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ABSTRACT 1 

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are suspected to be highly 2 

carcinogenic and mutagenic compounds that are present in the environment. Gas 3 

chromatography combined with mass spectrometry (GC-MS) is the most frequently used 4 

technique for trace analysis. The electron ionization techniques that are currently used in 5 

MS, however, typically do not result in the formation of a molecular ion, thus making the 6 

determination of these compounds more difficult. In this study, we report on the use of a 7 

compact highly-repetitive (low-pulse-energy) ultraviolet (UV) femtosecond laser as the 8 

ionization source in combination with a miniature time-of-flight mass analyzer and a 9 

time-correlated ion counting system. The UV laser pulses emitted at 343, 257, and 206 10 

nm were produced by harmonic generations of a femtosecond Yb laser emitting at 1030 11 

nm and were utilized for single-color multiphoton ionization. A combination of the 343-12 

nm and 257-nm pulses was further employed to achieve two-color two-photon ionization. 13 

This technique was found to be more useful for sensitive detection and also resulted in 14 

the formation of a molecular ion. A pump-and-probe technique using these pulses was 15 

examined in a proof-of-concept study to measure the femtosecond lifetimes of the nitro-16 

PAHs separated by GC, providing additional information for use in the characterization 17 

of the analyte. The developed technique was applied in the analysis of an authentic sample, 18 

an organic solvent extract from diesel exhaust particulates. The nitro-PAHs contained in 19 

a standard reference material (SRM1975) were determined on a two-dimensional GC-MS 20 

display, suggesting that this technique would be useful for the practical trace analysis of 21 

nitro-PAHs in environmental samples. 22 

 23 
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1.  Introduction 7 

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are analogs of polycyclic 8 

aromatic hydrocarbons (PAHs) that contain at least one nitro group in the molecule. They 9 

are directly produced by combustion of fossil fuels and also by chemical reactions of 10 

PAHs with O3 and NO2 in the atmosphere [1-3]. Different types of nitro-PAHs are formed 11 

as the result of the atmospheric transformation of PAHs. In fact, 30-40% of the 12 

mutagenicity was contributed by 1,3-, 1,6-, and 1,8-dinitropyrene, 1-nitropyrene and 3- 13 

and 8-nitrofluorancene in a sample extracted form diesel exhaust particulates [2]. When 14 

nitro-PAHs are inhaled into the human body, this exposure increases oxidative stress thus 15 

increasing the risk of developing cardiovascular disease [3]. As a result, nitro-PAHs are 16 

used as special source markers [3, 4]. However, transformations of these compounds that 17 

occur in the environment are still a subject of debate, since photochemical decomposition 18 

is considered to be a major factor in decreasing the concentration of nitro-PAHs. 19 

Although the levels of these compounds are much lower than those of PAHs, nitro-PAHs 20 

have a more potent carcinogenicity and mutagenicity [3, 4]. Indeed, the concentrations of 21 

nitro-PAHs that are typically adsorbed on particulate matter are 10-100 times lower than 22 
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those of PAHs [5, 6]. However, the mutagenicity and carcinogenicity of these nitro-PAHs 1 

are reported to be 200-110000 times higher than that for benzo(a)pyrene [7]. Therefore, 2 

a sensitive as well as a selective method for the analysis of nitro-PAHs is clearly needed. 3 

A variety of analytical techniques have been developed for measuring nitro-PAHs in 4 

the environment [8]. Liquid chromatography combined with electrochemical detection, 5 

fluorescence detection, or chemiluminescence detection, has been employed, although a 6 

chemical reaction is needed in these techniques [9-12]. Among them, the most sensitive 7 

technique is reported to be chemiluminescence with detection limits of 0.1-10 pg (cf. 8 

fluorescence 1-10 pg) [12]. Many techniques involve the use of gas chromatography 9 

combined with various detectors, e.g., flame ionization detector, nitrogen-phosphorus 10 

detector, and electron capture detector [13-16]. The most frequently used technique is gas 11 

chromatography coupled with mass spectrometry (GC-MS), because of the superior 12 

separation resolution given by GC and the excellent sensitivity provided by MS. It should 13 

be emphasized that MS is very useful for the identification of analyte molecules. Many 14 

types of MS with different ionization sources have been developed to date. Among them, 15 

electron ionization (EI) is widely used in conventional MS [17-20]. In order to improve 16 

the sensitivity of this method, it is necessary to improve the selectivity for background 17 

suppression. High-resolution MS operated in the selected-ion monitoring (SIM) mode 18 

