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ABSTRACT

A sample containing nitrated aromatic hydrocarbons (NPAHs) was injected into the sample inlet
port of a gas chromatograph (GC), along with hydrazine, a reducing reagent. The analytes that
eluted from the GC column were measured by mass spectrometry (MS) using an ultraviolet
femtosecond laser as the ionization source. When no reducing reagent was used, large numbers of
polycyclic aromatic hydrocarbons (PAHs) including NPAHs were observed in the two-dimensional
GC/MS display. In contrast, when hydrazine was present, reduced forms of NPAHs, which included
amino PAHs, were detected. When a palladium or platinum catalyst was placed in the GC inlet port,
the compounds were further reduced to non-aromatic hydrocarbons. The present approach would be
useful for studies to evaluate the chemical reaction that converts the constituents contained in

exhaust emitted from a diesel engine.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are produced by the incomplete combustion or
pyrolysis of a fossil fuel and are emitted into the atmosphere [1]. In order to make this type of
combustion more efficient, it is necessary to increase the temperature of the chemical reaction. For
this reason, an automobile with a diesel engine that operates at high temperature would be
preferable for use in traffic. However, undesirable reaction products such as particulate matter (soot
particles) are produced by the incomplete combustion of the fuel. To minimize this, the exhaust gas
is passed through the first converter containing a diesel oxidation catalyst (DOC) where they are
oxidized to species such as nitrogen oxides (NOx) and hydroxide (OH) [2-4]. These species can be
used to advantage for burning the soot. The remaining toxic species, such as NOx, are subsequently
decomposed by injecting an aqueous solution of urea into the second converter for selective
catalytic reduction (SCR), where they are reduced. Finally, remaining particulates are trapped with
a diesel particulate filter (DPF). However, nitrated PAHs (NPAHs), which are more toxic and more
stable than NOx, remain in the exhaust gas and would be adsorbed on particulate matter [2,3,5].

Airborne particulates, referred to as particulate matter 2.5 (PM2.5), i.e., particles with diameters
equal to or less than 2.5 um, are reported to contain PAHs and NPAHs, which are suspected to be
carcinogenic for humans by the International Agency for Research on Cancer (IARC) [6,7].
Therefore, these compounds are of interest and have been studied in several international
assessment programs, in attempts to evaluate the carcinogenic risks posed by them. The
concentrations of NPAHs that are adsorbed on PM2.5 in ambient air are 10 to 100 times lower than
those of PAHs [8-10]. However, the mutagenicity and carcinogenicity of NPAHs are reported to be
10-10000 times higher than the corresponding values for PAHs [11]. It is interesting to note that
3-nitrobenzanthrone, a potential mutagen, as evidenced by an Ames bacterial mutagenesis assay,
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has recently been reported to induce the formation of tumors in rodents [6]. When tested in
Salmonella typhimurium (strain TA98) in the absence of exogenous metabolizing enzymes,
l-nitropyrene, 1,3-dinitropyrene, 1,6-dinitropyrene, and 1,8-dinitropyrene are reported to be 200,
63000, 80000 and 11000 times more mutagenic than benzo[a]pyrene [12]. For this reason, it would
be highly desirable to convert these highly toxic compounds into non-toxic compounds by means of
a chemical reactor. It is known that NPAHs can be converted into amino derivatives as well as
nitroso- and hydroxyamino-compounds under anaerobic conditions [13]. Although the allowed
concentration of NOx in air is regulated by law, no attempts have been made to reduce the
concentrations of NPAHs in exhaust gas, probably due to their low concentrations. Therefore,
developing a research platform for controlling these compounds in exhaust gas would be highly
desirable. For this purpose, it would be necessary to develop an analytical technique that can be
used for a comprehensive analysis of PAHs/NPAHs and their reaction products in order to evaluate
the effectiveness of reducing reagents and catalysts used in the chemical conversion.

