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ABSTRACT: The wavelength of a femtosecond Ti:sapphire laser (TS, 800 nm) was converted
into the ultraviolet (UV, 200 nm) using three beta-barium borate crystals (B-BaB.0Oy) for
frequency doubling and subsequent mixing. The UV pulse was further converted into the
vacuum ultraviolet (VUV, 185 nm) based on four-wave Raman mixing, in which a two-color
pump beam consisting of the fundamental beam (800 nm) of the TS and the signal beam of an
optical parametric amplifier (1200 nm) pumped by the TS was focused onto a capillary
waveguide filled with hydrogen gas for molecular phase modulation and the single-color UV
probe beam (200 nm) was then focused onto the waveguide for frequency modulation to
generate anti-Stokes and high-order Stokes Raman sidebands at wavelengths of 185 nm and
218-267 nm, respectively. The efficiency of conversion from the UV (200 nm) to the VUV (185
nm) was 6 %. The ionization energy was calculated for thirteen amino polycyclic aromatic
hydrocarbons using density functional theory, since they are associated with the development
of occupational bladder cancers. The values calculated by the B3LYP/cc-pVDZ and
0B97Xd/cc-pVTZ methods were 6.24-7.14 eV (199-174 nm) and 6.41-7.35 eV (194-169 nm),
respectively. A sample containing a mixture of 9-aminoanthracene, 3-aminofluoranthene, and
1-aminopyrene was separated by gas chromatography (GC), and the eluents were ionized with
the VUV pulse (0.015 pJ) in mass spectrometry (MS). The analytes were observed on a two-
dimensional display of GC/MS, and the detection limit obtained by single-photon ionization of

3-aminofluoranthene was 1 ng/pL.



Mass spectrometry (MS) is utilized in various fields, including the environmental and forensic
sciences. The technique is in widespread use because of its excellent sensitivity and selectivity,
permitting trace analysis of organic compounds in an actual sample containing numerous matrix
species. Several techniques can be employed for ionization in MS but electron ionization is the most
frequently used technique. However, a high-energy electron (e.g. 70 eV) sometimes causes the
analyte molecule to dissociate, thus preventing the observation of a molecular ion, making
identification and structural analysis more difficult. Several techniques such as chemical ionization
or field ionization have been developed for observing a molecular ion. However, these techniques all
have advantages and disadvantages as well. For example, matrix-assisted laser desorption ionization
is useful for this purpose,' but it is difficult to combine it with a separation technique such as gas
chromatography (GC) or liquid chromatography (LC). Although electrospray ionization can be
combined with a separation technique such as LC,? it provides many multiply-charged ions, making

the identification and structural analysis of a compound difficult.

A photoionization technique has been developed to solve the problem, since the ionization process
can be controlled by changing the properties of the light source. In fact, this technique provides a
useful means for soft ionization, and a molecular ion can, in most cases, be observed. There are a few
approaches to this technique, as shown in Figure 1. A near-infrared (NIR) laser can be used for
multiphoton ionization (MPI), which can be directly used without a device for frequency conversion.
On the other hand, an ultraviolet (UV) laser can be used for two-photon ionization (2PI) and the
efficiency can be significantly improved when the first photon is used for excitation and the
subsequent photon for ionization.’> This scheme, referred to as resonance-enhanced two-photon
ionization (RE2PI) or more generally as resonance-enhanced multiphoton ionization (REMPI), is
preferred for efficient and selective ionization. However, the light source becomes more complicated,
since a device for frequency conversion is necessary. A vacuum ultraviolet (VUV) photon allows
single-photon ionization (SPI).>® This technique has been combined with GC for trace analysis of
organic compounds, in which the third harmonic emission (10.5 eV or 118 nm) of the third harmonic
beam (3.50 eV or 355 nm) of a Nd:YAG laser (1.1 eV or 1064 nm) has successfully been utilized.’
A synchrotron radiation source has also been employed as a tunable VUV light, although the system
becomes more complicated.!®!" VUV emission from a microdischarge has been employed as the
ionization source in MS and applied to a GC detector.!> A conventional VUV lamp is useful for
practical applications,'® although the volume of the ionization region cannot be decreased, making

combining it with a separation technique more difficult.



