. Appl. Spetrosc. 1990, 44,
1270-1275.

DeVerse, R. A., Hammaker, R. M., Fateley, W. G., J. Mol.
Struct. 2000, 521, 77-88.

DeVerse, R. A., Hammaker, R. M., Fateley, W. G., Vib.
Spectrosc. 1999, 19, 177-186.

Chen, G., Mei, E., Gu, W., Zeng, X., Zeng, Y., Anal. Chim.
Acta 1995, 300, 261-267.

Mei, E., Chen, G., Zeng, Y., Microchem. J. 1996, 53,
316-325.

Tang, H., Chen, G., Zhou, J., Wu, Q., Anal. Chim. Acta
2002, 468, 27-34.

Hassler, K., Anhut, T., Lasser, T., Appl. Opt. 2005, 44,
7564-7572.

Clowers, B. H., Siems, W. F., Hill, H. H., Massick, S. M.,
Anal. Chem. 2006, 78, 44-51.

Szumlas, A.W., Ray, S. J., Hieftje, G. M., Anal. Chem.
2006, 78, 4474-4481.

Kubo, A., Yogo, A., Imashiro, F., Terao, T., J. Phys.
Chem. 1996, 100, 15933-15941.

Feliz, M., Garcia, J., Aragodn, E., Pons, M., J. Am. Chem.
Soc. 2006, 128, 7146-7147.

Kaneta, T., Yamaguchi, Y., Imasaka, T., Anal. Chem.
1999, 71, 5444-5446.

Kaneta, T., Kosai, K., Imasaka, T., Anal. Chem. 2002, 74,
2257-2260.

Hata, K., Kichise, Y., Kaneta, T., Imasaka, T., Anal. Chem.
2003, 75, 1765-1768.

Hata, K., Kaneta, T., Imasaka, T., Anal. Chem. 2004, 76,
4421-4425.

Braun, K. L., Hapuarachchi, S., Fernandez, F. M.,
Aspinwall, C. A., Anal. Chem. 2006, 78, 1628-1635.

Hayes, J. M., Small, G. J., Anal. Chem. 1982, 54,
1202-1204.

Engelking, P. C., Rev. Sci. Instrum. 1986, 57, 2274-22717.

Hafner, K., Zimmermann, R., Rohwer, E. R., Dorfner, R.,
Kettrup, A., Anal. Chem. 2001, 73, 4171-4180.

Uchimura, T., Sakoda, Y., Imasaka, T., Anal. Chem.
2008, 3798-3802.

www.jss-journal.com