A variety of analytical methods have been developed for determining the levels of PAHs and
NPAHSs [5,6,14-20]. Because of the complexity of an environmental sample, a chromatographic
separation needs to be applied prior to detection. Liquid chromatography (LC), combined with
electrochemical detection (ECD), fluorescence detection (FLD), or chemiluminescence detection
(CLD), can be used for this [17]. However, NPAHs must be converted into APAHs before the
measurement [13]. Gas chromatography combined with mass spectrometry (GC/MS) provides a
powerful tool because of the excellent performance with respect to separation and for the
identification of organic compounds. A variety of techniques, based on electron ionization MS
(EI-MS) [21], positive and negative ion chemical ionization MS (PICI-MS and NICI-MS) [22,23]
and high-resolution MS (HRMS) have been developed for this purpose [24]. An intense molecular

4



ion is observed in NICI-MS for NPAHs, which is in contrast to extensive fragment ions that are
produced in the case of EI-MS [21]. The MS-MS technique, e.g., the formation of a negative ion by
NICI followed by EI-MS, has been employed [25]. These traditional techniques of GC/MS have
been successfully used for trace analysis of PAHs and NPAHs in the urban particulate matter [18].
More recently, an advanced technique such as two-dimensional GC coupled with MS has been
reported, e.g., GCxGC/MS-MS, GCxGC/HRMS or GCxGC/quadrupole MS (QMS) [26]. These
methods, however, make a comprehensive analysis of unknown PAHs and their analogs difficult.

Gas  chromatography combined with  multiphoton-ionization time-of-flight MS
(GC/MPI-TOFMS) using an ultraviolet femtosecond laser as the ionization source has been utilized
for the trace analysis of organic compounds in actual samples. Dioxins in soils, pesticides in foods,
and NPAHs and APAHs in PM2.5 have been measured to date [27-31]. In this approach, specific
molecules can be efficiently ionized by adjusting the laser wavelength to the absorption band in the
ultraviolet region for two-photon ionization (TPI). It should be noted that, using this technique,
fragmentation can be suppressed by reducing the excess energy in TPI, resulting in the selective as
well as the sensitive analysis of the constituents in the sample. Indeed, a comprehensive analysis of
NPAHs an APAHs was demonstrated in a previous report [28].

In this study, we report on the development of an analytical system to study the sequence of
reactions of NPAHs using a standard sample mixture and also a real sample obtained from the
exhaust gas of a diesel engine. Hydrazine, a reducing reagent, was mixed with the sample and the
mixture was allowed to react in the inlet port of the GC in both the presence and absence of a
palladium or platinum catalyst. The original and chemically-reduced compounds such as PAHs,
NPAHSs, and APAHs were then measured using GC/MPI-TOFMS. This type of approach, which is
similar to the redox system currently used after a diesel engine, was employed to identify the redox
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components such as NPAHs and to measure trace toxic substances in exhaust gas from an

automobile.

2. Experimental section
2.1. Analytical instrumentation

A 1-uL sample solution was injected into a GC (6890N, Agilent Technologies, Santa Clara, CA,
USA) from an auto sampler (7683B Series, Agilent Technologies). The analytes were separated on a
DB5-MS column (30 m long, 0.25 mm inner diameter, 0.25 pum film thickness, Agilent
Technologies) and then introduced into a TOFMS that was developed in this laboratory and is now
commercially available (HGK-1, Hikari-GK, Fukuoka, Japan) [27]. The third harmonic emission
(267 nm) of a Ti:sapphire laser (800 nm, 85 fs, 1 kHz, 1 mJ, Libra, Coherent Inc., Santa Clara, CA,
USA) was used as the ionization source. The laser beam was focused with a fused-silica lens with a
focal length of 30 cm into the molecular beam to produce ions that were accelerated into a flight
tube by potentials applied to the electrodes to reach a microchannel plate detector (F4655-11,
Hamamatsu Photonics, Shizuoka, Japan). The signal was recorded by a computer-interfaced
digitizer (Acqiris AP240, Agilent Technologies), and the data were processed using a home-made

software program that was developed in this laboratory.