A femtosecond laser was recently employed for the ionization of organic compounds'* and has
been combined with gas chromatography for practical trace analysis.!” There are two approaches, i.e.,
NIR and UV ionizations. The former is simple and the ionization efficiency can be substantially
improved in NIR-MPI by reducing the width of the laser pulse. However, it sometimes suffered from
dominant fragmentation. The latter is a more complicated system and the pulse energy decreases by
the use of a frequency converter. However, it provides a molecular ion in most cases and has been
successfully used even for a molecule, the lifetime of which is shortened by internal conversion and
intersystem crossing, e.g., polychlorinated polycyclic aromatic hydrocarbons (PAHs) such as

1718 “and nitro aromatic hydrocarbons."” It

dioxins,'® polychlorinated/polybrominated biphenyls,
should be noted that non-resonant two-photon ionization (NR2PI) must be used to reduce the excess
energy in the ionic state to prevent fragmentation when a molecule cannot be excited using two
photons with half of the ionization energy. The efficiency of ionization can, however, be improved
to a level of RE2PI by increasing the peak power and then decreasing the pulse width of the laser.?’
This is a distinct advantage of femtosecond UV ionization for observing a molecular ion. To our
knowledge, studies concerning the analytical use of a femtosecond VUV laser as the ionization source

in SPI MS has not been reported.

Amino polycyclic aromatic hydrocarbons (APAHs) are utilized as intermediate compounds for
organic synthesis of azo dyes which are widely used for coloring textile products and have been
produced since the 1920s. However, some APAHs have been reported to stimulate the development
of occupational bladder cancers. For example, large amounts of 2-naphthylamine were produced in
the 1950s but its production has been prohibited since 1972 in Japan.?! More recently, the Ministry
of Health, Labor and Welfare, Japan reported that cases of occupational bladder cancer were
identified in several workers who were handling o-toluidine in 2015.22 These aromatic amines are
reported to have low ionization energies (6.87-7.87 eV), due to the lone pair electrons on the nitrogen

atom in the molecule.??

There are many approaches to generate an ultrashort optical pulse in the UV-VUYV region based on
nonlinear optical phenomena. A femtosecond pulse at 200 nm has been produced by the fourth
harmonic generation of a femtosecond Ti:sapphire laser (800 nm) and is used as the ionization source
in MS to determine pesticides in vegetables.>** However, generating a pulse below 200 nm becomes
more difficult because of the limited transparency and phase mismatching of a nonlinear optical
crystal in the VUV region.?*2® Four-wave mixing (FWM) in a rare gas has been employed for the

frequency conversion of the NIR femtosecond pulse to generate a VUV pulse at 160 nm.” The



wavelength of the VUV pulse was tuned in the 146-151 nm range using a tunable NIR femtosecond
laser.>® The efficiency of conversion can be improved by employing a resonant transition process.
When a hydrogen molecule is used as a nonlinear medium, the laser wavelength can be shifted by
4155 cm™! toward longer or shorter wavelengths based on four-wave Raman mixing (FWRM).?! In
fact, a two-color pump beam (800 and 1200 nm) was focused onto hydrogen in a gas cell for
molecular phase modulation, and a single-color probe beam (267 nm) was introduced into the cell for
frequency modulation to generate the first and second anti-Stokes Raman sidebands (240 and 300 nm,

respectively).?

These UV pulses have been employed as the ionization source for the determination
of explosives by MS.** The wavelength can be extended to the VUV region by using a probe beam
at 200 nm, providing anti-Stokes emission at 185 nm (6.70 eV).>* The efficiency of frequency
conversion was estimated to be 11% at the region where the probe beam was spatially overlapped
with the focused pump beam.>> However, the efficiency of conversion of the total probe beam was

much less than 1%. This VUV pulse has not yet been used in analytical spectroscopy.

In this study, we report on the generation of a VUV femtosecond optical pulse by focusing a two-
color pump beam (800 and 1200 nm) and a single-color probe beam (200 nm) onto hydrogen gas in
a capillary waveguide for spatial mode matching and extending the interaction length of the laser
beam and the nonlinear optical medium to improve conversion efficiency. The VUV pulse (185 nm)
generated by FWRM was employed as the ionization source in MS to determine APAHs that were
separated by GC. We discuss the advantages and limitations of this method for potential applications

to practical trace analysis.