(HR(SIM)MS) has been utilized for this purpose [21]. However, some organic 19 

compounds (including nitro-PAHs) dissociate readily, and fragment ions are dominantly 20 

observed in EIMS. This can make it difficult to determine the molecular weight of the 21 

analyte by observing a molecular ion and to identify the analytes contained in a complex 22 

sample matrix. To solve this problem, positive/negative ion chemical ionization MS 23 

(PICI/NICIMS) has been developed, since it provides a molecular ion [22-26]. This 24 
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approach is particularly useful for measuring highly electronegative compounds such as 1 

nitro-PAHs, since it provides excellent selectivity and sensitivity. However, identifying 2 

the analyte by finger-printing is difficult due to a lack of a fragment pattern. Another 3 

approach to improving selectivity is the use of a hyphenated technique such as MS/MS 4 

and GC×GC. Mass analyzed ion kinetic energy spectrometry (MIKES)-MS/MS and 5 

triple-stage quadrupole (TSQ)MS/MS have been developed for this purpose [17]. These 6 

techniques were employed in a study of the decay/formation mechanism of PAHs/nitro-7 

PAHs in the environment [18]. A two-dimensional separation technique coupled with MS 8 

such as GC×GC-MS/MS has superior selectivity and is now frequently used in trace 9 

analysis [21]. However, these techniques make the comprehensive analysis of unknown 10 

nitro-PAHs difficult. 11 

A photoionization technique has been developed to improve both the selectivity and 12 

the sensitivity of this technique [27]. The ionization energy (IE) of nitro-PAHs is 7-11 13 

eV, and 1-nitronaththalene was measured by single-photon ionization in MS using a 14 

vacuum-ultraviolet (VUV) nanosecond laser [28]. On the other hand, the excitation 15 

energy (EE) of nitro-PAHs is 3-4 eV, and such a molecule can be efficiently ionized by 16 

absorbing the first photon for excitation and the subsequent photon for ionization, a 17 

process referred to as resonance-enhanced two-photon ionization (RE2PI), or more 18 

generally as resonance-enhanced multiphoton ionization (REMPI). For example, a solid 19 

sample was directly vaporized and ionized using ultraviolet (UV) nanosecond lasers (266 20 

and 213 nm, 8 ns) for observing positive and negative ions, which provided limits of 21 

detection (LODs) at the picomole level [29- 30]. A near-infrared (NIR) femtosecond laser 22 

(800 nm, 10 mJ, 10 Hz) was used for MPI after laser desorption of a sample using a UV 23 

nanosecond laser (266 nm) [31]. To measure a sample in a complex matrix, GC was 24 
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combined with MS using UV and NIR femtosecond laser ionization sources (fsLIMS) 1 

[32]. Indeed, this technique has been applied to the trace analysis of nitro-PAHs in a 2 

complex matrix at the sub-picogram level [33-36]. Note that nitro-PAHs were converted 3 

into amino-PAHs for more sensitive/selective detection before mass analysis [37, 38]. 4 

Nitro-PAHs have very short lifetimes and relax to the ground state on the femtosecond 5 

time scale. Therefore, it is desirable to use a femtosecond laser for efficient RE2PI. In 6 

this technique, a molecular ion as well as large fragment ions is enhanced significantly, 7 

which was then useful for the assignment of the analyte. It was, however, necessary to 8 

use an MS comprised of a large mass analyzer and a complicated laser system consisting 9 

of a Ti:sapphire laser, an optical parametric amplifier, and harmonic generators as the 10 

ionization source, which prevented the practical analytical use of this approach. In order 11 

to improve ionization efficiency, it was suggested that the analyte be ionized when 12 

measurements are made at around 200 nm because of a strong absorption band located at 13 

shorter wavelengths. This, however, resulted in significantly increased background 14 

signals that arose from interferences present in a complex sample mixture. To suppress 15 

these undesirable signals, it was suggested that the nitro-PAHs be measured in the near-16 

UV region (345 nm) in the case of an actual trace analysis [34]. In addition, it is preferable 17 

to decrease the excess energy remaining in the ionic state so as to suppress fragmentation. 18 

As a result, it would be preferential to use two femtosecond pulses emitting at different 19 

wavelengths, since the first pulse can be used for optimal excitation and the second pulse 20 

for optimal ionization. This would minimize the effect of interferences and suppress 21 

fragmentation. 22 

In this study, we report on the analysis of a standard sample mixture containing 14 23 

nitro-PAHs (see Fig. 1 for their chemical structures) based on GC-MS using the harmonic 24 
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emissions of a compact femtosecond Yb laser as the ionization source. The UV pulses 1 

emitting at 343, 257, and 206 nm were generated and used for single-color and two-color 2 

ionizations to analyze the standard sample mixture and also a real sample extracted from 3 

diesel exhaust particulates. Furthermore, the two-color pump-and-probe technique was 4 

examined in a proof-of-concept study to obtain additional information concerning the 5 

lifetime of the analyte molecule and to improve selectivity in spectrometric analysis. 6 