2.2. Sample

A standard sample of 9-nitroANT was supplied from Sigma-Aldrich Japan Co. (Tokyo, Japan)
and 1-nitroFLT and 3-nitroPYR from AccuStandard Inc. (New Haven, CT, USA). Acetonitrile
(LC-MS grade) purchased from Wako Pure Chemical Industries. Ltd (Tokyo, Japan) was used to
dissolve the standard samples of NPAHs and APAHs. Hydrazine monohydrate (H2NNH2-H>O)
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obtained from Sigma Aldrich Japan Co. was used as a reducing reagent in this study, since urea
(CO(NH2)2) was not reactive even at the maximum temperature of the inlet port of the GC; urea is
currently reacted at above several hundred °C in a diesel engine system, which is much higher than
the highest temperature usable for the GC inlet port. Palladium-activated carbon (Pd/C, 5%) and
platinum-activated carbon (Pt/C, 5%) were purchased from Wako Pure Chemical Industries Ltd.
and Sigma-Aldrich Japan Co., respectively, and were used as typical catalysts, since the catalysts
used in a diesel engine system should be used at above several hundred °C and were not
commercially available. A diesel particulate extract (SRM1975) was obtained from the National
Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). A unit of SRM1975
contains approximately 1.2 mL of a dichloromethane extract of diesel particulate matter collected

from an industrial diesel-powered forklift.

2.3 Procedure

Two standard samples were prepared by mixing three NPAHs, i.e., 9-nitroanthracene
(9-nitroANT), 3-nitrofluoranthene (3-nitroFLT), and I-nitropyrene (1-nitroPYR), or three APAHs,
i.e., 9-aminoanthracene (9-aminoANT), 3-aminofluoranthene (3-aminoFLT), and 1-aminopyrene
(1-aminoPYR). These compounds were selected as representatives of NAPHs and APAHSs, since
they have different numbers of aromatic rings and have sufficiently different physical and
spectroscopic properties. The standard sample mixture containing NPAHs or APAHs was prepared
at a concentration of 1 ng uL™! for each compound using acetonitrile as the solvent. A 50-uL portion
of hydrazine monohydrate was added to the sample and the volume was made up to 500 pL. This
solution was injected into a glass liner (5190-2293 Ultra Inert Liner, Splitless, Single Taper, Wool,
Agilent Technologies) installed in the sample inlet port of the GC. The standard sample mixture
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containing NPAHs or APAHs was injected into the GC inlet port that was maintained at 300 °C with
or without a catalyst. The temperature of the GC oven was programed from 60 °C, a 1-min hold, to
200 °C at a rate of 40 °C min™! and finally increased to 280 °C at a rate of 20 °C min™!, followed by
a 5-min hold. The temperature of the sample inlet port was set at 300 °C. For a sample extracted
from the diesel engine, the original solution was injected into the GC inlet port maintained at 350
°C. The temperature of the GC oven was programed from 40 °C to 120 °C at a rate of 20 °C min!, a
1-min hold, and increased to 250 °C at a rate of 5 °C min™', a 3-min hold, and increased to 320 °C at
a rate of 20 °C min’!, a 5-min hold, and finally increased to 310 °C at a rate of 5 °C min’!, then a
15-min hold. The temperature program was modified for the measurement of the real sample, which
contained a variety of unknown compounds with different volatilities. In fact, it was necessary to
increase the temperature more carefully to higher temperatures to precisely elute all the components.
The temperature of the transfer line connecting the GC and the MS was always set at >300 °C. The

flow rate of helium used as a carrier gas was 1 mL min™’.

2.4. Quantum chemical calculations

To investigate the ionization mechanism of PAHs, NPAHs, and APAHs, their spectral properties
were evaluated by quantum chemical calculations using the Gaussian09 program [32]. Geometries
were calculated using the B3LYP method based on density functional theory (DFT) with a cc-pVDZ
basis set [33,34]. The harmonic frequencies were calculated to ensure an optimum geometry
providing a global energy minimum. A vertical ionization energy was calculated from the difference
between the energies of the ground and ionic states. The enthalpy of the reaction was calculated by

subtracting the formation enthalpy of the product from that of the reactant.



