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Chapter 1

General introduction

1

Today people are exposed to various harmful chemicals in everyday life.
Such chemicals exist in atmosphere, sea, rain, food and so on. Thus it is very important
for human health to investigate the distribution of the chemicals in our environment.
The Document on the Pollutant Release and Transfer Register (PRTR) of the Ministry
of Environment in Japan reported that main harmful-chemicals were exhausted to the
atmosphere 1. The Ministry of Environment has defined the environmental standard
values for sulfur dioxide, carbon monoxide, nitrogen dioxide, photochemical oxidants,
and total suspended particulates (TSPs) 2. Under the guidance of the ministry,
concentrations of the five chemicals are measured every hour in many pollution
monitoring-stations, and announced officially. Standard values have also been set for
benzene, trichloroethylene, tetrachloroethylene, dichloromethane, and dioxins, which
are included in harmful atmospheric pollutants. In contrast to the regulation for such
chemicals, polycyclic aromatic compounds (PACs) are not controlled and no standard
values are defined, though they are recognized as mutagens and carcinogens. PACs are
emitted by incomplete combustion of fossil fuels such as petroleum and coal. For
example, benzo[a]pyrene (BaP) is well known as a strong carcinogen among PACs to
date 3.
Recently suspended particulate matters (SPM) have been receiving attention,
particularly in developing countries. This is because they adsorb PACs on their surface
and convey the PACs into lungs through respiration. Some of the PACs may cause lung
2

cancer. It has also been pointed out that smoking induces lung cancer with high
probability. In Japan, the concentration of atmospheric total suspended particulates
(TSPs) has decreased and also the percentage of smokers decreased during a few
decades. However, the incidence of lung cancer has been increasing compared with
other cancers. Namely, there is no direct relationship between the atmospheric TSP
concentrations and the incidence of lung cancer. This finding may be ascribed to the
fact that most of previous researches have focused only on the concentration of
atmospheric TSP in the particle phase or on that of BaP 4.
PACs can be classified into the four groups; 1) polycyclic aromatic
hydrocarbons (PAHs), 2) nitrated PAHs (NPAHs), in which one or more nitro groups
are substituted to PAHs, 3) polycyclic aromatic ketones (PAKs), in which one or more
carbonyl groups are substituted to PACs, and 4) nitrated PAKs (NPAKs). The
mutagenicity and carcinogenicity of PACs have been widely investigated by an Ames
or animal bioassay test, in which chemicals are dosed with Salmonella strains or mice,
respectively 5, 6. Such tests have revealed that carcinogenicity and mutagenicity largely
depend on the structures of PACs; the arrangement of benzene rings and the number
and position of substituent give rise to significant change in the toxicity 4.
As for the concentrations of PACs in the environment, instrumental analytical
techniques such as gas chromatograph - mass spectrometry (GC-MS), high
performance liquid chromatograph – fluorescence detection (LC-FLD), and
3

inductively-coupling-plasma atomic emission spectroscopy (ICP-AES) have been
widely used. Their detection sensitivity is so high that they can easily detect chemicals
at ppb-levels in air, water, rain and soil. For measurements of PAHs in the
environmental, target PAHs are in general selected from 16 PAHs that the United
States Environmental Protection Agency (US EPA) has listed as priority PAHs. The 16
PAHs cover PAHs having 2 through 6 benzene rings and also contain the carcinogenic
ones, BaP and DBahA 4. It has become clearly that there are several strong
carcinogenic

or

mutagenic

PAHs

such

cyclopenta[c,d]pyrene, and benzo[j]fluoranthene

as
7-9

benzo[c]fluorene

(BcFE),

, which are not included in the 16

PAHs of US EPA. They are much more carcinogenic than BaP, but their atmospheric
concentrations have scarcely been reported.
Stiborová et al. reported that 3-nitrobenzanthorone (3-NBA), a strong
mutagenic NPAK, is emitted from diesel exhaust 6. NPAHs and NPAKs are generally
more mutagenic or carcinogenic than their original PAHs and PAKs. Thus their
detection is important in the risk assessment for the atmosphere. Conventional
detection methods such as GC-MS, LC-FLD and ICP-AES, however, have quite low
sensitivity to NPAHs and NPAKs owing to the existence of the nitro group. NPAHs
and NPAKs are usually reduced to amino compounds and then detected by the
conventional methods

6

. However, the treatment of the reduction is not only

complicated, but also may cause other cumbersome problems. Accordingly there have
4

been few reports about measurements of atmospheric concentration of NPAHs and
NPAKs to date. Thus it is needed to develop a new detection method suitable for
NPAHs and NPAKs.
As described above, little attention has been paid to mutagenic or carcinogenic
PACs except for BaP in the atmospheric environment. Taking it into consideration, the
author measured their atmospheric concentrations by the GC/MS method and assessed
their cancer risk. Moreover, a new method for detecting PAKs and NPAKs using
fluorescence enhancement of them was proposed. The present doctoral dissertation
consists of five chapters and one appendix. They are summarized as follows.
Chapter 2 describes the atmospheric concentrations of PAHs measured by the
GC/MS method in the summer and winter at eleven locations of Japan and the relative
potency factor (RPF) of BcFE was calculated by the benchmark dose method. On the
basis of the distributions and toxicity equivalent factor (TEF) and RPF of their PAHs,
and their cancer risks were assessed. It was found that RPF of BcFE is higher than that
of BaP, although the concentrations of them are similar.
Chapter 3 describes spectroscopic studies on fluorescence enhancement of
PAKs,

such

as

benzanthrone,

naphthanthrone,

3-nitrobenzanthrone,

and

2-nitronaphthanthrone, in degassed solution; when the solution is irradiated with strong
light in advance, its fluorescence is enhanced by a factor of 50 - 100. The experimental
results revealed that the fluorescence enhancement is a general phenomenon occurring
5

in phosphorescent molecules via their excited triplet state and that the enhancement
arises from association of a solute and solvent molecule. From HPLC measurements,
the existence of photochemical products was suggested.
Chapter 4 describes the high performance liquid chromatograph ― time
-of-flight mass spectrometry (LC-TOFMS) study of photochemical products giving
rise to the fluorescence enhancement. Organic solutions of NT exhibiting the
fluorescence enhancement were analyzed by the LC-TOFMS method. Two
photochemical products were detected as chemical species causing fluorescence
enhancement, which may be produced by dehydrogenation and dehydration from a
solute-solvent adduct. On the basis of the findings, the mechanism of fluorescence
enhancement was suggested.
Finally the author summarizes the present study in Chapter 5 and addressed
developments of the study in future. In Appendix a new method for collecting a large
amount of PM2.5 is described.
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Chapter 2

Atmospheric concentration and carcinogenic risk of polycyclic aromatic
hydrocarbons

including

benzo[c]fluorene,

benzo[j]fluoranthene in Japan

9

cyclopenta[c,d]pyrene,

and

2-1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are recognized as major
constituents of pollution in industrial areas and as atmospheric pollutants in urban
areas

1, 2, 3, 4

. Thus, research has been conducted to identify emission sources based on

the behavior of PAHs in atmospheric environments

5, 6, 7

numerous studies on atmospheric PAH concentrations

. Although there have been

8, 9, 10

, almost all of them focus

on the 16 PAHs listed as priority pollutants by the United States Environmental
Protection Agency (US EPA). Among the 16 PAHs, benzo[a]pyrene (BaP) and
dibenz[a,h]anthracene are known to be highly carcinogenic

11, 12, 13

. These carcinogens

exist primarily in the atmospheric particulate phase; therefore, the previous studies
were limited to sampling of PAHs in the particulate phase

14, 15, 16

. In other words,

sampling of PAHs in the gas phase has rarely been conducted.
Against this background, the objective of the present work was to grasp the
averaged concentration level of PAHs including the 16 PAHs in not only the
particulate but also the gas phase throughout Japan, and then to evaluate their toxicity
or carcinogenicity. The sampling procedure was as follows. At Tsukuba City, samples
of both gas- and particulate-phase PAHs were collected during 11 days. At 11 cities in
Japan, atmospheric samples of both gas- and particulate-phase PAHs were collected
during two days in summer and two days in winter.
10

We evaluated the toxicity of the 16 PAH measured concentrations using the
toxic equivalency factor (TEF) with respect to BaP, which was determined in Petry et
al., 17 and Nisbet and LaGoy 18. It should be noted that several carcinogenic PAHs not
included in the 16 PAHs might be included in our samples. However, except for
benzo[c]fluorene (BcFE), cyclopenta[c,d]pyrene (CPcdP), and benzo[j]fluoranthene
(BjF), other PAHs were not detected by our experimental methods. Thus, we discuss
the concentrations of the three target PAHs and their carcinogenic risk. As the TEF and
relative potency factor (RPF) values for the three PAHs are not available, we
calculated the RPF value of BcFE (which has the highest carcinogenicity among the
three PAHs) by the benchmark dose method 19, for evaluation of its carcinogenic risk.
In the benchmark dose method, we used the data from animal carcinogenicity tests 20, 21,
22

.

2-2. Material and methods

2-2-1. Instruments and reagents

A high-volume air sampler (HV-1000F, Sibata Scientific Technology Ltd.)
was employed for atmospheric sampling. A gas chromatograph / mass spectrometer
(GC/MS, 5973N, Agilent Technologies) system fitted with an InertCap-17 column
11

(30 m × 0.25 mm id, 0.25 µm film thickness, GL Science Inc.) was used. A mixed
standard solution (48905-U, Supelco) of the 16 PAHs and a deuterated mixed solution
(ES-2528, Cambridge Isotope Laboratories, Inc.) of the 16 PAHs employed as an
internal standard were used at the appropriate dilution. BcFE (DRE-C20590400) was
purchased from Dr. Ehrenstorfer GmbH, and CPcdP (H-242S) and BjF (H-171N) from
AccuStandard.

Residual

pesticide

analysis

grade

acetone

(04329-71)

and

dichloromethane (04335-81, tested for 5,000X) were supplied by Nacalai Tesque, and
residual pesticide analysis grade hexane (083-07911, 5,000) was supplied by Wako
Pure Chemicals. Special reagent grade n-nonane (25211-12, Nacalai Tesque) was also
used.