EXPERIMENTAL SECTION

Apparatus. Figure 2 shows a block diagram of the experimental apparatus used in this study,
which consists of two parts for the generation of an ultrashort VUV pulse and for use as an ionization
source in MS.

Generation of a UV pulse. As shown in Figure 2A, a fundamental beam of a Ti:sapphire laser
(800 nm, 35 fs, 3.6 W, 1 kHz, Legend Elite, Coherent) was used as a pump source for an optical
parametric amplifier (OPA, OPerA Solo, Coherent). The transmitted beam (800 nm, 610 mW) from
the last stage of the OPA was employed as one of the components for a two-color pump beam. The
signal beam of the OPA (1200 nm, 320 mW) was passed through a half-wave plate (A/2-1) to rotate

the direction of polarization so as to be parallel to the beam at 800 nm for use as the other component



of the two-color pump beam. Timing of the pulse was adjusted using a time delay (TD-1). The two
beams were combined using a dichroic mirror (DM-1) and were focused using a concave mirror (CM,
focal length 750 mm, aluminum, Sigma Koki) onto a capillary waveguide (inner diameter 140 um,
length 250 mm) placed in a gas cell with CaF2 windows (thickness of 0.5 mm). The cell was filled
with hydrogen gas, and the pressure was measured using a pressure meter (AP44, Keyence). The
frequency separation of the two beams was adjusted to the vibrational energy (4155 cm™) of the
molecular hydrogen used as a nonlinear optical medium for molecular phase modulation: a hydrogen
molecule can be prepared at the vibrationally excited level on the ground state by excitation at 800
nm and a subsequent stimulation transition at 1200 nm. The remaining part (800 nm, 1.6 W) from the
OPA for UV frequency conversion (not used in this study) was passed through a -barium borate
crystal (BBO-1, 6 =29.2°, ¢ = 0°, At = 0.2 mm) to generate the second harmonic emission (400 nm,
600 mW). The beam was passed through a time plate (TP) composed of a-BaB204, which was used
for a time delay of the 800-nm pulse to temporally overlap with the 400-nm pulse, and a half wave
plate (A/2-2) to adjust the direction of polarization to be parallel to each other. The beams were
introduced into a 3-barium borate crystal (BBO-2, 6 = 44.3°, ¢ = 0 °, At = 0.1 mm) to generate the
third harmonic emission (267 nm, 120 mW, 45 fs) by sum frequency mixing, which was separated
by a dichroic mirror (DM-2) and then recombined by a dichroic mirror (DM-3) with the fundamental
beam (800 nm, 900 mW) after passing it through a half wave plate (A/2-3) to change the direction of
polarization to be parallel to the third harmonic emission. The output power at 1200, 800, 400, and
267 nm was measured using a power meter (FieldMaxII-TO, Coherent). These pulses were
temporally overlapped with each other using a time delay (TD-2). The recombined beam was passed
through a -barium borate crystal (BBO-3, 8 = 35°, Ar = 0.15 mm) to generate the fourth harmonic
emission (200 nm, 10 mW) by sum frequency mixing. The output power at 200 nm was measured
using a power meter (J3-09, Molectron).

Generation of a VUV pulse. The fourth harmonic emission was isolated using a dichroic mirror
(DM-4) and was passed through a time delay (TD-3). After being combined with the two-color pump
beam (800, 1200 nm) using a dichroic mirror (DM-5), the probe beam was focused onto the capillary
waveguide for frequency modulation, generating Stokes (218 nm) and anti-Stokes (185 nm)
emissions at longer and shorter wavelengths, respectively. The time delay (TD-3) was optimized to
generate the maximum intensities for the Stokes and anti-Stokes emissions.*? The VUV spectrum was

measured using a multichannel spectrometer (Maya2000-Pro, Ocean Optics). The space inside the



spectrometer and the interface section between the spectrometer and the gas cell were purged with
nitrogen gas supplied from a cylinder.