 7 

2.  Material and methods 8 

Fig. 1. Chemical structures of the nitro-PAHs examined in this study. (1) 1-nitronaphthalene [173] (2) 
2-nitronaphthalene [173] (3) 2-nitrobiphenyl [199] (4) 3-nitrobiphenyl [199] (5) 2-nitrofluorene [211] 
(6) 2-nitroanthracene [223] (7) 9-nitroanthracene [223] (8) 3-nitrophenanthrene [223] (9) 9-
nitrophenanthrene [223] (10) 3-nitrofluoranthene [247] (11) 1-nitropyrene [247] (12) 6-nitrochrysene 
[273] (13) 7-nitrobenz(a)anthracene [273] (14) 6-nitrobenzo(a)pyrene [297]. [  ]: molecular weight. 
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2.1.  Analytical instrument 1 

 A block diagram of the experimental apparatus used in this study is shown in Fig. S1 2 

in the Supplementary Material. Briefly, the sample was measured by a GC (6890 N, 3 

Agilent Technologies) combined with a miniature time-of-flight (TOF) mass analyzer 4 

(flight tube length 65 mm, mass resolution 670) that was recently developed in our 5 

laboratory [39]. The analyte eluting from GC was introduced into the mass analyzer 6 

maintained at ∼ 4 × 10-3 Pa using a fused silica capillary. A femtosecond Yb laser 7 

(wavelength 1030 nm, pulse width 400 fs, output power 2.4 W, pulse repetition rate 120 8 

kHz, Calmer Laser) was employed as a fundamental beam to generate the third (343 nm), 9 

fourth (257 nm), and fifth (206 nm) harmonic emissions. The two beams, e.g., the third 10 

and fourth harmonic emissions, were separated and recombined using dichroic mirrors. 11 

A mechanical stage with the dielectric mirrors mounted on it was translated using a high-12 

precision micrometer head (resolution 1 μm) to adjust the time delay between the two 13 

pulses. The combined beam was confocally focused together using a pair of UV-enhanced 14 

concave and flat aluminum mirrors onto an analyte in a molecular beam in the MS, in 15 

order to avoid mismatching of the focal lengths at different wavelengths when using a 16 

fused silica lens. The angle between the molecular beam and the laser beam was slightly 17 

tilted (ca. 10 degree) to increase the interaction volume and to improve the ionization 18 

efficiency [39]. The ions produced by MPI were accelerated toward a TOF tube (no delay 19 

extraction field available) and were detected by an assembly of microchannel plates 20 

(response time ca. 600 ps, F14844eY002, Hamamatsu Photonics). The signal was 21 

amplified by 60-fold using an amplifier (bandwidth 1.5 GHz, C5594, Hamamatsu 22 
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Photonics), and the output signal was measured by a time-to-digital converter (time 1 

resolution 250 ps, TimeHarp 260 NANO, PicoQuant) installed in a personal computer. 2 

A 1-μL aliquot of sample solution was injected into the GC by means of an auto 3 

sample injector (splitless mode), and the analytes were separated on a capillary column 4 

(DB-5MS, length 30 m, inner diameter 0.25 mm, film thickness 0.25 mm, Agilent 5 

Technologies). Helium was used as a carrier gas, and the flow rate was adjusted to 1 6 

mL/min. The temperature of the sample injection port was set at 280 ℃, which was a 7 

compromise that allowed all 14 nitro-PAHs studied here to be measured (dependence of 8 

the signal intensity on the temperature of the sample injection port is shown in Fig. S2). 9 

The temperature program of the capillary column was as follows: the oven temperature 10 

was increased from 40 ℃ (held for 1 min) to 120 ℃ at a rate of 20 ℃/min (held for 1 11 

min), then increased to 280 ℃ at a rate of 5 ℃/min (held for 10 min). The temperature of 12 

the transfer line between the GC and the MS was maintained at 300 ℃. 13 

 14 

2.2.  Reagents and chemicals 15 

 16 

CAUTION: Nitro-PAHs are potent direct-acting mutagens and carcinogens, and 17 

precautions should be taken to prevent dermal and inhalation exposure to nitro-PAH 18 

solutions and vapors. A standard sample mixture containing 2-nitronaphthalene, 2-19 

nitroanthracene, 9-nitroanthracene, 3-nitrophenanthrene, 9-nitrophenanthrene, 6-20 

nitrochrysene, 7-nitrobenz(a)anthracene, and 6-nitrobenzo(a)pyrene was purchased from 21 