3. Results and discussion
3.1. Standard sample

Fig. 1A shows the two-dimensional GC/MS display for a sample mixture containing
9-nitroANT, 3-nitroFLT, and 1-nitroPYR without using hydrazine as the reducing agent. Sharp
signals corresponding to the molecular ions of NPAHs were clearly observed, in addition to several
signals arising from fragment ions. Small signals also appeared at a retention time of approximately
7 min, which are assigned to impurities such as PAHs that were contained in the standard sample.
As shown in the mass spectrum for nitroPYR, the peak arising from [M-NO]" is sharp, which is in
contrast to the broad peak for [M-NO:]". This result has been explained by the difference in the
excess energy in TPI [29]. Fig. 1B shows the two-dimensional display obtained for a sample mixed
with hydrazine. The enthalpy of the following reaction calculated by DFT was AH = -330, -340, and
-341 kJ mol™! (or -79, -81 and -82 kcal mol') for 1-nitroANT, 3-nitroFLT, and 2-nitroPYR,

respectively.

hydrazine + NPAH + (1/2) O, — APAH + NO; + (1/2) Nz + H,0 (1)

Accordingly, the NPAHs were easily decomposed, and the signals in the two-dimensional display
then disappeared. Three components assignable to the corresponding APAHs were then observed in
the data: this assignment was confirmed by measuring standard samples of APAHs. These results
suggest that NPAHs are completely reduced to APAHs by the hydrazine. It is interesting to note that
a few components are observed in the two-dimensional display, which is probably due to the
formation of thermal decomposition products such as FLT (m/z = 202 at 7.1 min) and PYR (m/z =
202 at 8.2 min) that were produced in the sample inlet port. The signal intensity increased and the
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fragmentation was suppressed for APAHs, as shown in Fig. 1B. The signal intensity of the
molecular ion was 450 mV for aminoPYR, which was larger than 67 mV observed for nitroPYR.
This signal enhancement can be attributed to the improvement in ionization efficiency and also the
suppression of fragmentation by reducing the nitro group. The detection limit obtained using a
molecular ion peak was 20 pg uL™! for nitroPYR, which was decreased to 5.9 pg uL'! for

aminoPYR that was produced from nitroPYR by reaction with hydrazine.

3.2. Performance evaluation of the catalyst

Fig. 2 shows the two-dimensional display obtained for the standard sample mixture of NPAHs
for evaluating the performance of the Pd/C catalyst. The signals corresponding to NPAHs and
APAHs disappeared, and numerous additional signals appeared as the result of the catalytic reaction
with hydrazine. As demonstrated, NPAHs are more efficiently decomposed when hydrazine is
present along with the catalyst. Many signals were observed in the ranges of m/z = 200-206 and
228-234, and some could be assigned to PAHs with no substituent groups, e.g., FLT and PYR (m/z
=202) and benzo[a]anthracene and chrysene (m/z = 228). This result remained essentially
unchanged, even when the catalyst was replaced with Pt/C. It has been reported that PAHs can be
reduced by hydrogenation in the presence of catalysts containing palladium and platinum: such the
transition metals are known to be effective for breaking the double bonds in the aromatic rings of
PAHs [35-37]. Indeed, a series of signals spaced by Am/z = 2 was observed in the data, suggesting
that two hydrogen atoms are incorporated into the sample, thus breaking the aromatic ring. To avoid
the serious chemical reduction of NPAHs, the following studies were performed without the use of

a catalyst.
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3.3. Sample extract from diesel exhaust gas