Mass spectrometer. The gas cell was directly combined with a vacuum chamber evacuated at
below 1 Pa to reduce the absorption of the VUV emission by ambient air, as shown in Figure 2B. The
beam from the capillary waveguide was focused using a concave mirror (CM, aluminum, focal length
500 mm, Sigma Koki) mounted on a vacuum-tight angle-changeable holder onto a laboratory-made
MS (HG-1, Hikari Giken, Fukuoka, Japan).>**” A wedged substrate (thickness 5 mm, fused silica,
angle 2°, Sigma Koki) was inserted in the beam path to separate the NIR beams, although it slightly
expands the pulse width. Note that there are several pulse compression techniques in the near-
UV/visible/NIR region such as chirped mirror and a grating/prism pair. However, none of them can
be used in the UV/VUYV region. A sample of pentachlorobenzene was continuously introduced into
the MS to optimize the experimental conditions. This procedure was not applied in the case of the
APAHs to avoid health hazard arising from their carcinogenicity.

Gas chromatograph. A sample mixture was injected into a GC (6890N, Agilent Technologies),
and analytes were separated using a DB-5ms column (length 30 m, inner diameter 0.25 mm, film
thickness 0.25 um). The temperature program of the GC oven was as follows; initial temperature
60 °C hold for 1 min, a rate of 40 °C/min to 200 °C, then 20 °C/min to 280 °C hold for 6 min. Helium
was used as a carrier gas, and the flow rate was adjusted at 1 mL/min. The amount of sample injected
into the GC was 1 pL. The ions induced by a laser pulse was detected using a microchannel plate
detector (F4655-11, Hamamatsu Photonics). The signal was recorded by a digitizer (Acqiris AP240,
Agilent Technologies), and two-dimensional data of GC-MS was constructed using a home-made

software programmed by the Visual Basic.

Samples. A sample of pentachlorobenzene was purchased from Tokyo Chemical Industry. The
3-aminofluoranthene (3-AFLU, 90%) and 1-aminopyrene (1-APYR, 97%) samples were obtained
from Sigma-Aldrich and 9-aminoanthracene (9-AANT, 96%) from Angene International Limited. A
sample mixture containing 100 or 3.3 ng/uL for each compound was prepared by dissolving these

chemicals in ethanol.

Quantum Chemical Calculations. The number of ionization energies reported for APAHs in
the database is limited especially for large toxic/carcinogenic compounds because of the health hazard
in the experiment, although they are more important in practical trace analysis Then, quantum

chemical calculations were performed to examine the ionization mechanism using a Gaussianl6



program series package. The optimized geometries and the harmonic frequencies were calculated
based on density functional theory (DFT) using the B3LYP method with a cc-pVDZ basis set.*8
Vertical ionization energy was evaluated from the difference between the energies of the ground and
ionic states at the levels of B3LYP/cc-pVDZ and ®B97XD/cc-pVTZ. The lowest 40 singlet transition
energies and the oscillator strengths were calculated using time-dependent DFT at levels of
B3LYP/cc-pVDZ and ®B97XD/cc-pVTZ, and the predicted absorption spectra were generated using
the Gauss View 5 software program by assuming a Gaussian-profile peak with a full width at half

maximum of 0.333 eV for each transition.

RESULTS AND DISCUSSION

Generation of a VUV pulse. Figure 3 shows a photograph recorded by projecting the Raman
emission on a white screen after passing it through a fused silica prism. Multi-color emissions were
observed from the fourth anti-Stokes (342 nm) to the first anti-Stokes (600 nm) when the probe beam
(200 nm) was interrupted in the experiment. These Raman sidebands (340-400 nm) were then
generated by two-color FWRM. As shown in Figure S1, the intensity of the emission decreased
rapidly for higher-order anti-Stokes Raman sidebands. Therefore, it was difficult to generate VUV
emission based on two-color FWRM. On the other hand, multi-color emissions were observed from
the first anti-Stokes (185 nm) to the third Stokes (267 nm) by introducing the probe beam (200 nm),
indicating that they are generated by three-color FWRM. Figure 4 shows the spectrum of the Raman
sidebands measured using a VUV spectrometer. The intensity of the anti-Stokes emission was equal
to that of the first Stokes emission, suggesting that these sidebands were generated via FWRM: only
the Stokes emission is pronounced in the stimulated Raman scattering. The dependence of the
pressure of the hydrogen gas on the intensity of the VUV emission (185 nm) is shown in Figure S2.
The optimal value was observed at 1.8 atm, indicating that phase matching is required and the anti-
Stokes emission is then generated via FWRM. The ratio of the Raman sidebands and the probe beam
transmitted from the waveguide was 6 %. The pulse energy of the 200-nm beam was 4 pJ at the
entrance window of the gas cell. By taking the transmission and reflection efficiencies of the window
(90%), the capillary (12%), and the mirror (85%) into account, the pulse energy in the MS was
estimated to be 4 x 0.9 x 0.12 x 0.9 x 0.85 x 0.85 x 0.9 = 0.25 wJ. The pulse energy of the 185-nm
emission can then be estimated to be 0.25 x 0.06 = 0.015 pJ. When the multi-color emission was
separated by wedged substrates, the VUV emission at 185 nm could be visually confirmed at the exit