2-2-2. Sampling

Atmospheric sampling was conducted using the high-volume air sampler
calibrated to 20°C/1 atm by controlling the sampler’s linear velocity. Atmospheric
samples were collected using a quartz fiber filter (2500 QAT-UP, 8×10 in., Pall
Corporation) for the first stage, and tandem polyurethane foam (90φ×50 mm, Sibata
Scientific Technology Ltd., hereafter “PUF”) for the second stage. To remove organic
pollutants, the quartz fiber filter was heat-treated for 2 h in a muffle furnace preheated
to 450°C. After heat treatment, the filter’s humidity was equilibrated in a desiccator
12

held at 50% humidity and weighed before use. The PUF was pre-cleaned with acetone
in a large Soxhlet tube and then dried in a fume hood. It was subsequently sealed in a
gas barrier bag together with silica gel and an oxygen scavenger after flushing with
nitrogen, and then was shielded from light with a black plastic bag and stored in this
manner until required for use.
Particulate and gas samples were collected using the samplers over a 23-h
period extending from 10 a.m. to 9 a.m. the next day. The flow rate was set at 700
L/min and approximately 966 m3 of air was sampled over the 23-h period. Sampling
was undertaken at Tsukuba, Ibaraki Prefecture, over an 11-day period in the spring of
2011 from May 23 to June 5. In addition, sampling was conducted at 11 locations
throughout Japan for a two-day period in summer 2011 and again in winter 2012. The
11 locations selected for sampling covered a variety of residential areas, from suburban
to urban: Sapporo (A), Sendai (B), Maebashi (C), Tsukuba (D), Shinjuku (E),
Sagamihara (F), Shizuoka (G), Nagoya (H), Kobe (I), Fukuoka (J), and Nagasaki (K).
Data and maps for each sampling location are presented in Table S1 and Fig. S1 in the
Supplementary data.
The collected samples were stored in the following manner. Each quartz fiber
filter was folded in two with the collection side on the inside and wrapped in aluminum
foil. The PUF was placed in a zippered plastic bag. The samples were kept in a freezer
at −20°C until they were analyzed.
13

2-2-3. Sample treatment and GC/MS analysis

The particulate-carrying portion of the quartz filter was cut into precisely
eight equal pieces based on the filter area. The upper and lower layers of the tandem
PUF were cut vertically into eight equal pieces as well. The quantity of sample
collected by the PUF was calculated from the respective mass of the total PUF and the
PUF cut into eight pieces. 20 ng, for each of the deuterated 16 PAHs, was added to
both the quartz fiber filter and PUF samples as an internal standard. Then, the samples
were Soxhlet-extracted for 24 h with 200 ml of acetone. The extract was concentrated
to 0.5 ml in a rotary evaporator (Büchi Labortechnik AG) set at a pressure of 39900 Pa
23

. One-fifth of the concentrated extract was measured and redissolved in 30 ml of

hexane and once again concentrated in a rotary evaporator set at a pressure of 23940
Pa 23. A small amount of the hexane solution was then added to a preconditioned silica
gel cartridge (Sep-Pak Silica Plus, Waters Corp.) and eluted with 6 ml of
dichloromethane-hexane (8:2, v/v). To the eluent was added 100 µl of n-nonane; the
resulting solution was then concentrated to 100 µl under gentle nitrogen flow. Finally,
the solution was transferred to an insert vial.
The GC/MS was used to carry out measurements. Each PAH was detected in
the selected ion monitoring mode. The injection port temperature was 300°C, the
volume injected was 1 μl, and the GC temperature profile was as follows: the initial
14

temperature was set at 50°C; after 5 min, the temperature was raised by 15°C/min until
it reached 185°C; from 185°C, the temperature was raised by 8°C/min until it reached
320°C; and then the temperature was maintained at 320°C for 22 min. Ionization was
performed in the electron impact mode. The PAHs targeted for GC/MS analysis are
listed in Table 1, which shows the abbreviation, number of benzene rings, vapor
pressure, target ion mass, and retention time for each PAH.
The concentrations of the 16 PAHs were quantitatively analyzed by the
internal standard addition method using the deuterated 16 PAHs, and then they were
also used as the recovery surrogates. Since there were no deuterated PAHs for BcFE,
CPcdP, and BjF, their concentrations were quantitatively analyzed by the absolute
calibration curve method. For these three target PAHs, the recovery test was conducted
by a standard addition method. The recovery rate was 78–130% for both the quartz
filter and PUF when 20–100 ng and 0.5–3 ng were added to the filter and PUF,
respectively. Thus, in this absolute calibration curve method, recovery rate
compensation was judged to be unnecessary. Method detection limits for each PAH are
listed in Table 1. In our blank test for the filter and PUF at Tsukuba City, we detected
Phe from the PUF. However, this concentration of Phe was lower than one-fiftieth of
the lowest concentration in the atmospheric samples.

15

2-2-4. Calculation of RPF using a benchmark dose method

When calculating the carcinogenic risk of PAHs, the benchmark dose
method—based on a numerical model expressing a dose response correlation—was
applied to calculate the benchmark dose (BMD). Benchmark dose analysis software is
available from the US EPA 19. In this application, we used the animal bioassay data on
lung tumors in female mice following BcFE and BaP oral administration

21

, and then

obtained the dose-response curves (Fig. S2 in the Supplementary data). BMD10 is
defined as the dose giving a 10% extra risk on the estimated dose-response curves. On
the other hand, a benchmark dose lower limit (BMDL10) is defined as the lower
confidence limit for the BMD10. The gradient of a line, which connects the original
point and a point on the lower bound of the 95% confidence level at the BMDL10, is
called the cancer slope factor: (slope factor) = 0.1 / (BMDL10). From this slope factor
for BcFE relative to that for BaP, a RPF value for BcFE was determined for mice.

16

2-3. Results and discussion

2-3-1. Gas- and particulate-phase partitioning at Tsukuba

Fig. 1 shows the gas- and particulate-phase partitioning percentage in
atmospheric PAH concentrations. The atmospheric samples were collected over a
period of 11 days in May and June of 2011 at Tsukuba. For reference, the
meteorological conditions for each sampling day are shown in Table S2 in the
Supplementary data. From Fig. 1, the portion of the particulate PAHs collected on the
filter increases with a decrease in the vapor pressure of PAHs. This trend is in
agreement with previous studies 24. The findings can be explained based on the vapor
pressure of each PAH (see Table 1). In general, the fewer the number of benzene rings,
the higher the vapor pressure, and the more readily the substance volatilizes. In
contrast, the higher the number of benzene rings, the lower the vapor pressure, and the
less readily the substance volatilizes. This means that a greater part of PAHs having
more than four benzene rings is collected in the particulate phase. Among the three
new target PAHs that we considered because of their carcinogenicity, the vapor
pressure of BcFE is around the same as that for Pyr (see Table 1). From a vapor
pressure viewpoint, BcFE should be detectable in both the gas and particulate phase, as
is the case for Pyr. In addition, Takahashi et al.,
17

25

reported that the majority of

benzo[b]fluorene, which is a regioisomer of BcFE, were found in the gas phase. In fact,
35% of BcFE was partitioned into the gas phase (Fig. 1), consistent with the report by
Takahashi et al., 25. Yamasaki et al., 24 reported that partitioning of semivolatile PAHs
into the gas phase and particulate phase was temperature dependent based on the
Langmuir adsorption equilibrium. We therefore investigated the correlation between
inter-phase partitioning and temperature in the present Pyr and BcFE data. Fig. 2
shows that the correlation result for BcFE is similar to that for Pyr reported by
Yamasaki et al.,

24

. In addition, 10% of total CPcdP was found in the gas phase,

whereas all BjF was verified to be in the particulate phase.
Among the 16 PAHs, from Nap through to CPcdP, 10–95% were detected in
both layers of the PUF (Fig. 1). From the figure, it can be seen that compounds from
Nap to Ant were detected at similar concentrations in both the upper and lower layers
of the PUF. This means that the breakthrough from Nap to Ant is appreciable. It is
considered that the actual gas-phase concentrations of these substances must be higher
than the detected concentrations. For this reason, we do not refer to the detected
concentrations from Nap to Ant in the following discussion.

18

2-3-2. PAH concentrations per each sampling day at Tsukuba

Fig. 3 shows the fluctuations of BaP, BcFE, CPcdP, and BjF concentrations
from May 23 to June 5, 2011 in Tsukuba. The 11-day atmospheric concentrations were
0.02–1.5 ng/m3 (with a mean and standard deviation of 0.35±0.54 ng/m 3) for BaP,
0.03–0.42 ng/m3 (0.16±0.13 ng/m3) for BcFE, 0.06–1.9 ng/m3 (0.53±0.69 ng/m3) for
CPcdP, and 0.04–1.1 ng/m3 (0.36±0.40 ng/m3) for BjF. The maximum concentration of
BaP is 84 times the minimum, the maximum of BcFE is 13 times the minimum, the
maximum of CPcdP is 32 times the minimum, and the maximum of BjF is 30 times the
minimum. In addition, although not indicated here, the total atmospheric concentration
of PAHs with four or more rings (from FLN to dBahA in Fig. 1) was 0.69–16 ng/m3
(with a mean and standard deviation of 5.2±5.3 ng/m3); the maximum is 23 times the
minimum. The total PAH atmospheric concentrations (from FLN to dBahA) comprised
BaP with 6.8%, BcFE 3.0%, CPcdP 10%, and BjF 6.9%, on average.
As can be seen in Fig. 3, the atmospheric concentration of BaP exceeded the
upper limit for the European Union Directive of 1.0 ng/m3, 26 on two days: June 4 and
5, 2011. A trajectory analysis for each day over the 11-day period was considered to
examine this finding. The trajectories for June 2 and June 3, 2011 were mainly influx
from the sea, whereas the trajectories for June 4 and 5, 2011 passed through the
industrial belt and flowed into Tsukuba (see Fig. S3 in the Supplementary data). From
19

this, we can understand that the concentrations of BaP, CPcdP, and BjF were
particularly high on June 4 and 5, 2011.

2-3-3. PAH concentration levels in Japan

Fig. 4 (a) shows the averaged concentrations of each target PAH over the 11
cities in the summer. Fig. 4 (b) shows those in the winter. For reference, the
meteorological conditions at sampling sites of (A) – (K) are shown in Table S3 in the
Supplementary data. The sum of the averaged concentrations of each PAH was 7.2±3.4
ng/m3 in the summer and 8.5±2.2 ng/m3 in the winter. This result is consistent with the
general tendency of atmospheric PAH concentrations to increase in winter due to
increased use of heating oil and the effects of inversion layer formation 27, 28.
To discuss the carcinogenic risks of BaP, BcFE, CPcdP, and BjF, here we
refer to their averaged concentrations; for BaP, the averaged concentrations were
0.15±0.13 ng/m3 (summer) and 0.29±0.11 ng/m3 (winter), for BcFE 0.16±0.07 ng/m3
(summer) and 0.23±0.07 ng/m3 (winter), for CPcdP 0.13±0.09 ng/m3 (summer) and
0.29±0.12 ng/m3 (winter), and for BjF 0.13±0.11 ng/m3 (summer) and 0.26±0.11 ng/m3
(winter). Namely, in comparison of the averaged concentration of BaP and those of the
three target PAHs, the ratios of BcFE, CPcdP, and BjF to BaP are 1.06, 0.88, and 0.85
in summer and 0.79, 0.99, and 0.89 in winter. This implies that the atmospheric
20

averaged concentrations of BcFE, CPcdP, and BjF are similar to that of BaP overall in
Japan.