Fig. 3A shows the two-dimensional displays obtained for a sample extracted from diesel exhaust
gas. Many components were observed, most of which were assigned to PAHs with no substituent
group and alkylated PAHs. It should be noted that several NPAHs, such as nitroANT, nitroFLT, and
nitroPYR, were observed, which is in good agreement with the data reported by NIST [38]. Fig. 3B
shows the two-dimensional display obtained when hydrazine is added as the reducing reagent.
Many signals arising from PAHs and their alkylated compounds were observed, suggesting that
such these PAHs are stable against hydrazine. However, several peaks that can be assigned to
APAHs are clearly observed. These results suggest that the reaction process can be studied by a
comprehensive analysis of NPAHs and APAHs using the constituents in the real sample. Fig. 4
shows the expanded views of the area indicated by solid square lines in Fig. 3. The signal peaks
arising from nitroANT, nitroFLT, and nitroPYR disappeared, as the result of reduction by hydrazine.
Therefore, the present technique appears to be useful for monitoring the chemical reaction of
NPAHs. It is interesting to note that, similar to the findings for these NPAHs, some of the
unassigned signals disappeared as shown in Fig. 4B-D. These molecules have odd numbers of
molecular weights, suggesting that an odd number of nitrogen atoms is contained in a molecule, as
is referred to as the nitrogen rule in mass spectrometry. Then, unknown NPAHs would be also
reduced to corresponding APAHs. Thus, the decomposition of these highly-toxic NPAHs can be
realized by carefully checking the data measured before and after the chemical reaction, even when

standard chemicals are not available.

3.4. Advantage in the studies of chemical reaction and environmental protection
Studying a chemical reaction can be time consuming and can also result in measurements at

11



different conditions using different chemical reagents, catalysts, temperatures very costly. This is
particularly true for many types of organic compounds that are suspected to be present in exhaust
gas. However, it would be possible to examine the performance of a reactor that is intended to
reduce the concentration of undesirable compounds such as NPAHs. Needless to say, this technique
can be applied, not only to reducing but also oxidizing systems. Then, the present technique would
be useful as a tool for developing a diesel engine with lower emissions of highly toxic species. In
this case, the GC inlet port should be replaced with a high-temperature gas-processing unit of the
diesel engine, in which a solution of urine would be injected and reacted with redox organic
compounds in exhaust gas on the surface of a catalyst embedded on the supporting material. The
converted species would be subsequently measured using GC/MPI-TOFMS. It is interesting to note
that some of the NPAHSs, e.g., nitroFLT and nitroPYR, have large m/z values (see Fig. 3) and the
molecular ions can be clearly observed in MPI-TOFMS. Because of this, they could be measured
with minimal interference without the need for a chromatographic separation, possibly allowing the
on-line measurement of these toxic compounds, in addition to highly concentrated NOx compounds
such as NO2, NO, N2O and other radical species such as OH and Os that are present in exhaust gas.
Due to its superior sensitivity and selectivity, the present instrument can be used to assure the limits
of hazardous PAHs and their analogs such as NPAHs, APAHs, nitrosoPAHs, and hydroxyPAHs, to
be regulated by law in the future, although their concentration levels are considerably low in
exhaust gas. Thus, this analytical system has significant potential for use in solving environmental

1Ssues.

4. Conclusions
A sample containing NPAHs was analyzed by GC/MPI-TOFMS using an ultraviolet
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femtosecond laser as the ionization source in the absence/presence of hydrazine as a reducing
reagent with/without palladium/platinum catalysts being placed in the inlet port of the GC. The use
of a two-dimensional display permitted a comprehensive analysis of a sample comprised of
numerous constituents and was useful for monitoring changes in their composition caused by a
chemical reaction. For this reason, this technique can be advantageously used to evaluate the
performance of a chemical reaction system using the compounds present in an actual exhaust gas
sample, reducing the time and the cost of research directed at controlling the level of constituents in

exhaust gas from a diesel engine with the view of protecting the global environment.

Acknowledgements

This research was supported by a Grant-in-Aid for Scientific Research from the Japan Society
for the Promotion of Science [JSPS KAKENHI Grant Numbers JP26220806, JP15K 13726, and
JP15K01227]. The computations were mainly carried out using the computer facilities at the
Research Institute for Information Technology, Kyushu University. The authors wish to thank

Shinya Sato of Hino Motors, Ltd. for helpful discussions.