AccuStandard. Six nitro-PAHs, i.e., 1-nitronaphthalene, 2-nitrobiphenyl, 3-nitrobiphenyl, 22 

2-nitrofluorene, 3-nitrofluoranthene, and 1-nitropyrene were purchased from Sigma-23 
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Aldrich Japan, which were dissolved in toluene (Wako Pure Chemical Industries, Ltd.) 1 

and were diluted with acetonitrile manufactured for chromatography (Wako Pure 2 

Chemical Industries, Ltd.). A standard sample mixture containing the 14 nitro-PAHs was 3 

prepared by mixing these standard solutions. The concentration was adjusted to 6.5 ppm 4 

for each by diluting with acetonitrile. This stock solution was diluted stepwise with 5 

acetonitrile and was used in the experiments. Standard Reference Material 1975 6 

(SRM1975) supplied from National Institute of Standard and Technology (NIST), which 7 

was extracted from diesel exhaust particulates, was used as an example of a real sample 8 

for performance evaluation of the analytical instrument. 9 

 10 

3.  Results and discussion 11 

3.1.  Spectral properties 12 

The absorption spectra were calculated for the 14 nitro-PAHs. The results are shown 13 

in Fig. S3 (see the absorption spectra calculated by density functional theory, DFT), and 14 

the spectral properties are summarized in Table S1. In single-color ionization, nitro-PAHs 15 

are ionized mainly through RE2PI at 257 and 206 nm and through resonance-enhanced 16 

three-photon ionization (RE3PI) or nonresonant three-photon ionization (NR3PI) at 343 17 

nm depending on the molecule. In two-color ionization that is achieved using a 18 

combination of optical pulses at 257 and 343 nm, nitro-PAHs can be ionized through 19 

RE2PI or nonresonant two-photon ionization (NR2PI) for large molecules, which is in 20 

contrast to RE3PI or nonresonant three-photon ionization (NR3PI) for small molecules, 21 

depending on the order of introducing the two optical pulses, e.g., 257 nm (first) + 343 22 

nm (second), referred to as “257 + 343 nm”, and vice versa. It is noteworthy that the 23 
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excess energy can be reduced by using a two-color RE2PI scheme (total photon energy 1 

8.43 eV) for large nitro-PAHs and by single-color RE3PI/NR3PI (total photon energy 2 

10.83 eV) for small nitro-PAHs (see the caption of Table S1). 3 

 4 

3.2.  Two-dimensional display of GC-MS for a standard sample mixture  5 

 6 

Figure 2 shows a two-dimensional GC-MS display that was measured for a standard 7 

sample mixture containing 14 nitro-PAHs, based on two-color ionization using the optical 8 

pulses at 257 + 343 nm (three two-dimensional displays of GC-MS measured at 343, 257, 9 

and 206 nm are shown in Fig. S4). The analytes were separated in the order of volatility 10 

Fig. 2. Two-dimensional display of GC-MS measured for a sample mixture containing 14 nitro-PAHs (6.5 
ppm for each) ionized using a combination of UV pulses at 343 (70 mW) and 257 nm (90 mW). The delay 
time was adjusted to tDL = 0. A total ion chromatogram is shown at the top of the figure. The signals with 
numbers can be assigned to 14 nitro-PAHs (see the chemical structures shown in Fig. 1), and the other 
signals with no number are attributed to impurities in the sample. The signals arising from the molecular 
ions are indicated by circles in the figure. 



12 

 

that is mainly determined by the molecular weight of the analyte, since a slightly polar 1 

capillary column (DB-5MS) was used for GC separation. The mass spectra measured at 2 

the retention times, at which four compounds appear, were extracted from Figs. 2 and S4 3 

and are shown in Fig. 3. A large signal arising from a molecular ion was observed in mass 4 

spectra for all of the nitro-PAHs. The situation remained unchanged even when three 5 

photons were required for ionization at 343 nm. This favorable result can be attributed to 6 

rather efficient RE3PI for large nitro-PAHs such as 6-nitrochrysene (see Table S1), which 7 

can be preferentially used for selective determination of nitro-PAHs. Note that even small 8 

nitro-PAHs such as 3-nitrobiphenyl can be ionized with sufficient efficiency via NR3PI 9 

because of a short optical pulse width (high peak power) and the large output power of 10 