2-3-4. Evaluation of toxic and carcinogenic risks

Referring to the toxic equivalency factors (TEFs) by Nisbet and LaGoy (1992),
the BaP-toxic equivalent (BaP-TEQ) for eight PAHs from among the 16 PAHs is
determined as: (BaP-TEQ) Σ8PAH = [BaA] × 0.1 + [Chy] × 0.01 + [BbF] × 0.1 + [BkF]
× 0.1 + [BaP] × 1 + [IndP] × 0.1 + [dBahA] × 5 + [BghiP] × 0.01. Substituting the
PAH concentrations for each location and day measured in this study into this equation
gives BaP-TEQ contributions from the eight PAHs. Using this result, the range of the
ratio between toxic risks for BaP and Σ8PAH is from 0.23 to 0.47, with a mean of 0.38.
Habs et al., 19 and Wood et al., 20 reported that the carcinogenicities of CPcdP
and BjF were much weaker than that of BaP. Furthermore, as described in Section 3.3.,
the mean atmospheric concentrations of CPcdP, BjF, and BcFE were similar to that of
BaP. From this, we conclude that the carcinogenic risks of CPcdP and BjF are at
negligibly low levels, and thus we focus on the carcinogenicity of BcFE. From the
benchmark dose analysis, we obtained the following results: (BMD10) = 1.57 mg/kg
food and (BMDL10) = 0.84 mg/kg food for BcFE; (BMD10) = 8.58 mg/kg food and
(BMDL10) = 5.44 mg/kg food for BaP. Using these values of the BMDL10, the slope
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factors were derived: 0.1 / 0.84 = 0.119 per mg/kg food for BcFE, and 0.1 / 5.44 =
0.0184 per mg/kg food for BaP. Thus, the RPF of BcFE to BaP is 0.119 / 0.0184 =
6.46. The concentration of BcFE was approximately 1.1 (0.8) times higher than BaP in
the summer (winter) and much of this existed in the gas phase. Multiplying the
atmospheric PAHs concentration by the RPF of 6.46 gives the carcinogenic risk for
BcFE. Based on this, the carcinogenic risk of BcFE for mice is 6.8 times that of BaP in
the summer and 5.1 times in the winter.
Taking this into consideration, it is important when determining the
atmospheric carcinogenic risk of PAHs to assess atmospheric samples that include the
gas phase as well as PAHs other than BaP. Finally, it should be noted that the US EPA
plans to establish a carcinogenicity strength indicator called RPF for individual PAHs
with the value for BaP based on reported documents for various genotoxicity and
carcinogenicity tests 29.

2-4. Conclusions

We determined the atmospheric concentration levels of BcFE, CPcdP, BjF,
and the 16 PAHs in both the gas and particulate phases at 11 locations in Japan. The
ratios of concentration of BcFE, CPcdP, and BjF to that of BaP are 0.92, 0.94, and 0.87,
respectively. Taking the RPF of BcFE into account, the contribution of BcFE to
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carcinogenic risk for mice from PAHs in the atmosphere was shown to be 5–7 times
that of BaP. BcFE is semivolatile; therefore, approximately 44% of the collected BcFE
was from the gas phase in the summer. Finally, it should be emphasized that proper
assessment of the carcinogenic risk from air pollution requires the relevant RPF values
of PAHs as well as the collection of atmospheric samples in the gas phase.
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Table 1 Parameters for the PAHs measured by the present study

PAHs

Naphthalene
Acenephthylene
Acenephthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benz[a ]anthracene
Chrysene
Benzo[b ]fluoranthene
Benzo[k ]fluoranthene
Benzo[a ]pyrene
Dibenz[a,h ]anthracene
Indeno[1,2,3-c ,d ]pyrene
Benzo[g ,h ,i ]perylene
Benzo[c ]fluorene
Cyclopenta[c ,d ]pyrene
Benzo[j ]fluoranthene

Abbreviation

Nap
Acy
Ace
Flu
Phe
Ant
FLN
Pyr
BaA
Chy
BbF
BkF
BaP
dBahA
IndP
BghiP
BcFE
CPcdP
BjF

Number
of benzene
rings

Vapor pressure
(Pa at 25ºC)
Target-ion
(Sonnefeld et al.,
mass
1983)

Retention
time
(min)

Detection
limit
(ng/m3 )

2
3
3
3
3
3
4
4
4
4
5
5
5
5
6
6

10
8.9 x 10-1
2.9 x 10-1
8.0 x 10-2
1.6 x 10-2
8.0 x 10-4
1.2 x 10-3
6.0 x 10-4
2.8 x 10-5
8.0 x 10-5
6.7 x 10-5
1.3 x 10-8 *
7.3 x 10-7
1.3 x 10-8
1.3 x 10-8
1.4x 10-8

128
152
153
166
178
178
202
202
228
228
252
252
252
278
276
276

9.6
12.6
12.8
13.9
16.5
16.6
20.0
20.8
24.5
24.8
27.8
27.9
29.0
33.3
33.3
35.0

0.009
0.004
0.008
0.004
0.009
0.002
0.004
0.002
0.001
0.002
0.009
0.005
0.003
0.002
0.003
0.003

4
5
5

4.5 x10-4
1.8 x 10-7
2.0 x 10-6

216
226
252

22.0
24.8
28.0

0.005
0.005
0.002

The first 16 PAHs are designated by the US EPA. The last three are carcinogenic PAHs
analyzed in this study. * Pa at 20°C
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100%
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0%

Fig. 1. Gas- and particulate-phase partitioning percentage in atmospheric PAH
concentrations. Black bars: proportions for the particulate phase; gray bars: those for
the gas phase collected by the upper PUF; white bars: those for the gas phase collected
by the lower PUF. The 19 PAHs are aligned along the horizontal axis from left to right
in order of declining vapor pressure.
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Fig. 2. Correlation between inter-phase partitioning and temperature. (a): Pyr and (b):
BcFE. PAHvap stands for the concentration of relevant gas-phase PAH, PAHpat for the
concentration of relevant particulate-phase PAH, and TSP for the concentration of total
suspended particulate. Temperature (T) is measured in Kelvin. All of the data obtained
in this study is included in the graphs.
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Date

Fig. 3. Concentrations of BaP, BcFE, CPcdP, and BjF from May 23 to June 5, 2011 at
Tsukuba. Both particulate- and gas-phase concentrations are included. The horizontal
line indicates the upper limit in EUD, (2004).
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Fig. 4. Averaged concentrations of each target PAH over the 11 cities in the summer
(a) and in the winter (b). BcFE, CPcdP, and BjF are shown in gray on the right-hand
side.
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Supplementary data

Table S1

Data on the 11 sampling locations in Japan.

Sampling
locations

Abbreviation

Latitude

Longitude

Sapporo
Sendai
Maebashi
Tsukuba
Shinjuku
Sagamihara
Shizuoka
Nagoya
Kobe
Fukuoka
Nagasaki

A
B
C
D
E
F
G
H
I
J
K

43°04'56.1"N
38°21'05.1"N
36°24'16.9"N
36°03'12.8"N
35°41'58.7"N
35°34'33.5"N
35°00'06.4"N
35°05'57.3"N
34°41'05.4"N
33°35'42.4"N
32°47'08.3"N

141°19'59.5"E
140°50'36.7"E
139°05'45.9"E
140°07'07.0"E
139°44'29.1"E
139°23'20.2"E
138°23'10.6"E
136°54'56.2"E
135°22'27.0"E
130°21'52.5"E
129°51'52.1"E

Population density
2

(per km )
1707
1308
1083
765
18270
2193
501
6970
2782
4430
1070

Total number of
trips
(1000 trips/day)

Car ownership
(cars/1000
persons)

5,840
3,590
1,980
6,650
2,800
21,930
3,030
23,230
2,470
11,370
1,640

468
570
677
570
446
530
657
626
278
438
442

The unit for number of trips is a single instance of a person moving from one location
to another with a specific objective. The aggregate of these individual trips is known as
the total number of trips and is an indicator of the traffic conditions at each location.
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Table S2

Meteorological conditions at Tsukuba (site D) between May 23 and June 5,

2011.
Sampling date
May 23
May 24
May 25
May 26
May 27
May 28
May 29
May 30
May 31
June 1
June 2
June 3
June 4
June 5

Atmospheric
pressure (hPa)
1014.3
1014.8
1014.4
1018.2
1016.3
1011.5
1003.2
993.1
1008.9
1015.1
1013.4
1008.9
1005.8
1002.4

Temperature (°C) Wind velocity (m/s)
14.1
12.6
17.0
16.8
18.1
18.3
17.6
16.8
13.8
13.5
14.6
19.1
21.3
20.7
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2.2
1.9
2.0
2.5
1.8
0.6
3.2
4.4
3.9
2.0
1.3
1.9
2.6
2.1

Rainfall (mm)
2.5
19.0
0.0
0.0
0.0
19.0
47.5
5.0
0.0
0.0
14.5
0.0
0.0
34.0

Weather
cloudy
rainy
cloudy
cloudy
cloudy
rainy
rainy
rainy
cloudy
cloudy
rainy
cloudy
sunny
cloudy

Table S3

Meteorological conditions at sites A-K during sampling period.