13



References

[1] T. Hydtylédinen, A. Oikari, Bioaccumulation of PAHs from creosote-contaminated sediment in a
laboratory-exposed freshwater oligochaete, Lumbriculus variegatus, Chemosphere, 57 (2004)
159-164.

[2] H.A. Bamford, J.E. Baker, Nitro-polycyclic aromatic hydrocarbon concentrations and sources in
urban and suburban atmospheres of the Mid-Atlantic region, Atomos. Environ. 37 (2003)
2077-2091.

[3] M. Murakami, J. Yamada, H. Kumata, H. Takada, Sorptive behavior of nitro-PAHs in street
runoff and their potential as indicators of diesel vehicle exhaust particles, Environ. Sci. Technol.
42 (2008) 1144-1150.

[4] G.C. Borillo, Y.S. Tadano, A.F.L. Godoi, S.S.M. Santana, F.M. Weronka, R.A.P. Neto, D.
Rempel, C.I. Yamamoto, S. Potgieter-Vermaak, J.H. Potgieter, R.H.M. Godoi, Effectiveness of
selective catalytic reduction systems on reducing gaseous emissions from an engine using
diesel and biodiesel blends, Environ. Sci. Technol. 49 (2015) 3246-3251.

[5] K. Srogi, Monitoring of environmental exposure to polycyclic aromatic hydrocarbons: a review,
Environ. Chem. Lett. 5 (2007) 169-195.

[6] J. Lewtas, Air pollution combustion emissions: Characterization of causative agents and
mechanisms associated with cancer, reproductive, and cardiovascular effects, Mutat. Res-Rev.
Mutat. 636 (2007) 95-133.

[7] TARC, Occupational exposures in petroleum refining; crude oil and major petroleum fuels,
IARC Monograph on the Evaluation of the Carcinogenic Risk of Chemicals to Humans, vol. 45,
IARC, Lyon, France, 1989.

[8] T. Ramdahl, B. Zielinska, J. Arey, R. Atkinson, A.M. Winer, J.N. Pitts, Jr., Nature 321 (1986)

14



425-427.

[9] W.A. MacCrehan, W.E. May, S.D. Yang, B.A. Benner, Jr., Determination of Nitro-Polynuclear
Aromatic Hydrocarbons in Air and Diesel Particulate Matter Using Liquid Chromatography
with Electrochemical and Fluorescence Detection, Anal. Chem. 60 (1988) 194-199.

[10] K. Hayakawa, T. Murahashi, M. Butoh, M. Miyazaki, Determination of 1,3-, 1,6-, and
1,8-Dinitropyrenes and 1-Nitropyrene in Urban Air by High-Performance Liquid
Chromatography Using Chemiluminescence Detection, Environ. Sci. Technol. 29 (1995)
928-932.

[11] J.L. Durant, W.F. Busby, A.L. Lafleur, B.W. Penman, C.L. Crespi, Human cell mutagenicity of
oxygenated, nitrated and unsubstituted polycyclic aromatic hydrocarbons associated with urban
aerosols, Mutat. Res. Genet. Toxicol. 371 (1996) 123-157.

[12] H.S. Rosenkranz, R. Mermelstein, The mutagenic and carcinogenic properties of nitrated
polycyclic aromatic hydrocarbons: C.M.White, (Ed.), Nitrated Polycyclic Aromatic
Compounds, Huethig, Heidelberg, pp. 267-297 (1985).

[13] J. Cvacka, J. Barek, A. Fogg, J.C. Moreira, J. Zima, High-performance liquid chromatography
of nitrated polycyclic aromatic hydrocarbons, Analyst 123 (1998) 9R-18R.

[14] P. Boffetta, N. Jourenkova, P. Gustavsson, Cancer risk from occupational and environmental
exposure to polycyclic aromatic hydrocarbons, Cancer Cause. Control 8 (1997) 444-472.