window of the MS, as shown in Figure S3.



Spectral Properties. Table 1 shows the ionization energies calculated for pentachlorobenzene
and thirteen APAHs. The ionization energies were 8.92 ¢V (139 nm) and 6.24 — 7.14 eV (199 — 174
nm), respectively, for these compounds, when the B3LYP/cc-pVDZ method was used (the values
were slightly larger when the ®B97XD/cc-pVTZ method was used). The wavelength corresponding
to 9-AANT, 3-AFLU, and 1-APYR were 191, 182, and 190 nm, respectively. The ionization energy
reported for 1-APYR in the NIST database was 6.8 eV (182 nm), which was much lower than the
value 0f 9.11 —9.21 eV (136 — 135 nm) reported for pentachlorobenzene: no data are available for 9-
AANT and 3-AFLU.* These results suggest that APAHs can be potentially ionized using a single
photon at 185 nm. The absorption spectra calculated for these compounds are shown in Figure S4.
Pentachlorobenzene can be ionized via NR2PI at 267 nm. It is, however, difficult to ionize using a
single photon at 185 nm. On the other hand, APAHs can be ionized via RE2PI at around 370 nm and
can be single-photon ionized at around 185 nm. The ionization scheme summarized in Figure 5
suggests that two additional photons at 800 nm are needed to ionize pentachlorobenzene using the
VUV pulse at 185 nm. On the other hand, APAHs have the potential to be single-photon ionized at
185 nm or can be ionized with an additional NIR photon (800 nm) at 200 or 218 nm. Note that the
values obtained by DFT depend on the method used for the calculation (see Table 1) and cannot
accurately be predicted (error, ca. 0.2 eV). The calculated values should therefore be used only for

semi-quantitative discussion.

Pentachlorobenzene. Pentachlorobenzene was used as a reference compound to compare the
ionization mechanism with the APAHs. Figure 6 shows the mass spectrum in the region where a
molecular ion appears. Several molecular ion isotopomers with different numbers of *>Cl and *’ClI
atoms were clearly observed. Note that the noise arising from the intensity fluctuation of the VUV
pulse can be suppressed to negligible levels since the signal was accumulated 1000 fold to construct
a mass spectrum. As shown in Figure 5 and Figure S4-A, the molecule would be ionized via RE2PI
when the fourth harmonic emission (200 nm) was used for ionization. The signal intensity was
increased by 1.5-fold when the Raman sidebands (185 and 218-nm) were generated. Since a photon
energy even at 185 nm is insufficient for SPI (see Figure 5A), this signal enhancement can be

attributed to two-photon ionization assisted by the 200-nm photon.

APAHSs. A two-dimensional display for a sample mixture containing 9-AANT, 3-AFLU, and 1-
APYR) is shown in Figure 7, which was measured in the presence of the VUV pulse (185 nm) in

addition to the pulses at 200 and 218 nm. Molecular ions consisting of several isotopomers with '2C



and '*C atoms were observed at retention times of 7.59, 9.38, and 9.68 min for these compounds,
respectively: other small signals are due to isomers present as impurities in the chemical reagents
(e.g., PYR with an amino group substituted at different positions). Figure 8 shows chromatograms
and mass spectra for a sample mixture measured at lower concentrations. The signal intensity was
increased for 3-AFLU by introducing the VUV pulse at 185 nm. In contrast, the signal intensity of 1-
APYR remained unchanged even when a VUV pulse was generated. The signal enhancement for 3-
AFLU likely arises from SPI using a photon at 185 nm (6.70 eV). On the other hand, a photon energy
at 185 nm would be insufficient (or inefficient) for I-APYR and would mainly appear via 2PI using
the photons at 200 nm. These data suggest that the accuracy of the DFT calculations is insufficient
for discussing the difference in ionization efficiency among APAHs (see Table 1). The detection limit

achieved for 3-AFLU was 1 ng/uL.