Summer 2011
Sampling site
A
B
C
D
E
F
G
H
I
J
K

Sampling date
August 29
August 30
August 24
August 25
August 29
August 30
August 29
August 30
September 8
September 12
August 30
September 9
October 18
October 19
August 22
August 23
August 2
August 3
August 3
August 4
August 10

Atmospheric
pressure (hPa)

Temperature (°C) Wind velocity (m/s)

1011.9
1009.3
1009.5
1008.9
1000.9
998.5
1010.8
1008.2
1010.5
1014.0
1017.2
1022.4
1002.3
1004.0
1008.4
1006.4
-

23.7
23.8
24.0
24.0
26.0
26.3
24.2
24.9
25.7
28.3
19.1
17.6
25.8
27.6
28.1
30.0
28.8
30.1
27.4

Rainfall (mm)

2.8
5.2
1.9
1.5
2.4
1.9
2.5
1.9
3.1
3.3
2.0
3.2
2.6
4.7
4.8
5.6
2.2
2.8
2.4

Weather
0.0
0.0
0.0
0.5
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.0
3.5
1.0
3.0
0.0
8.4
0.0
0.0

sunny
sunny
cloudy
cloudy
sunny
sunny
sunny
sunny
cloudy
sunny
cloudy
cloudy
sunny
cloudy
sunny
sunny
-

Winter 2012
Sampling site
A
B
C
D
E
F
G
H
I
J
K

Sampling date
February 20
February 21
February 28
February 29
20th Feb.
21st Feb.
February 20
February 21
March 14
March 15
February 21
February 22
March 21
March 22
February 20
February 21
February 9
February 10
February 27
February 28
February 27
February 28

Atmospheric
pressure (hPa)

Temperature (°C) Wind velocity (m/s)

1015.6
1012.9
1023.1
1021.3
1009.3
1005.7
1019.9
1016.0
1018.8
1016.7
1012.9
1014.1
1018.6
1015.7
1017.8
1018.3
-

-2.9
-4.4
-1.0
-0.1
3.5
6.2
1.9
5.0
7.2
7.9
9.1
11.5
3.8
5.3
2.2
4.0
6.0
4.7
6.5
5.9
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2.5
5.9
1.8
1.0
3.2
4.6
1.7
1.8
2.3
4.1
2.5
2.6
2.8
3.0
4.9
3.6
2.0
1.6
2.9
3.4

Rainfall (mm)
0.5
1.5
0.0
0.0
0.0
0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
29.0
0.0
22.0

Weather
sunny
cloudy
cloudy
cloudy
sunny
sunny
sunny
sunny
sunny
sunny
sunny
cloudy
sunny
sunny
sunny
cloudy
-

Fig. S1. The map with the 11 locations of the sampling sites in Japan
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(a)

(b)

Fig. S2.

Dose-response correlation curves. (a): BaP, (b): BcFE. BMD stands for

effective exposure concentration associated with a biological effect in 10% of the
individuals. BMDL stands for benchmark dose lower limit for the BMD.
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June 2

June 3

Fig.

S3.

June 4

June 5

Trajectory analysis for June 2 through June 5, 2011 at Tsukuba (site D). The
trajectories for June 4 and 5, 2011 pass through the industrial belt around Nagoya and
flowed into site D.
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Chapter 3

Spectroscopic studies for fluorescence enhancement of polycyclic aromatic
ketones
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3-1. Introduction

Naphthanthrone, 6H-benzo[cd]pyren-6-one, (abbreviated to NT) is a
penta-cyclic mono ketone and synthesized by glycerol condensation of pyrene 1. Its
separation and purification is, however, so laborious that only a few studies of its
spectroscopic properties exist in the literature. The studies report that the fluorescence
of NT is weak because of its n* character and the intensity of the fluorescence is
almost equal to that of phosphorescence at the liquid nitrogen temperature

2, 3

. On

strong irradiation of a degassed NT solution before spectral measurements, after that
the fluorescence increases by several ten times 4. This fluorescence enhancement also
occurs at the liquid nitrogen temperature; on the contrary, the phosphorescence
decreases slightly on such irradiation. Such fluorescence enhancement, however, has
never been reported except in NT. On the basis of the experimental results, the
previous studies proposed a mechanism of the fluorescence enhancement of NT as
follows: (1) The triplet-excited state of NT, NT*, is produced on irradiation. (2) NT*
attracts a near solvent molecule and association complex is formed. (3) The association
complex emits strong fluorescence.
In the present study, we selected ethanol and methanol as solvents and
measured the enhanced fluorescence spectra of NT in detail: we investigated how the
enhancement is influenced by the light intensity of irradiation, the concentration, and
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deuteration of the solvents 5. In addition, we extended our study to five aromatic
compounds besides NT, i.e., 2-nitronaphthanthorone (2-NNT), benzanthrone (BA),
3-nitrobenzanthorone

(3-NBA),

perylene

and

anthracene,

and

fluorescence

measurements were performed before and after strong light irradiation in degassed
solution 6.

3-2. Experimental

The synthesis and purification of NT 1, 2-NNT 7, and 3-NBA 7 were reported
previously. Benzanthrone, perylene and anthracene were purchased from Tokyo Kasei,
Tokyo, Japan; perylene was used without purification and benzanthrone and anthracene
were recrystallized and purified by vacuum sublimation before use. As solvents we
used methanol, ethanol, and their deuterated compounds, C2H5OD, CH3OD and
CD3OD: non-deuterated solvents were purchased from Koso Chemical, Tokyo, Japan,
and the deuterated ones from Wako Pure Chemical Industries, Osaka, Japan, and used
without purification. The concentration of NT was changed from 1×10-6 M through
1×10- 4 M (1M=1 mol dm-3). Each solvent was degassed by the freeze-pump-thaw
cycle method by use of a glass vacuum line in a dark room.
Spectral measurements were performed with either a FluoroMax (Spex
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Industries, Edison, NJ, USA) or a Fluorolog-3 (Horiba Jobin Yvon, NJ, USA)
fluorescence-spectrometer: the excitation wavelength was 360 nm and the band pass
for the excitation and detection light was 3 nm. Two lamps were used for irradiation:
the lamp of the Fluorolog-3 fluorescence-spectrometer and a 500 W-Xe lamp (Ushio
Electric, Tokyo, Japan). In the use of the former, 400 nm-light with a band pass of 20
nm was filtered through a monochromator for excitation and a slit; in the use of the
latter, light with wavelengths longer than 390 nm was filtered with a L-39
sharp-cut-filter (Toshiba, Tokyo, Japan). The intensity of the irradiation was measured
by a power-meter (Coherent Japan, Tokyo, Japan). Similar fluorescence measurements
were carried out at the liquid nitrogen temperature by use of a dewar with windows.

3-3. Results

3-3-1. Dependence of fluorescence enhancement on the intensity of irradiation

Fig. 1 shows the fluorescence spectra of an ethanol solution of NT at 10-5 M;
the solution was irradiated with 400 nm light whose intensity is 4.0, 4.7, and 13 mW.
On irradiation with 4.0 mW-light, no change occurred in the spectrum even after 60
min. On irradiation with 4.7 mW-light, the fluorescence stayed almost constant for 10
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min and then the fluorescence intensity rapidly increased, accompanied by a blue-shift
of 40 nm. For quantitative analysis, we defined the degree of enhancement, R, as
R=A/A0, where A0 and A are the integrated spectral intensity before and after irradiation,
respectively. The R value after 40 min irradiation was 88 for the solution irradiated
with 4.7 W-light. As the irradiation intensity was increased, the irradiation time until
the occurrence of fluorescence enhancement became shorter and the R value at
maximum enhancement increased. These findings show that the fluorescence
enhancement depends strongly on the intensity of irradiation; moreover, there seems to
be existence a threshold for the light-intensity for practical occurrence of the
fluorescence enhancement.
As described above, there was a sort of “latent” time in the fluorescence
enhancement; no changes in the fluorescence spectra for a 10-6 M solution occurred for
about 5 min even by continuous irradiation with a 500 W-Xe lamp. Fig. 2 shows a plot
of the R value against the irradiation time, tir, for the solution of NT. There can be seen
clearly such a latent time in the plot; initially the R value remains constant, at tir≒10
min it gradually increases, and maximizes at tir=30 min.
Strong irradiation of a solution with 500 W-Xe lamp enabled us to observe the
spectral change in the solution with increasing tir with the naked eye. The fluorescence
from the solution changed from dark-green to light-blue in tir=5 min at room
temperature. The feature of the color change resembles the aurora; once one point in
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the solvent changed to blue, the blue spot spread over the solvent just like convection,
and finally the whole solvent became blue.

3-3-2. Effects of deuteration of solvents on fluorescence enhancement

Fig. 3 shows the fluorescence spectra of NT in the solvent of CH3OH, CH3OD
and CD3OD before and after irradiation. The fluorescence enhancement is observed in
every sample and the enhancement becomes smaller in order of CH3OH > CH3OD >
CD3OD. The ratios of the R values for CH3OD and CD3OD to that for CH3OH are 0.7
and 0.3, respectively. Thus the fluorescence enhancement decreases in deuterated
methanol solvents. This isotope effect was also observed in the deuterated ethanol
solvents. Fig. 4 shows the fluorescence spectra of NT in C2H5OH and C2H5OD. The
fluorescence intensity is also reduced owing to deuteration to the solvent: the R value
for C2H5OD decreases to 0.28 compared with that for C2H5OH.
It is noticed that deuteration of the alcohol’s hydroxyl group also gives rise to a
decrease in the fluorescence enhancement as well as deuteration of the alkyl group.
The finding is in contrast to hydrogen abstraction where deuteration of the alkyl group
preferentially gives rise to a decrease in the reaction 8. Furthermore, the extent of the
isotope effect is different between methanol and ethanol. For example, the
enhancement in C2H5OD is halved compared with that in CH3OD; namely the isotope
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effect for the former is more than two times greater than that for the latter.

3-3-3. Concentration dependence of fluorescence enhancement

Fig. 5 shows the fluorescence and enhanced fluorescence spectra for NT in
ethanol in the concentration range 10-4 to 10-6 M. It is noticed that both the intensity
and blue-shift of the enhanced fluorescence are significantly influenced by a change in
the concentration. In particular, the enhancement is very small at 10-6 M. Indeed the R
value is 1.7 for 10-6 M, 47 for 10-5 M, and 43 for 10-4 M, with tir=10 min. On the other
hand, the spectra of enhanced fluorescence are more largely blue-shifted as the
concentration decreases; 20 for 10-4 M, 40 for 10-5 M, and 60 nm for 10-6 M. Moreover,
all enhanced fluorescence spectra in Fig. 5 show fairly defined vibrational structure in
spite of room temperature and the structure becomes clearer with decreasing
concentration. These findings are peculiar from a spectroscopic point of view and will
be discussed in the next section.

3-3-4. Fluorescence enhancement of aromatic compounds

Figs. 6 - 11 show fluorescence spectra of six aromatic compounds before
(represented by thin lines) and after (bold lines) strong light irradiation; for comparison
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enlarged spectra before irradiation are also shown by dotted lines. It is clearly seen
from the figures that NT, 2-NNT, BA, and 3-NBA exhibit the fluorescence
enhancement, though the degree of enhancement largely depends on molecules. In
contrast to this, perylene exhibits no changes in fluorescence on irradiation and
anthracene shows not increase but reduction in the fluorescence intensity; the decrease
in fluorescence of anthracene is due to the association of anthracene dimmers 9, which
was confirmed by a strong absorption band newly appearing around 270 nm on
irradiation (not shown in the figure).