Fig. 3. Mass spectra measured at 343 nm (140 mW), 257 nm (140 mW), 206 nm (29 mW), and 343 nm (70 
mW) + 257 nm (90 mW) at tDL = 0. (A) 3-nitrobiphenyl (B) 3-nitrophenanthrene (C) 9-nitrophenanthrene 
(D) 6-nitrochrysene. The data were extracted from the two-dimensional data shown in Figs. 2 and S4. Since 
the analytes were measured at the same concentration (6.5 ppm for each), the signal intensity (the y-axis) 
is in proportion to the ionization efficiency at different wavelengths. 
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the third harmonic emission (140 mW). It is interesting to note that a fragment ion of [M-1 

1]+ was always observed only when the third harmonic emission (343 nm) was used for 2 

ionization, suggesting a unique ionization channel associated with the dissociation of a 3 

hydrogen atom at the three-photon energy of 10.83 eV. A molecular ion, [M]+, as well as 4 

large fragment ions such as [M−NO]+, [M−NO2]+, and [M−NO−CO]+, was enhanced at 5 

257 nm, since all of the nitro-PAHs were efficiently ionized through RE2PI and a smaller 6 

excess energy (two-photon energy 9.63 eV), in addition to a large output power of the 7 

fourth harmonic emission (140 mW). On the other hand, the signal intensity was rather 8 

low at 206 nm, because of a large excess energy (two photon energy 12.04 eV) and a low 9 

output power of the fifth harmonic emission (29 mW). When a two-color ionization 10 

scheme was used, larger signals were observed for molecular ions because of efficient 11 

RE2PI, a small excess energy (two photon energy 8.43 eV), and a large total output power 12 

at 343 nm (70 mW) and 257 nm (90 mW). It should be noted here that the signal intensity 13 

of the fragment ion, [M−NO]+, was sometimes very weak, e.g., 3-nitrobiphenyl, as shown 14 

in Fig. 3 (A), although the fragment ion of [M−NO2]+ as well as [M−NO−CO]+ was more 15 

clearly observed for all of the nitro-PAHs. This is probably due to the fact that a nitro-16 

nitrite rearrangement is necessary for a C–ONO to be formed prior to the dissociation of 17 

NO. On the other hand, there are two possibilities for producing [M−NO2]+, i.e., one being 18 

the direct cleavage of the C–NO2 bond of a molecular ion and the other being the cleavage 19 

of the C-ONO bond after the rearrangement [29, 31, 40]. The fragment ion undergoes 20 

further dissociation by breaking the ring structure, which results in the production of a 21 

variety of CxHy+ fragment ions [31]. It is interesting to note that the fragmentation can be 22 

controlled by using a chirp optical pulse of the femtosecond laser [41]. 23 

 24 
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3.3.  Comparison   1 

 2 

 In MPI, the excess energy in the ionic state can be reduced by optimizing the laser 3 

wavelengths and the molecular ion can be enhanced, which is beneficial for the 4 

identification of nitro-PAHs. Table 1 shows the ratio of the signal intensities, [M]+/[F]+,  5 

Table 1 

Comparison of the [M]+/[F]+ values measured using fsLIMS and EIMS. 
 

 Compound This 
work 

EIMS 
(NIST) 

fsLIMS  
(reported) 

1 1-nitronaphthalene (173/127) 22 0.63 NA 

2 2-nitronaphthalene (173/127) 5.5 0.92 NA 

3 2-nitrobiphenyl (199/143) 46.8 0.38 (/152) NA 

4 3-nitrobiphenyl (199/153)  8.5 0.9 (/152) NA 

5 2-nitrofluorene (211/165) 12.7 0.6 NA 

6 2-nitroanthracene (223/177) 11.2 NA NA 

7 9-nitroanthracene (223/165) 9.5 1.63 (/176) 
1.61),  

0.682), 0.83), 8.94) 

8 3-nitrophenanthrene (223/177) 19.0 NA NA 

9 9-nitrophenanthrene (223/177) 7.8 0.61 (/165) NA 

10 3-nitrofluoranthene (247/217) 6.7 1.38 (/200) 
1.01), 

0.562), 1.23), 2.54) 

11 1-nitropyrene (247/217) 5.4 0.84 (/201) 
1.21), 

0.562), 1.23), 5.04) 

12 6-nitrochrysene (273/243) 15.7 1.32 (/226) NA 

13 7-nitrobenz(a)anthracene (273/227) 7.4 NA NA 

14 
 

6-nitrobenzo(a)pyrene (297/267) 
 

10.9 
 

1.21 (/251) 
 