Advantages and Limitations. SPI using a VUV pulse is a liner process and the selectivity is
determined only by the wavelength of the ionization source. This is in contrast to MPI, in which the
selectivity is also determined by the intensity of the ionization source (e.g., the efficiency of non-
resonant process is strongly enhanced by increasing the peak power and then by decreasing the pulse
width of the ionization source).**** Actually, APAHs have low ionization energies, and, as a result,
they can be preferentially ionized in MS. When a VUV femtosecond laser is used for SPI, a variety
of optical pulses generated at different wavelengths by several nonlinear processes can be
simultaneously used for MPI. In fact, the optical system in this study permits femtosecond pulses at
185, 200, 218, 240, 267, 800, and 1200 nm to also be used, other wavelengths (e.g., 218, 240, 267,
300, 342, 400, 800, and 1200 nm) are also available using a probe beam at 267 nm.**3> Therefore, a
wide variety of ionization schemes can be studied based on SPI and RE2PI/NR2PI (and
RE3PI/NR3PI). This provides us an additional tool for examining the ionization mechanism (see
Figure 5). The limitation of SPI in this study was the poor sensitivity in MS, since the energy of the
VUV pulse was limited to <0.02 pJ. This result can be ascribed to multiple frequency conversion
steps (OPA, FHG, FWRM) and to poor transmission and reflection efficiencies of the optical
components used. Note that the transmission efficiencies of the capillary waveguide can be improved
by using a capillary with an optimal inner diameter; a center part (70%) of the Gaussian beam can be
introduced into the waveguide in theory by fitting the beam size with the inner diameter of the
capillary. In addition, the transmission and reflection efficiencies can be significantly improved by

reducing the number of optical components and by using anti-reflection-coating windows and highly-
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reflective dichroic mirrors (five aluminum mirrors for reflecting the UV beam and two aluminum

mirrors for reflecting the VUV beam were used in this study for analytical application).

Other VUV Femtosecond Light Sources. A VUV laser emitting at shorter wavelengths
(<185 nm) would be desirable for more general applications, since the ionization energies of other
organic compounds are in the range of 6.5 — 10 eV (191 — 124 nm). As described above, the VUV
pulse at 160 nm (2.5 pJ) is generated using noncollinear difference-frequency FWM (wvuv = 2wTH —
wnIr) between the fundamental and third harmonics of a Ti:sapphire laser in argon.?® A tunable VUV
pulse across the spectral region of 146—151 nm (0.09 pJ) can be generated by using the signal beam
of OPA in krypton and argon.*® The third harmonic emission (133 nm, 9.3 eV) generated in a rare
gas using the second harmonics (400 nm) of a Ti:sapphire laser (800 nm) would be preferred for more
general use of this technique (although the selectivity would be decreased), the conversion efficiency
of which would be significantly improved using a high-peak-power ultrashort laser pulse. In a
previous study, we reported on the generation of a femtosecond VUV pulse at 154.2 nm and attributed
this to stimulated emission in molecular hydrogen, which would be an alternative approach for use in

SPI MS.®

CONCLUSIONS

A VUV femtosecond optical pulse (185 nm) was generated by three-color FWRM using a two-
color pump beam (800 and 1200 nm) and a single-color probe beam (200 nm) produced by the fourth
harmonics of a Ti:sapphire laser (800 nm). A sample mixture containing APAHs was analyzed by MS
using the VUV pulse as the ionization source in MS. The signal intensity of 3-AFLU was significantly
increased by introducing a 185-nm pulse, which was in contrast to 1-APYR providing no signal
enhancement. These data suggest that selective ionization can be achieved by SPI MS. A VUV pulse
with a larger pulse energy at shorter wavelengths would be preferential for more general use in trace

analyses.
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Supporting information provides emission spectrum of Raman sidebands (Fig. S1), the dependence
of the hydrogen gas pressure on the signal intensity of the Raman sidebands (Fig. S2), spectrograph
of Raman sidebands (Fig. S3), and absorption spectra calculated for pentachlorobenzene and APAHs
(Fig. 45).
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Table 1. Ionization Energies Calculated Using B3LYP/cc-pVDZ and ®B97XD/cc-pVTZ.