3-4. Discussion

3-4-1. Process of association of NT with solvent molecules

As described in the results section, there is a latent period for the fluorescence
enhancement and the period depends strongly on the light intensity of irradiation (Fig.
1). If the enhancement is ascribed to an associative complex 4, the findings suggest that
the latent period is the time that NT requires to form a complex. In the n* state of a
ketone an electron is transferred from the O atom to a * orbital so that the bond dipole
moment is opposite to that in the ground state 10, 11. This is considered to be true for NT.
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Then the oxygen atom of NT* is electron-deficient and becomes reactive in reductive
reaction 10. As a consequence, NT* attracts a nearest hydrogen atom of solvent to form
an associative complex. Since such interaction lasts only during the survival of NT*,
the triplet state is much more effective than the singlet state because of longevity of the
former.
As will be described in detail in the next section, a NT molecule is closely
surrounded with many solvent molecules and its movement is so restricted that it is
hardly possible to form an associative complex by one excitation of NT. If one NT
molecule is excited more than one time, it has much interaction-time so that it can
change its position step-wisely to attain a stable complex-structure. This step-wise
model for the association of the associative complex is applicable to the complex
association at 77 K. Although NT is confined to a solvent cage at low temperatures and
its motions are suppressed, it can gradually approach a nearest hydrogen atom of the
solvent on excitations.

3-4-2. Interpretation of the isotope effects

The deuteration of the solvents causes reduction of the fluorescence
enhancement by 30 – 70%. According to the association model for the fluorescence
enhancement, the reduction is ascribed to a kinetic isotope effect: the rate for
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association of NT with the deuterated solvents is smaller than that with the normal
solvents. Such kinetic isotope effects have been observed in the hydrogen abstraction
and the mechanism has also been discussed

8, 12

, therefore we can discuss our findings

on the analogy of the hydrogen abstraction. Fig. 12 shows an energy profile for the
course of the association via the hydrogen atom of solvent’s hydroxyl group. In the
initial state, the vibrational energy of the O-D stretch lies below that of the O-H stretch
by the difference in their zero-point energies (ZPE’s). On the other hand, in the
transition state, the difference in the ZPE between the O-H and O-D bonds can be
neglected. This is because the vibrational-energies are lowered owing to an interaction
with massive NT, which substantially reduces the difference between their ZPE’s

12

.

Thus the activation energy for the association through hydrogen becomes smaller than
that through deuterium. The same explanation can be applied for the association via
C-H or C-D bonds of the solvents. Accordingly associative complexes containing
deuterium are slowly produced, resulting in a decrease in the fluorescence
enhancement.

3-4-3. Photochemical reaction in a solvent cage

As can be seen from Fig. 5, the spectra of fluorescence enhanced on
irradiation show fairly defined vibrational structure in the concentration range 10-6-10-4
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M even though at room temperature and the structure becomes more clear with
decreasing concentration. This indicates that the polar solvent behaves as a non-polar
medium for the fluorescent species and such non-polar character becomes stronger at
lower concentrations

10, 13

. The original fluorescence spectra of NT provide practically

one broad band at 470 nm and no vibrational structure (see Fig. 5), showing NT is in a
polar solvent. We will discuss the spectral differences in the enhanced fluorescence at
different concentrations, taking into account the association model.
On the basis of the established notion of solvation

10, 11, 13

, NT is in a solvent cage

and the solvent molecules are oriented with restricted motion, because both the solute
(NT) and solvent (alcohols) are planarity. The triplet state of NT, NT*, produced by
irradiation interacts with a nearest solvent molecule constituting the cage to form an
associative complex. Since the association occurs between the oxygen atom of NT’s
carbonyl group and a hydrogen atom of the alcohol, as described above, the
n*-character of NT is substantially weakened in the complex; semi-empirical
molecular orbital calculations predict that the associative complex is strongly
fluorescent 4. In addition the complex becomes held more rigidly to the cage through
the associated solvent molecule. On irradiation, the complex in the solvated ground
state is excited to the Franck-Condon state, the geometry of which is identical to that in
the ground state, and relaxes to the solvated excited state that is energetically most
stable (see Fig. 13). If the solvation is very strong, the movement of the complex in the
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solvent cage is suppressed so largely that the relaxation from the Franck-Condon state
is prevented

13

. In this case, the fluorescence occurs practically from the

Franck-Condon state and therefore it is blue-shifted. The finding that the enhanced
spectra are shifted to the blue with decreasing concentration indicates (Fig. 5) that at
lower concentrations the solvation becomes stronger and the NT’s motions are
confined. Accordingly we speculate that more solvent molecules cluster around one
complex at lower concentrations and contribute more strongly to “freeze” their motions.
Furthermore, such frozen molecules should provide the spectra with more defined
vibrational structure 13. This is the case, as shown in the spectrum at 106 M (Fig. 5). It
is also expected that the restriction of molecular motions at low concentration inhibits
the association processes. In fact the degree of the fluorescence enhancement reduces
with decreasing concentration as can be seen in Fig. 5.

3-4-4. Fluorescence enhancement of NT, 2-NNT, BA, 3-NBA via n*- triplet state

Molecules exhibiting the fluorescence enhancement provide very weak
fluorescence before irradiation and can be referred to as “non-fluorescent” molecules.
On the contrary, the two molecules exhibiting no enhancement provide originally
strong fluorescence; they are “fluorescent” molecules. In fact the fluorescence
quantum yield of the “non-fluorescent” molecules is very small and ranges 10-5 – 10-2 3,
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14

, on the other hand, the yield of the two “fluorescent” molecules is 0.28 for

anthracene and 0.98 for perylene

15

. The “non-fluorescent” molecules are

phosphorescent and their phosphorescence intensity is comparable with their
fluorescence one at 77 K

3, 14

. In these molecules, excited triplet states are considered

highly populated through intersystem crossing from their excited singlet states
produced on strong irradiation and they provide phosphorescence at liquid nitrogen
temperature 8. The triplet states also occur even at room temperature, though no
phosphorescence is emitted. They are so long-lived that most of them are quenched by
collisions with solvent molecules before emission 8. It is possible, however, that some
of them react with solvent molecules to form new species such as association complex.
Thus the present finding that “non-fluorescent” molecules exhibit the fluorescence
enhancement confirms our previous statement that the association leading to the
enhancement occurs from the triplet states 4, 5.

3-5. Conclusions

We observed the enhancement of the fluorescence of naphthanthrone (NT) in
degassed methanol and ethanol solution under various conditions and investigated the
effects of intensity of irradiation, deuteration of the solvents, and concentration of the
solution on the enhancement. The enhancement occurred more rapidly with stronger
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irradiation, though there was a latent period of several minutes. The enhancement was
reduced to 30 − 70 % by deuteration of the solvents. The spectra of enhanced
fluorescence showed more defined vibrational structure and larger blue-shift as the
concentration was decreased from 10-4 to 10-6 M. The fluorescence enhancement has
been reported only for naphthanthrone so far, but it was also observed in benzanthrone,
2-nitronaphthanthrone, and 3-nitrobenzanthrone. The molecules that exhibit the
enhancement are non-fluorescent or phosphorescent in other words. Therefore it was
confirmed that the fluorescence enhancement is a general phenomenon occurring in
phosphorescent molecules; this indicates that the enhancement arise from a reaction
via their triplet state.
3-Nitrobenzanthrone is known as a potent mutagen and hardly fluorescent.
The finding that it shows significant enhancement suggests a practical application of
the enhancement to fluorescence spectroscopic analysis for mutagenic aromatic
compounds such as 3-NBA.
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Fig. 1

Fluorescence spectra of NT in degassed ethanol solution at 1x10-5M as a

function of light intensity and irradiation time
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Fig. 2

Plot of the R value against the irradiation time, tir, for an ethanol solution of

NT at 10-6 M.
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Fig. 3

Fluorescence spectra of NT in the solvent of (a) CH3OH, (b) CH3OD and (c)

CD3OD at 10-5 M before (thin curves) and after (thick curves) irradiation.
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Fig. 4

Fluorescence spectra of NT in the solvent of (a) C2H5OH and (b) C2H5OD at

10-5 M before (thin curves) and after (thick curves) irradiation.
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Fig. 5

Fluorescence and enhanced fluorescence spectra for NT in ethanol at the

concentration (a) 10-4, (b) 10-5, and (c) 10-6 M. The broken curves represent the original
spectra of NT before irradiation; they are enlarged so as that their peak is coincident
with that of the enhanced spectra.
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Fluorescence spectra of naphthanthrone (NT) in degassed ethanol at 10-5 M;

the original spectrum and its enlarged one are drawn with thin and dotted lines,
respectively, and the enhanced spectrum is drawn with a bold line. Irradiation was
carried out with a 500 W-Xe lamp through an L-39 sharp cut filter for 10 min: the light
intensity was more than 100 mW at 400 nm
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Fig. 7

Fluorescence spectra of 2-nitronaphthanthrone (2-NNT) in degassed ethanol

at 10-5 M; the original spectrum and its enlarged one are drawn with thin and dotted
lines, respectively, and the enhanced spectrum is drawn with a bold line. Irradiation
was carried out with a 500 W-Xe lamp through an L-39 sharp cut filter for 10 min: the
light intensity was more than 100 mW at 400nm.
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Fig. 8

Fluorescence spectra of benzanthrone (BA) in degassed ethanol at 10-5 M; the

original spectrum and its enlarged one are drawn with thin and dotted lines,
respectively, and the enhanced spectrum is drawn with a bold line. Irradiation was
carried out with a 500 W-Xe lamp through an L-39 sharp cut filter for 10 min: the light
intensity was more than 100 mW at 400 nm.
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Fig. 9

Fluorescence spectra of 3-nitrobenzanthrone (3-NBA) in degassed ethanol at

10-5 M; the original spectrum and its enlarged one are drawn with thin and dotted lines,
respectively, and the enhanced spectrum is drawn with a bold line. Irradiation was
carried out with a lamp of FluoroMax fluorescence-spectrometer for 10 min: the light
intensity was 5 mW at 400 nm.
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Fig. 10

Fluorescence spectra of perylene in degassed ethanol at 10-5 M; the spectra

before and after irradiation are drawn with thin and bold lines, respectively. Irradiation
was carried out with a 500 W-Xe lamp with an L-39 sharp cut filter for 10 min: the
light intensity was 100 mW at 400 nm.
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Fig. 11

Fluorescence spectra of anthracene in degassed ethanol at 10-5 M; the spectra

before and after irradiation are drawn with thin and bold lines, respectively. Irradiation
was carried out with a 500 W-Xe lamp through an UV-30 sharp cut filter for 10 min:
the light intensity was 100 mW at 350 nm.
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Fig. 12

Energy profile for association of NT with methanol through the O-H and O-D

bond of methanol. The zero-point energy of the O-D vibration lies below that of the
O-H vibration, leading to higher activation energy of association through the O-D
bond.
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Potential energy curves of the ground, Franck-Condon, and excited states of

an association complex.
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Chapter 4