[15] J. Angerer, U. Ewers, M. Wilhelm, Human biomonitoring: State of the art, Int. J. Hyg. Envir.
Heal. 210 (2007) 201-228.

[16] T. Ohe, T. Watanabe, K. Wakabayashi, Mutagens in surface waters: a review, Mutat. Res-Rev.
Mutat. 567 (2004) 109-149.

[17] K. Hayakawa, Chromatographic methods for carcinogenic/mutagenic nitropolycyclic aromatic

15



hydrocarbons, Biomed. Chromatogr. 14 (2000) 397-405.

[18] B.S. Crimmins, J.E. Baker, Improved GC/MS methods for measuring hourly PAH and
nitro-PAH concentrations in urban particulate matter, Atoms. Environ. 40 (2006) 6764-6779.
[19] Z.I. Garcia-Berrios, R. Arce, Photodegradation Mechanisms of 1-Nitropyrene, an
Environmental Pollutant: The Effect of Organic Solvents, Water, Oxygen, Phenols, and
Polycyclic Aromatics on the Destruction and Product Yields, J. Phys. Chem. A 116 (2012)

3652-3664.

[20] S.-C.C. Lung, C.-H. Liu, Fast analysis of 29 polycyclic aromatic hydrocarbons (PAHs) and
nitro-PAHs with ultra-high performance liquid chromatography-atmospheric pressure
photoionization-tandem mass spectrometry, Sci. Rep. 5 (2015) 12992.

[21] T. Ramdahl, K. Urdal, Determination of nitrated polycyclic aromatic hydrocarbons by fused
silica capillary gas chromatography/negative ion chemical ionization mass spectrometry, Anal.
Chem. 54 (1982) 2256-2260.

[22] J. Schilhabel, K. Levsen, Identification of nitrated polycyclic-hydrocarbons in diesel
particulate extracts by negative-ion chemical ionization and tandem mass-spectrometry,
Fresenius Z Anal. Chem. 333 (1989) 800-805.

[23] A. Robbat, N.P. Corso, P.J. Doherty, M.H. Wolf, Gas chromatographic chemiluminescent
detection and evaluation of predictive models for identifying nitrated polycyclic aromatic
hydrocarbons in a diesel fuel particulate extract, Anal. Chem. 58 (1986) 2078-2084.

[24] C. Chiu, W. Miles, Government's little helper: US press coverage of foreign policy crises,
1945-1991 Polycyclic Aromat. Compd. 9 (1996) 307-314.

[25] D.T. Schuetzle, L. Riley, T.J. Prater, T.M. Harvey, D.F. Hunt, Analysis of nitrated polycyclic
aromatic hydrocarbons in diesel particulates, Anal. Chem. 54 (1982) 265-271.

16



[26] A. Fushimi, S. Hashimoto, T. Ieda, N. Ochiai, Y. Takazawa, Y. Fujitani, K. Tanabe, Thermal
desorption - comprehensive two-dimensional gas chromatography coupled with tandem mass
spectrometry for determination of trace polycyclic aromatic hydrocarbons and their derivatives,
J. Chromatogr. A 1252 (2012) 164-170.

[27] T. Imasaka, Gas chromatography/multiphoton ionization/time-of-flight mass spectrometry
using a femtosecond laser, Anal. Bioanal. Chem. 405 (2013) 6907—6912.

[28] Y. Tang, T. Imasaka, S. Yamamoto, T. Imasaka, Multiphoton ionization mass spectrometry of
nitrated polycyclic aromatic hydrocarbons, Talanta 140 (2015) 109-114.

[29] Y. Tang, T. Imasaka, S. Yamamoto, T. Imasaka, Determination of polycyclic aromatic
hydrocarbons and their nitro-, amino-derivatives absorbed on particulate matter 2.5 by
multiphoton ionization mass spectrometry using far-, deep-, and near-ultraviolet femtosecond
lasers, Chemosphere 152 (2016) 252-258.