Method/Basis Set B3LYP/cc-pVDZ ®B97XD/cc-pVTZ
Compound Ionization Energy Wavelength  lonization Energy Wavelength
(eV) (nm) (eV) (nm)
pentachlorobenzene 8.92 139 9.21 135
1-aminonaphthalene 7.12 174 7.31 170
2-aminonaphthalene 7.14 174 7.35 169
5-aminoacenaphthene 6.75 184 6.94 179
2-aminofluorene 6.83 182 7.08 175
2-aminoanthracene 6.58 189 6.81 182
9-aminoanthracene (9-AANT) 6.48 191 6.65 187
3-aminophenanthrene 6.88 180 7.14 174
9-aminophenanthrene 6.97 178 7.18 173
3-aminofluoranthene (3-AFLU) 6.82 182 6.84 181
l-aminopyrene (1-APYR) 6.53 190 6.72 184
7-aminobenzo(a)anthracene 6.46 192 6.67 186
6-aminochrysene 6.67 186 6.92 179
6-aminobenzo(a)pyrene 6.24 199 6.41 194
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Figure Captions.

Figure 1.

Figure 2.

Ionization schemes. NIR, UV, and VUV lasers can be used for multi-photon, two-photon,

and single-photon ionizations, respectively.

Block diagram of the experimental apparatus used in this study. (A) Optical configuration
for the generation and measurement of the VUV pulse. (B) Vacuum chamber and optical
components for focusing the beam into the MS. M, aluminum mirror; CM, concave mirror;
DM, dichroic mirror, BBO, B-BaB20s4 crystal; A/2, half-wave plate; TP, time plate (a-
BaB20s4 crystal); TD, time delay; CaF2, windows made of calcium fluoride, WS, wedged
substrate (cf. Caption of Figure S3 for WS-2).

Figure 3. Photograph recorded by projecting the beam from the capillary waveguide on a white screen

Figure 4.

Figure 5.

Figure 6.

Figure 7.

containing a phosphor. The beam was passed through a fused-silica prism under
atmospheric conditions. The two-color pump beam (800 and 1200 nm) and the Stokes beam
(2400 nm) were not observed because of low sensitivity of the camera in the NIR region.
Note that the VUV beam at 185 nm is attenuated by the fused-silica prism and the ambient

air.

Spectrum of the emission from the capillary waveguide measured using the VUV

spectrometer. The hydrogen pressure was adjusted at 1.8 atm.

Ionization schemes. (A) Pentachlorobenzene. (B) APAHs. The VUV pulse at 185 nm can
potentially be used for SPI of APAHs. However, the UV pulses at 218 and 200 nm are

insufficient for SPI and an additional photon is required for 2PI.

Mass spectra measured for pentachlorobenzene at (A) 200 nm (B) 185 + 200 + 218 nm.

The chemical structure of pentachlorobenzene is shown in the figure.

Two-dimensional display measured for a sample mixture of 9-AANT, 3-AFLU, and 1-
APYR. The chromatogram measured at m/z = 193 (9-AANT) and 217 (3-AFLU and 1-
APYR) are shown at the top of the display, respectively, and the mass spectra measured at
retention times of 7.59 (9-AANT) and 9.38 min (3-AFLU) are shown at the right-hand side,
respectively. Sample concentration, 100 ng/uL for each chemical. Laser wavelength, 218

+ 200 + 185 nm.
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Figure 8. Data measured for APAHs at (A) (C) 200 nm and (B) (D) 185 + 200 + 218 nm. (A) (B)
Chromatograms measured at m/z = 217 (3-AFLU and 1-APYR). (C) (D) Mass spectra

measured at a retention time of 9.38 min (3-AFLU). Sample concentration, 3.3 ng/uL for
each compound.
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