NA 
 

The m/z values of the molecular ion and the largest fragment ion are shown in 
parenthesis. NA, not available. The values reported in this work were obtained using a 
two-color ionization scheme (257 + 343 nm) at tDT = 0. The [M]+/[F]+ values were 
measured at 345 nm1) [34] and 400 nm2), 800 nm3), and 1200 nm4) [36].  Large values 
were obtained at 1200 nm due to no absorption band for ionic species of nitro-PAHs (see 
the details in the reference: [36]). 
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in which [M]+ is the molecular ion and [F]+ is the largest fragment ion in MS. As expected, 1 

the molecular ion was strongly enhanced in this study. The intensity of the fragmentation 2 

ion can, if necessary, be increased by tightly focusing the laser beam onto the molecular 3 

beam, permitting finger-printing identification of the analyte. On the other hand, the  4 

signal intensity of the molecular ion is rather small in EIMS, making the identification of 5 

an analyte more difficult due to congested signals observed in the case of measuring a 6 

real sample. Table 2 shows the observed LODs compared with the reported data [20, 33,  7 

34]. The values were in the 0.03-0.38 pg range for the 14 nitro-PAHs used in this study.  8 

Higher values for small nitro-PAHs can be attributed to RE3PI/NR3PI, which is less 9 

efficient than RE2PI/NR2PI for large nitro-PAHs. These values are smaller than the 10 

reported values of 4.5-22.2 pg obtained by GC-EIMS and 20-28 pg obtained by GC-11 

EI/HR(SIM)MS [21]. The LODs can be improved by two orders of magnitude by using 12 

present GC-fsLIMS. This favorable result was obtained by optimal two-color MPI, which 13 

is useful for the more sensitive detection of nitro-PAHs and for the suppression of the 14 

background signal arising from interferences. It should be noted that the LODs achieved 15 

here are several times lower than the values reported using a large (more expensive) 16 

fsLIMS consisting of a complicated Ti:sapphire laser/optical parametric 17 

amplifier/harmonic generator system. This favorable result can be attributed to the use of 18 

a higher-average-power low-pulse-energy (low-cost) femtosecond Yb laser that increases 19 

the signal intensity and reduces the number of subsequent photons to be absorbed from 20 

the ionic state, in addition to a combination of the two pulses emitting at optimal 21 

wavelengths to minimize the excess energy. The present LODs were comparable to the 22 

0.03-0.07 pg and 0.09-12 pg values obtained by GC-NCI(SIM)MS [22-26] and 0.03-0.11 23 

pg obtained by GC×GC-MS/MS [21]. As mentioned above, these techniques, however,  24 
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Table 2 

Comparison of the LODs measured using EIMS and fsLIMS. 
 

 Compounds 
 

This work 
(pg) 

EIMS (ref. 20) 
(pg) 

fsLIMS (reported) 
(pg) 

1 1-nitronaphthalene 0.2 22 NA 

2 2-nitronaphthalene 0.38 16.4 NA 

3 2-nitrobiphenyl 0.27 16.8 NA 

4 3-nitrobiphenyl 0.06 19.1 NA 

5 2-nitrofluorene 0.31 8.8 NA 

6 2-nitroanthracene 0.06 10.9 NA 

7 9-nitroanthracene 0.13 4.5 0.21), 
0.942), 0.543), 0.424) 

8 3-nitrophenanthrene 0.04 22.2 NA 

9 9-nitrophenanthrene 0.03 11.5 NA 

10 3-nitrofluoranthene 0.08 10.8 0.31), 
0.202), 1.093), 1.194) 

11 1-nitropyrene 0.07 14.5 0.31), 
0.272), 0.683), 0.934) 

12 6-nitrochrysene 0.05 8.0 NA 

13 7-nitrobenz(a)anthracene 0.06 17.7 NA 

14 
 

6-nitrobenzo(a)pyrene 
 

0.13 
 

8.5 
 

NA 
 

The LODs were measured at 345 nm1) [33] and at 200 nm2), 267 nm3), and 343 nm4) 
[34]. NA, not available. 
 

make a comprehensive analysis of unknown nitro-PAHs difficult. Note that the LODs 1 

obtained in this study could be further improved by using a cool on-column (or cooled) 2 

sample injection method in GC to reduce the thermal decomposition of nitro-PAHs (see 3 