Consideration for photochemical reaction products leading to fluorescence
enhancement of 6H-benzo[cd]pyren-6-one (naphthanthrone) in organic solutions
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4-1. Introduction

Airborne particulates are pollutant freely floating in the atmosphere 1. Human
are exposed to various hazardous organic pollutants. Especially carcinogenic or
mutagenic polycyclic aromatic compounds (PACs) among the pollutants are believed
to threaten human health

2, 3, 4

. Therefore it is important to obtain information on

atmospheric PAC concentrations.
In general, the well-established methods of high performance liquid
chromatograph - fluorescence detection (LC-FLD) and gas chromatograph - mass
spectrometry (GC-MS) are used to detect for polycyclic aromatic hydrocarbons (PAHs).
However, such methods have difficulty in detecting nitro-PACs and polycyclic
aromatic ketones (PAKs), which are strong carcinogenic or mutagenic 5, 6, because both
ionization efficiencies and fluorescence quantum yield are extremely low for
nitro-PACs and PAKs. Thus it is demanded to develop a new method of highly
sensitive detection for these PACs. In fact, several detection methods of these PACs
have been studied. For example, Chen et al., 7 detected 3-nitrobenzanthrone (3-NBA),
by measuring fluorescence of 3-aminobenzanthrone as the product of nitroreduced
3-NBA with LC-FLD. Nishikawa et al.,

8

developed a highly sensitive detection

method for 9,10-phenanthrenequinone using LC-FLD following its derivatization with
benzaldehyde. In this context, a new detection method for PAKs and nitro-PAKs using
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their enhanced fluorescence is suggested.
PAKs and nitro-PAKs exhibit a peculiar phenomenon in fluorescence: when
their degassed solutions are pre-irradiated with intense light, the fluorescence is
significantly enhanced by about one hundred times

9, 10, 11

. On the basis of

spectroscopic experimental results, we proposed an association model for the
mechanism of the fluorescence enhancement of PAKs 9, 10, 11: the excited triplet state of
PAKs, produced on pre-irradiation, attracts a hydrogen atom of a solvent molecule and
then an association complex is formed, which emits strong fluorescence. Such
complexes have been tacitly considered to exist only in the solution. Recently, however,
we identified photochemical products corresponding to the complexes by using HPLC
11

; two peaks newly appear in the chromatogram for a methanol solution of

naphthanthrone (6H-benzo[cd]pyren-6-one, NT) exhibiting fluorescence enhancement.
The finding suggests that the products are not complexes formed by a weak bond, but
compounds formed by a covalent bond. If this is the case, the products may be detected
by use of mass spectrometry.
Aiming at the development of a new detection method for PAKs and
nitro-PAKs, the purpose of the present study is to understand mechanism of the
fluorescence enhancement of NT in organic solutions. In the present study, we have
investigated the photochemical products using high performance liquid chromatograph
― time-of-flight mass spectrometry (LC-TOFMS) and then reconsidered the
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association model previously proposed for fluorescence enhancement. The
LC-TOFMS measurements have been performed for methanol, ethanol, and
acetonitrile solutions of NT after inducing fluorescence enhancement. As expected, we
clearly have detected two photochemical products, which may be produced by
dehydrogenation and dehydration from a NT-solvent adduct. On the basis of the
experimental data, we discussed the mechanism of fluorescence enhancement.

4-2. Experimental

The synthesis and purification of NT were previously reported 12. As solvents
we used methanol, ethanol and acetonitrile. All solvents were purchased from Koso
Chemical, Tokyo and used without further purification. The concentration of sample
solutions was 1x10-5 M (1 M = 1mol dm-3). Each solution was degassed by the
freeze-pump-thaw cycle method by use of a glass vacuum line in a dark room 13.
Spectral measurements were performed with a FluoroMax spectrometer (Spex
Industries, Edison, NJ, USA). A 500 W-Xe lamp (Usiho Electric, Tokyo, Japan) with
an L-39 sharp-cut-filter (Toshiba, Tokyo, Japan) was used for the pre-irradiation. The
filter prevents NT from dissociating by light with shorter than 390 nm.
The analysis of chemical compounds was performed by a high performance
liquid chromatography (LC, Agilent 1260 series; Agilent Technologies, Santa Clara,
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United State) apparatus equipped with a photo-diode-array detector (DAD, Agilent
1260 series; Agilent Technologies, Santa Clara, United State) and a time-of-flight mass
spectrometer (QTOF-MS, Agilent G6540A series; Agilent Technologies, Santa Clara,
United State). For separation of chemicals in NT solutions after fluorescence
enhancement, a column (2.5 m, 2.1 x 150 mm) (ZORBAX Eclipse PAH; Agilent
Technologies, Santa Clara, United State) was used. HPLC-grade methanol-water (9:1
(v/v)) was used for mobile phase. The flow rate was 1.0 mL/min. The injection volume
was 1 L and the column temperature was set at 25 ºC. The mass scan of QTOF-MS
was over the range of mass-to-charge ratio, m/z, 100 - 1000 for positive ion mode with
electrospray ionization (ESI) interface. Nitrogen was used as nebulizing gas at a
pressure of 55 psi and drying gas at a flow rate of 12 L min-1. The drying gas
temperature was set at 120 ºC and the capillary voltage was set at 3500 V for positive
mode and fragment voltage was set at 200 V.

4-3. Results

4-3-1. Chromatograms of NT-methanol solution after the fluorescence enhancement

Figs. 1 (a) and (b) show the chromatograms and fluorescence spectra of
NT-methanol solution before and after pre-irradiation, respectively. The chromatogram
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of NT solution, before the fluorescence enhancement, shows one peak at a retention
time, tR = 6.7 min (Fig. 1 (a-1)). The relevant fluorescence spectrum, shown in Fig. 1
(b-1), exhibits a broad peak at 470 nm. After the pre-irradiation of tir = 1 min, the
fluorescence spectrum is blue-shifted by 40 nm and the intensity is enhanced by
approximately 55 times compared with that of the spectrum for tir = 0 min (compare
Fig. 1 (b-1) with (b-2)). In the chromatogram of this solution a new peak “A-1”
appears at tR = 2.6 min and the peak “NT” decreases compared with that for tir = 0 min
(compare Fig. 1 (a-1) with (a-2)).
We have found further changes of chromatograms and spectrum depending on
pre-irradiation time of tir: after the pre-irradiation of tir = 3 min, the fluorescence
spectrum exhibits a vibrational structure at 385 nm (see Fig. 1 (b-3)). In the
chromatogram, peaks “A-2” and “B” newly appear at tR ＝ 3.7 and 10.5 min,
respectively, and the intensities of peaks “A-1” and “NT” decrease (see Fig. 1 (a-3)).

4-3-2. Mass spectra of NT solutions after the fluorescence enhancement

To identify the photochemical products of NT solutions, we measured mass
spectra at the peaks of “NT”, “A-1”, “A-2” and “B” in the chromatograms of the
sample for tir = 3 min. The results are shown in Fig. 2. For one chemical product, we
observed three peaks corresponding to H, Na, and K atom adducts. Among them H
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atom adduct was observed as the strongest abundance signal as shown in the figure. On
H atom adducts, the mass spectrum at “NT” exhibits the strongest abundance at mass
to charge ratio of m/z = 255.08 (see Fig. 2 (a)), at “A-1” the strongest signal is
observed at m/z = 285.09 (see Fig. 2 (b)), and at “B” the strongest signal is detected at
m/z = 269.09 (see Fig. 2 (c)). The mass spectrum at “A-2” was the same as that at
“A-1”. From these, we obtained rational formulas of photochemical products as
follows: m/z = 255.08; ([C19 H10 O (NT)] +H)+, m/z = 285.09; ([C20 H12 O2] +H)+,
and m/z = 269.09 ; ([C20 H12 O] +H)+.
For degassed ethanol solution of NT and degassed acetonitrile solution of NT,
we observed similar fluorescence enhancement to that for the degassed methanol
solution of NT, although it is not shown here. On the ethanol solution of NT, in the
chromatogram two peaks in addition to peak “NT” were observed like peak “A-1 (A-2)”
and “B” for the methanol solution in Fig. 1. On the acetonitrile solution of NT, peak “A”
in chromatogram was observed, but peak “B” was not observed.
We examined mass spectra at the peak “A” and “B” for the ethanol solution of
NT, and at peak “A” for the acetonitrile solution of NT. Analyzed results of m/z and
rational formulas of stable photochemical products at the peak “A” in the methanol,
ethanol, and acetonitrile solutions of NT are summarized in Table 1. From this
systematic result, we lead to a following common relation irrespective of solvent
molecule;
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[M] = [C19 H10 O (NT)] + [solvent] – [H2],

(1)

where [M] stands for a mass of a rational formula represented by “M” in the square
brackets, [M] = m/z – [H]. Thus we suggest structural formula of a photochemical
product at the peak “A” in each solution: [NT + CH3OH – H2] for methanol solution,
[NT + C2H5OH – H2] for ethanol solution, and [NT + CH3CN – H2] for acetonitrile
solution, see Table 1. Analyzed results of m/z and rational formulas of stable
photochemical products at the peak “B” in the methanol and ethanol solutions of NT
are summarized in Table 2. As mentioned above, the peak “B” was not observed for
acetonitrile solution which has no hydroxyl group. From this systematic result, we lead
to a common relation irrespective of solvent molecule;
[M] = [C19 H10 O (NT)] + [solvent] – [H2O]

(2)

Thus we suggest structural formula of a photochemical product for peak B in the two
solutions: [NT + CH3OH – H2O] for methanol solution and [NT + C2H5OH – H2O] for
ethanol solution, see Table 2. Namely it has been made clear that the main structure of
photochemical products composes of one NT and one solvent molecule.
To understand the photochemical products of dehydrogenation and
dehydration from the NT-methanol compound, we propose photochemical reaction
passes, based on the structural formula composed of one NT and one solvent molecule.
Schematic of the photochemical reaction is shown in Fig. 3 for further discussion.
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4-4. Discussion

4-4-1. Photochemical products from the NT-methanol compound

On the basis of the masses of the photochemical products, we assume their
structures: a new bond is formed between NT and a solvent molecule, from which a
hydrogen or water molecule is lost, namely dehydrogenation or dehydration occurs
(see Fig. 3). In addition, the product depends on the solvent: both dehydrogenation and
dehydration products are formed in the alcohols, but only dehydrogenation products
are formed in acetonitrile (see Tables 1 and 2). The finding that no “dehydration”
product is observed in acetonitrile indicates that the dehydration occurs in the solvent
side of the product. The oxygen atom of the water dehydrated comes from the hydroxyl
group of the alcohol, not from the oxygen of the NT. On the other hand, the
dehydrogenation may occur between the NT and solvent moieties of the product,
because two hydrogen atoms are possibly close together.