[30] S. Wei, B. Huang, M. Liu, X. Bi, Z. Ren, G. Sheng, J. Fu, Characterization of PM2.5-bound
nitrated and oxygenated PAHs in two industrial sites of South China, Atmos. Res. 109 (2012)
76-83.

[31] W. Wang, N. Jariyasopit, J. Schrlau, Y. Jia, S. Tao, T.-W. Yu, R.H. Dashwood, W. Zhang, X.
Wang, S.L.M. Simonich, Concentration and photochemistry of PAHs, NPAHs, and OPAHs and
toxicity of PM2.5 during the Beijing olympic games, Environ. Sci. Technol. 45 (2011)
6887-6895.

[32] Gaussian 09, Revision A.02, M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. Marenich, J. Bloino, B.G. Janesko, R. Gomperts, B. Mennucci, H.P. Hratchian, J.V.
Ortiz, A.F. Izmaylov, J.L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J.

17



Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V.G. Zakrzewski, J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J.A. Montgomery, Jr., J.E.
Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi,
M. Cossi, J.M. Millam, M. Klene, C. Adamo, R. Cammi, J.W. Ochterski, R.L. Martin, K.
Morokuma, O. Farkas, J.B. Foresman, and D.J. Fox, Gaussian, Inc., Wallingford CT, 2016.

[33] A.D. Becke, Density-functional thermochemistry. III. The role of exact exchange, J. Chem.
Phys. 98 (1993) 5648-52.

[34] T.H. Dunning, Jr., Gaussian basis sets for use in correlated molecular calculations. I. The atoms
boron through neon and hydrogen, J. Chem. Phys. 90 (1989) 1007-23.

[35] P.P. Fu, R.G. Harvey, Regiospecific catalytic hydrogenation of polynuclear hydrocarbons,
Tetrahedron Lett. 5 (1977) 415-418.

[36] P.P. Fu, H.M. Lee, R.G. Harvey, Regioselective catalytic hydrogenation of polycyclic aromatic
hydrocarbons under mild conditions, J. Org. Chem. 45 (1980) 2797-2803.

[37] 1. Mochida, M. Ohira, K. Sakanishi, H. Fujitsu, Selective hydrogenation of pyrene and
fluoranthene using various noble-metal catalysis, Nippon Kagaku Kaishi 8 (1986) 1112-1116
(in Japanese).

[38] NIST Reference Data (SRM1975).

18



Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Two-dimensional displays measured for a standard sample mixture containing
NPAHs. Reducing reagent: (A) none (B) hydrazine. The mass chromatogram (m/z = 247)
of the region where nitroFLT and nitroPYR appear is shown as an insert in (A). Mass
spectrum measured at a retention time of 12.0 min, where the nitroPYR appears, is shown
in the right-hand side of (A). The mass spectrum measured at a retention time of 10.7 min,
where aminoPYR appears, is shown in the right-hand side of (B). The locations of the
molecular ions are indicated by solid circle lines and those of the fragment ions by dotted
circle lines.

Two-dimensional displays measured for a standard sample mixture containing
NPAHs. Reducing reagent, hydrazine; catalyst, Pd/C.

Two-dimensional displays measured for a sample extracted from diesel exhaust gas.
Reducing reagent: (A) none (B) hydrazine. The locations of nitroANT, nitroFLT, nitroPYR,
and their reduced products of aminoANT, aminoFLT, and aminoPYR, are indicated by
solid circle lines. The fragment ions from PAHs and NPAHs are indicated by dotted circle
lines. The expanded views of the areas indicated by solid square lines are shown in Fig. 4.
Expanded views of the two-dimensional displays shown in Fig. 3. Reducing reagent:
(A) (C) none (B) (D) hydrazine. Locations: (A) (B) nitroFLT and nitroPYR (C) (D)
nitroANT (see the square parts shown in Fig. 3). The signals disappeared by reduction are

indicated by dotted circle lines.
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