Fig. S2) [21, 26]. 4 

 5 

3.4.  Pump-and-probe technique 6 

 7 
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  A pump-and-probe technique is currently used for measuring femtosecond lifetimes 1 

of the excited states for large molecules such as pyrene [42]. In this study, this technique 2 

was examined in an attempt to study dynamics of nitro-PAHs and to improve the 3 

selectivity in the spectrometric analysis, in which the two-color two-photon ionization 4 

scheme (343 + 257 nm) was utilized because of the larger signal intensity (see Fig. 3) and 5 

lower background signals arising from interference such as PAHs when a real sample was 6 

measured at shorter wavelengths (e.g., at 267 nm) [33,34]. 7 

 8 

3.4.1.  Model  9 

 Figures 4 (A) and (B) show the energy diagrams for the ionization of nitro-PAHs 10 

that were used in this study. The signal intensity of the molecular ion can be calculated 11 

by equations (1) and (2) (see the details for derivation of the equations shown in the 12 

Supplementary Material). 13 

[𝑁𝑁2] = 𝑘𝑘3𝐴𝐴𝐼𝐼(343)[𝑁𝑁1]0𝑒𝑒−(𝑡𝑡DT/𝜏𝜏A)                                                                                               (1) 14 

[𝑁𝑁2]  = 𝑘𝑘3𝐵𝐵𝐼𝐼(257)[𝑁𝑁1]0𝑒𝑒−(𝑡𝑡DT/𝜏𝜏B)                                                                                              (2) 15 

where [N1]0 and [N2] are the populations of the excited state immediately after excitation 16 

and of the ionic state, respectively, k3A and k3B are the rate constants for ionization, I(343) 17 

and I(257) are the intensities of the optical pulses at 343 nm and 257 nm, respectively, tDT 18 

is the delay time between the 257-nm and 343-nm pulses, τA and τB are the lifetimes of 19 

excited states A and B, respectively. The ratio of the signal intensities, [M]+/[F]+, can be 20 

calculated by equations (3) and (4).  21 
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[M]+

[F]+
 ~ 𝑒𝑒−(𝑡𝑡DT/𝜏𝜏A) + 𝐾𝐾5  (𝑡𝑡DT  ≤ 0)                                                                                        (3) 1 

[M]+

[F]+
 ~ 𝑒𝑒−(𝑡𝑡DT/𝜏𝜏B) + 𝐾𝐾5  (𝑡𝑡DT  ≥ 0)                                                                                        (4) 2 

where K5 is a constant and is independent of the delay time. The lifetime of the excited 3 

state can then be evaluated by measuring the value of [M]+/[F]+ at different time delays. 4 

Fig. 4. Energy diagram of two-color two-photon ionization at (A) 257 + 343 nm (B) 343 + 257 nm and 
dependence of the ratio, [M]+/[F]+, on the delay time between the excitation (pump) and ionization (probe) 
pulses for (C) 1-nitronaphthalene (D) 3-nitrofluoranthene. The pump pulse (257 nm) appears earlier than 
the probe pulse (343 nm) at negative delay times (tDL < 0). 



19 

 

 1 

3.4.2.  Evaluation of the laser pulse width 2 

 3 

  The dependence of the signal intensity on the laser power was measured by continuously 4 

introducing acetonitrile into the MS (see Experimental Procedures in the Supplementary 5 

Material). The slope in the log-log plot was 1.8 (see the observed data shown in Fig. S5), 6 

suggesting nonresonant two-photon ionization under present conditions. MS can then be 7 

used as a two-photon detector in a cross correlator to evaluate the laser pulse width [43]. 8 

A cross correlation trace was measured using the third (343 nm) and fourth (257 nm) 9 

harmonic emissions, and the optical pulse width was determined to be 150 fs from the 10 

full width at half maximum of the observed data (the relationship between the signal 11 

intensity and the delay time is shown in Fig. S6). 12 

 13 

3.4.3.  Lifetime measurement  14 

 15 

 Figures 4 (C) and (D) show the dependences of the [M]+/[F]+ ratio obtained by 16 

changing the delay time between the optical pulses at 257 and 343 nm (the pulse at 257 17 

nm appears earlier than the pulse at 343 nm at tDT < 0). The maximum value was obtained 18 

at tDT = 0, since these molecules can reach the IE with nearly zero excess energy (see 19 

Table S1) and are efficiently ionized before vibrational relaxation. A very short decay of 20 

less than 150 fs (or no decay) was observed for 1-nitronaphthalene at tDT > 0, due to the 21 

NR3PI process. In contrast, a double exponential decay was observed at tDT < 0, due to 22 