4-4-2. Fluorescence spectra of the identified photochemical products

As described in Section 3.1 and 3.2, the LC/MS analysis of the sample
solutions revealed that peaks A and B in the chromatograms are due to the
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“dehydrogenation” and “dehydration” products, respectively. Further elution
components of the two peaks provide the enhanced fluorescence spectra shown in Fig.s
1 (b-2) and (b-3). Therefore, we can correlate the enhanced fluorescence spectra with
the photochemical products: the enhanced fluorescence spectra (b-2) and (b-3) are
mainly caused by the “dehydrogenation” and “dehydration” products, respectively.

4-4-3. Mechanism of fluorescence enhancement

We discuss the mechanism of the fluorescence enhancement on the basis of the
findings in the present study. Before proceeding to the discussion, it is useful to
summarize the spectroscopic results obtained so far 9, 13: (1) fluorescence enhancement
arises from a reaction of a ketone in its triplet excited state with a solvent molecule,
resembling the hydrogen-abstraction in photochemistry, (2) from molecular orbital
calculations, ketyl radicals that would be produced by the hydrogen-abstraction are not
fluorescent, (3) about 10% of the ketones exhibits fluorescence enhancement even at
77 K, (4) a solution that has exhibited the phenomenon at 77 K gives its original
fluorescence again when it is allowed to come to room temperature, and (5) no such a
reversible change occurs for a solution that has been induced the enhancement at room
temperature.
We proposed the association model taking those results into consideration 9, 10, 11:
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an association complex is formed through the interaction between the oxygen atom of
the solute (ketone) and a hydrogen atom of the solvent, which should be strongly
fluorescent owing to reduction in the n-* nature of the ketone moiety

14, 15

. Such a

complex can be produced at low temperature, because a pair of a solute and solvent
molecule in the proximity and in a favorable orientation may react even in the
restriction of their movement; in addition, the complex is easily dissociated into an
original solute and solvent. At room temperature, however, the complex may undergo
successive photochemical reactions depending on pre-irradiation time, in other words
amount of light irradiation. As the result of it the enhanced fluorescence spectra
changed depending on irradiation time at room temperature. In fact, we have found
two products of “dehydrogenation” and “dehydration” compounds exhibiting the
fluorescence enhancement in the present study. The products are considered to arise
from the association complex as a precursor (see Fig.3).
Extending the association model, we propose a reaction scheme for the
fluorescence enhancement in the NT-methanol system as in Fig. 3. On the
pre-irradiation, a NT-methanol association complex is formed by a photochemical
reaction similar to hydrogen abstraction. At 77 K only such complexes exist and give
enhanced fluorescence, whereas at room temperature hydrogen abstraction reaction
occurs in the complex and a precursor is produced as a result of conjugation of
-electrons. The precursor is excited due to pre-irradiation, leading to a
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“dehydrogenation” and “dehydration” product such as product A and B shown in Fig. 3.
We performed molecular orbital calculations with a CAChe work system (Fujitsu,
Chiba, Japan). Geometrical optimization was carried out by the PM3 method 16 and the
energy and oscillator strength of electronic transitions were calculated with ZINDO
using INDO/1 parameterization

16

. The calculated results showed that the absorption

spectra of the “dehydrogenation” and “dehydration” products are blue-shifted by 20
and 30 nm, respectively, from that of NT and their molar absorptivity is about ~7800
and ~7500 times, respectively, as large as that for NT. The results are consistent with
the experimental results. The structures, however, of the two products are tentative; in
fact, several isomers are also possible as suggested in the chromatogram, for example
“A-1” and “A-2” in Fig. 1 (a-3). To determine their structure, we are going to perform
IR and NMR measurements for a solution exhibiting the fluorescence enhancement
under a condition of very high concentration.

4-4-4. Application of fluorescent enhancement for environmental analysis

As mentioned in chapter 4-1, the measurement of weakly fluorescent PAKs
and nitro-PAKs such as carcinogenic 3-NBA in environment is demanded. We plan to
establish a detection method of the weakly fluorescent PAKs and nitro-PAKs in
environmental samples using the fluorescent enhancement. To realize such method,
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however, there are several problems which we must overcome. There are numerous
contaminants emitting strong fluoresce inherently in the atmospheric samples.
Therefore we must extract the weakly fluorescent PAKs and nitro-PAKs from
contaminants using HPLC before the fluorescence enhancement of them. There are no
quantitative analysis methods for the PAKs and nitro-PAKs detected by the
fluorescence enhancement. Therefore we must develop a new quantitative analysis for
them.

4-5. Conclusions

We carried out LC-TOFMS measurements for methanol, ethanol, and
acetonitrile solution of NT, in which fluorescence enhancement had been induced.
Two photochemical products produced by dehydrogenation and dehydration of a
NT-solvent adducts were detected. We correlated the two products to the enhanced
fluorescence spectra. On the basis of the LC-TOFMS and spectroscopic results, we
proposed a reaction scheme for the fluorescence enhancement.
From the present results, it is proposed that the fluorescence enhancement of
PAKs and nitro-PAKs will be able to use in a new detection method for them in
atmospheric samples.
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Fig. 1 Fluorescence spectra of NT (left) and chromatograms of NT in degassed methanol at 10-5 M (right). tir stands for irradiation time.

84

(a) Peak NT

(b) Peak A-1

(c) Peak B

Fig. 2 Mass spectra of the degassed NT-methanol solution after 3 min pre- irradiation.
(a) at Peak NT, (b) at Peak A-1, and (c) at Peak B, see Fig. 1.
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Table 1 m/z and rational formulas of photochemical products at peak “A-1” and “A-2”
in the methanol, ethanol, and acetonitrile solutions of NT.

m /z

assignment

model

MeOH

285.09

C20 H12 O2

NT+MeOH-H2

EtOH

299.10

C21 H14 O2

NT+EtOH-H2

CH3CN

294.02

C20 H12 O N NT+CH3CN-H2

Table 2 m/z and rational formulas of photochemical products at peak “B” in the
methanol, ethanol, and acetonitrile solutions of NT.

m /z

assignment

model

MeOH

269.09

C20 H12 O

NT+MeOH-H2O

EtOH

283.11

C21 H14 O

NT+EtOH-H2O

CH3CN

ND
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-H2

-H2O

Fig. 3 A reaction scheme of NT-methanol system for the fluorescence enhancement.
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Chapter 5

Summary
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Air pollution has been a serious problem in rapidly industrializing countries.
Especially in burgeoning megacities of such newly developing countries, air pollution
exceeds WHO standards all the time. For example, Beijing often has particulate levels
above 300 g/m3, which is about ten times higher than the levels considered safe for
human health. Formerly, many developed countries such as Japan, England, and the
United States were also suffered from similar air pollution problems. National
legislation and progress of pollution control technology, however, have led to reducing
pollution emissions and improving air quality over the past 30 years.
As described in the general introduction section, the improvement of the
atmospheric environment produced not so good results in human health in Japan; the
incidence of lung cancer has been increasing compared with other cancers. The author
thought about the reason and noticed that previous reports had focused on the
concentration of polycyclic aromatic compounds (PACs) in the particle phase and on
that of benzo[a]pyrene (BaP). It was natural to think that attention should be paid to
gaseous PACs in the atmosphere and strongly mutagenic PACs except BaP. Thus, the
author concentrated to PAHs that have stronger carcinogenicity than BaP and measured
their atmospheric concentrations by the GC/MS method. As a result, benzo[c]fluorene
(BcFE) was found to possess carcinogenicity stronger than that of BaP. On the basis of
the atmospheric distributions and relative potency factor (RPF) of BcFE, the cancer
risk of BcFE was assessed. From these findings the author pointed out the importance
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of the collection of gas phase atmospheric samples for the carcinogenic risk assessment
and of paying much attention to carcinogenic polycyclic aromatic hydrocarbons
(PAHs) except for BaP.
In the course of the study on the atmospheric concentrations of PAHs, the
author found that the detection of nitrated PACs is very difficult by use of conventional
analytical methods. Considering that nitro-PACs (NPACs) are generally strong
carcinogens and mutagens, it is necessary to develop a new method for detection of
NPACs. The fluorescence enhancement came to mind. The phenomenon for one of
polycyclic aromatic ketones (PAKs), 6H-benzo[cd]pyrene-6-one (naphthanthrone, NT),
was reported in 2008, but its reproducibility was very low; the mechanism was
uncertain, but association between the solute and solvent molecules was suggested.
Then the author investigated the characteristics of the phenomenon using NT as a
model compound and clarified the experimental conditions under which the
phenomenon occurs reproducibly. Furthermore, the analysis of the spectroscopic data
revealed that the fluorescence enhancement is a general phenomenon occurring in
PAKs and nitro-PAKs (NPAKs) and those association complexes between a solute and
solvent molecule may cause the enhancement. From high performance liquid
chromatography (HPLC) measurements, it was also suggested that photochemical
products arising from the association complex participate in the enhancement.
To

identify

the

photochemical
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products,

high

performance

liquid

chromatograph – mass spectrometry (LC-MS) measurements were carried out for
methanol, ethanol, and acetonitrile solutions of NT exhibiting fluorescence
enhancement. Two photochemical products were detected: their masses are [solute +
solvent -2] and [solute + solvent -18], respectively. The findings indicate that they are
produced by dehydrogenation and dehydration from a solute-solvent adduct. On the
basis of the findings, the mechanism of fluorescence enhancement was proposed.
The clarifying of the mechanism of fluorescence enhancement will open a
new way to apply it to environmental analysis. Since NPACs, generally potent
mutagens, show significant fluorescence enhancement, it is highly possible to detect
them by use of fluorescence spectroscopic analysis. The development of such a new
spectroscopic method will permit us to estimate cancer risk of all PACs.
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Appendix

A new method for colleting a large amount of PM2.5 using an impactor for
high-volume air sampler
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1. Introduction