RE3PI as shown in Fig. 4 (C) (a), and the lifetime of the longer decay was calculated to 23 

be 360 fs from the slope of the semi-log plot shown in Fig. S7 (the data for the semi-log 24 
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plot of the signal intensity vs. the delay time). A decay was more clearly observed for 3-1 

nitrofluoranthene, as shown in Fig. 4 (D) (b) and (c), and the lifetimes were calculated to 2 

be 220 and 510 fs from the data shown at tDT < 0 and tDT > 0, respectively (see the 3 

observed data shown in Fig. S7). The longer lifetime observed by exciting at 343 nm can 4 

be explained by less efficient vibrational relaxation from the lower excited state with a 5 

lower density of vibrational levels. These femtosecond lifetimes are in reasonably good 6 

agreement with lifetimes of 70 fs for 1-nitronaphthalene and 50 fs and 1.3 ps (double 7 

exponential decay) for 3-nitrofluoranthene in methanol measured by femtosecond 8 

fluorescence up-conversion at an exciting wavelength of 385 nm [44]. It should be noted 9 

that the lifetime of 1-nitropyrene is reported to be 200-820 fs and 2.9-9.0 ps (double 10 

exponential decay), depending on the fluorescence wavelength being used and also on 11 

the dielectric constant of the solvent being used, which affects the rate of intersystem 12 

crossing [45]. As demonstrated, a pump-and-probe technique provides information 13 

concerning the excited-state lifetimes of a molecule and then for characterization of the 14 

analyte and additional selectivity in spectrometric analysis. This technique can be applied 15 

for a variety of organic compounds such as PAHs, although the probe pulse should be 16 

delayed more than 3 m for a PAH molecule with a lifetime of 10 ns (0.3 m/ns × 10 ns = 17 

3 m). In this study, the decay curve was prepared by injecting the sample into the GC ca. 18 

10 times at different delay times, due to strong carcinogenicity and mutagenicity of nitro-19 

PAHs (see the precaution in the Reagents and chemicals), preventing accurate 20 

measurements of the decay curve. It would be possible to more accurately measure a 21 

decay curve “on the fly” for isolated (gaseous) nitro-PAHs eluting from the GC, since a 22 

mass spectrum can be measured every 0.1 s in the present analytical system and the time 23 

delay can readily be scanned repetitively using a computer-controlled delay stage. 24 
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 1 

3.5.  Application to a real sample  2 

 3 

 Figure 5 shows the two-dimensional display of GC-MS obtained by using a two-color 4 

ionization scheme for a real sample (SRM1975). Numerous signals arising from PAHs 5 

and nitro-PAHs were observed (the concentrations of nitro-PAHs calculated from the 6 

observed data and the non-certified values reported by NIST are summarized in Table 7 

Fig. 5.  Two-dimensional display of GC-MS measured for a real sample (SRM1975) ionized at 257 + 343 
nm. The delay time was adjusted to tDL = 0. A total ion chromatogram is shown at the top of the figure. The 
areas of the signals arising from the molecular ions are expanded and are shown in the enclosed squares of 
the figure. The signal peaks assigned to nitro-PAHs are numbered in the figure (see the chemical structures 
shown in Fig. 1). 
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S2). All eight compounds shown in the SRM1975 NIST datasheet were identified in this 1 

study. However, the concentrations of nitro-PAHs determined were not necessarily in 2 

good agreement with the NIST data. It should be noted that the signal arising from a 3 

molecular ion was clearly observed and the purity of the signal peak can be evaluated 4 

from the distribution of the intensity of the isotopomer peaks in this study (e.g., see the 5 

signals observed for 4-nitroanthracene in Fig. 5). Accordingly, the effect of interferences 6 

in the sample matrix were minimal in this study. However, the sample was prepared a 7 

long time ago (before 1997) and nitro-PAHs could have partly decomposed or reacted 8 

during this period of sample storage. 9 

 10 

4.  Conclusion 11 

In this study, 14 nitro-PAHs were measured by fsLIMS using a femtosecond Yb laser as 12 

the ionization source, based on single-color ionization at 343, 257, 206 nm and two-color 13 

ionization at 257 and 343 nm. This analytical system was more useful than EIMS in terms 14 

of observing a molecular ion, since the excess energy remaining in the ionic state can be 15 

reduced by optimizing the laser wavelength. This advantage was successfully used for a 16 

more reliable identification of analytes in a complex sample mixture. A pump-and-probe 17 

technique was examined in an attempt to obtain information concerning the lifetime of 18 

the excited state, thus providing a useful means for characterization of the analyte. The 19 

present technique was several times more sensitive than a large fsLIMS using a 20 

complicated Ti:sapphire laser system. Thus, a compact fsLIMS system such as that 21 

employed here would have the potential for use in the practical trace analysis of nitro-22 

PAHs in environmental samples. 23 
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