Particulate matters, PM, exist in various particle sizes from 0.003 to 100 µm
and have many compositions 1. The PM being smaller than 2.5 µm is called PM2.5,
which is easy to be absorbed by breathing, and reaches to lung. Then, PM2.5 inhalation
is serious influence upon respiratory and circulatory system 2. In fact, there is
correlation between day to day variation of PM2.5 concentrations and daily change of
the number of deaths 3. Although it is difficult to consider a counterplan for
atmospheric PM2.5 concentration reduction, to investigate concentration and chemical
component of PM2.5 is demanded.
The rapid economic development since the introduction of a market
orientation reform in the late 1980s has dramatically changed the face of the 3.5
million Vietnam’s capital, Hanoi. In the meantime, uncontrolled growth of construction
works, traffic and small manufacturing activities has resulted in an increasing number
of air pollution sources 4. Dusty atmosphere is visible, especially during the dry winter
season. Atmospheric soils and desert dusts can arrive at Hanoi by wind trajectories
extending back over inland areas of northern and western China and Mongolia. They
estimated that long range transport accounted for 50%, 34% and 33% of the fine mass
in trajectories from the north over inland China, from the north east over the east China
sea and from the south west over the Indochina peninsula, respectively 5.
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Ministry of the Environment set "Not exceed daily means of 35 μg/m 3 and
that not exceed yearly average levels of 15 μg/m3" as an environmental standard of
PM2.5 in September, 2009. Then, the PM2.5 automatic measurements of the
nationwide regular monitoring system started in March 2010. "A temporary guideline
for attention awakening of PM2.5" was released, not based on laws: From
epidemiological knowledge and American air quality index (Air Quality Index; AQI),
daily means of 70 μg/m3 was suggested 6.
The general method of collecting PM2.5 is using a low-volume air sampler
(LV) equipped with American Federal Reference Method (FRM) classifier 7. We refer
this method to “LV method”. The flow rate of this method is 16.7 L/min, so that it is
difficult to analyze various chemical components from the small amount of sample.
Therefore another method for collecting a large amount of PM2.5 by using a
high-volume air sampler (HV) equipped with a PM2.5 impactor

8

has been invented,

the flow rate of which >500 L/min. We refer this method to “HV method”.
Firstly, the results of LV and HV methods are compared to evaluate the PM2.5
impactor. Secondly, PM2.5 air samples collected in Hanoi and Japan by using the HV
method are discussed. Finally, the concentrations of polycyclic aromatic hydrocarbons
(PAHs) in these air samples measured by gas chromatograph / mass spectrum
(GC/MS).
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2. Materials and Methods

2.1 Sampling

Atmospheric sampling was conducted using a high-volume air sampler
equipped with a PM2.5 impactor (see Fig. 1) and a low-volume air sampler equipped
with FRM. Samples were collected at Nagoya and Tsukuba in Japan, and Hanoi in
Vietnam. Setting the sample flow rate of the HV method was 700 L/min and that of the
LV method was 16.7 L/min. The total flow of the HV and LV methods were
331~1007.9 m3 and 23.5 m3, respectively. PM2.5 atmospheric samples were collected
using the pre-treated quartz-fiber filters (backup filters, see Fig. 1). And particulates of
which size is larger than 2.5 µm, PM>2.5, were collected on the slit quartz-fiber filters.
The each quartz-fiber filters were heat-treated for 2 h in a muffle furnace that had been
preheated to 450ºC in order to remove organic pollutants. After heat treatment, the
filter’s humidity was equilibrated in a desiccator held at 50% humidity and weighted
before use. After sampling, each collected sample was stored in the following manner.
Each quartz fiber filter was folded into two with the collection side on the inside and
wrapped in aluminum foil.
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2.2 Sample treatment and GC/MS analysis

The PAHs targeted for GC/MS analysis were shown in Table1. For each of the
16 deuterated PAHs, 20 ng was added to the quartz fiber filter samples as internal
standards. Then, Soxhlet extraction in acetone and ultrasonic extraction in
dichloromethane were carried. The extract was concentrated to 0.5 ml in a rotary
evaporator set at 39900 Pa using nitrogen gas. One-fifth of the concentrated extract
was measured and redissolved in 30 ml of hexane and once again concentrated in a
rotary evaporator set at a pressure of 23940 Pa. Then, a small amount of the hexane
solution was added to a pre-conditioned silica gel cartridge and eluted with 6 ml of
dichloromethane-hexane (8:2 (v/v)). To the eluent was added 100 µl of n-nonane; the
resulting solution was then gently concentrated to 100 µl under nitrogen flow. Finally,
the solution was transferred to an insert-vial. A gas chromatograph-mass spectrometer
(Agilent Technology, 5973N) was used to carry out measurements. Each PAH was
detected in SIM mode. The injection port temperature was 300 °C, the volume injected
was 1 μl, and the GC temperature profile was as follows: initial temperature: 50 °C;
after 5 min temperature was raised by 15 °C/min until it reached 185 °C; from 185 °C
the temperature was raised by 8 °C/min until it reached 320 °C; temperature
maintained at 320 °C for 22 min. Ionization was in the EI mode. The 16 PAHs
designated by the USEPA were quantitatively analyzed by the internal standard
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addition method that uses deuterated PAHs. The ten new target PAHs benzo[c]fluorene,
cyclopenta[c,d]pyrene, benzo[j]fluoranthene, benzo[j]aceanthrlyrene, anthanthrene,
dibenzo[a,e]fluoranthene, dibenzo[a,l]pyrene, dibenzo[a,e]pyrene, dibenzo[a,i]pyrene,
and dibenzo[a,h]pyrene were quantitatively analyzed by the absolute calibration curve
method; the standard addition method was used to calculate the addition recovery rate.
The recovery rate was generally 78–130% for filters when 20–100 ng were added.
Thus, recovery rate compensation was judged to be unnecessary and not used for
quantitative analysis using the absolute calibration curve method.

3. Results and Discussion

3.1 Evaluation of a PM2.5 impactor

We collected PM2.5 by both LV and HV methods at Nagoya during 8 days
from September 2 to September 10, 2012. Total flow of the LV method was 23.5m3,
and atmospheric concentrations of PM2.5 collected were 5.9~24.4 µg/m3. Total flow of
the HV method was 987m3, and atmospheric concentrations of PM2.5 and PM>2.5
collected were 5.8~37.9 µg/m3 and 5.9~12.3 µg/m3, respectively. There is a linear
correlation between PM2.5 concentrations by the LV method and those by the HV
method (see Fig. 2). However, as can be seen from Fig. 2, the zero level of HV method
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dose not coincides with zero. This is because the condition of equilibrium humidity of
filter before sampling differs from that after sampling.
We measured concentrations of elemental carbon (EC) and organic carbon
(OC) of the same samples collected. Fig. 3 shows a linear correlation between their
concentrations by the HV method and those by the LV method. There is a linear
correlation with a gradient of 1: the concentrations by LV method are approximately
equal to those by HV method. This leads to a promising means: The HV method
equipped with the PM2.5 impactor is applicable to measuring the concentrations of EC
and OC.
The results which we measured concentrations of PAHs are shown in Fig. 4.
As can be seen from Fig. 4, there is a linear correlation between PAHs concentrations
by the LV method and those by the HV method, although gradients of the correlation
for PAHs differ each other. For FLN and Pyr having 4 benzene rings, the collection
efficiency of the HV method is quite low, since such PAHs are easily re-entrained from
the filter of the PM2.5 impactor because of their high vapor pressure. In contrast to this,
for IndP and BghiP having 6 benzene rings, the concentrations by HV method are
approximately equal to those by LV method. This is because these PAHs are almost
collected by the filter of the PM2.5 impactor because of their low vapor pressure. For
BbF and BaP having 5 benzene rings, the collection efficiency of the HV method is
close to that of IndP and BghiP. From these results, we can say that the HV method is
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applicable to measuring the concentrations of PAHs having more than five benzene
rings, including carcinogenic and mutagenic PAHs.

3.2 Collection of PM2.5 at Hanoi and Tsukuba

PM2.5 and PM>2.5 were sampled by the HV method at Hanoi and Tsukuba in
September 2013. Metrological conditions for each sampling day, total flow (m3), and
the concentrations of PM2.5 and PM>2.5 (µg/m3) are shown in Table1. As can be seen
from Table2, the concentrations of PM2.5 in Hanoi are 4~8 times higher than those in
Tsukuba.
Fig. 5 shows the concentrations of each PAHs in both PM2.5 and PM>2.5 for
Hanoi and Tsukuba. Because collection efficiency of the HV method for PAHs with
more than 5 benzene rings is almost equal to that by LV method, the results for such
PAHs are shown. The total PAHs concentrations of PM2.5 in Hanoi are 7~20 times
higher than those in Tsukuba. The concentrations of PAHs with 6 benzene rings,
DBaeF, DBalP, DBaeP, DBaiP, and DBahP, are not detected in Tsukuba, but observed
appreciably in Hanoi. It should be noticed that such PAHs, especially DBalP, are
carcinogenic. The concentration pattern of PAHs in PM2.5 for Hanoi-1, Hanoi-2, and
Hanoi-3 is similar. However, the concentration pattern for Tsukuba is different from
that for Hanoi. This is because the sources of the PAHs in Hanoi differ from those in
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Tsukuba: For vehicles, the diesel oil is used rather than gasoline in Vietnam compared
to Japan. The concentration of PAHs in PM>2.5 for Tsukuba is similar to that for
Hanoi.

4. Conclusions

We have evaluated the PM2.5 impactor by comparing the results on the
chemical components analysis due to the LV method and HV method. Then we have
found that the HV method is applicable to measuring the concentrations of EC, OC,
and PAHs having more than five benzene rings. PM2.5 air samples were collected in
Hanoi and Japan by using the HV method. The concentrations of PAHs with 6 benzene
rings, DBaeF, DBalP, DBaeP, DBaiP, and DBahP, are not detected in Tsukuba, but
observed appreciably in Hanoi. It should be noticed that such PAHs, especially DBalP,
are carcinogenic. The concentration pattern for Tsukuba is different from that for Hanoi.
This is because the sources of the PAHs in Hanoi differ from those in Tsukuba.
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Table 1 Parameters for PAHs measured.
PAHs from the first to sixteen row are 16 priority PAHs by USEPA.
PAHs

Abbreviation

Number of
benzene rings

Vapor pressure
(Pa at 25ºC)

Naphthalene

Nap

2

10

Acenephthylene

Acy

3

8.9 x 10-1

Acenephthene

Ace

3

2.9 x 10-1

Fluorene

Flu

3

8.0 x 10-2

Phenanthrene

Phe

3

1.6 x 10-2

Anthracene

Ant

3

8.0 x 10-4

Fluoranthene

FLN

4

1.2 x 10-3

Pyrene

Pyr

4

6.0 x 10-4

Benzo[a ]anthracene

BaA

4

2.8 x 10-5

Chrysene

Chy

4

8.0 x 10-5

Benzo[b ]fluoranthene

BbF

5

6.7 x 10-5

Benzo[k ]fluoranthene

BkF

5

1.3 x 10-8

Benzo[a ]pyrene

BaP

5

7.3 x 10-7

Dibenzo[a,h ]anthracene

dBahA

5

1.3 x 10-8

Indeno[1,2,3-c ,d ]pyrene

IndP

Benzo[g ,h ,i ]perylene

BghiP

6
6

1.3 x 10-8
1.4x 10-8

Benzo[c ]fluorene

BcFE

4

4.5 x10-4

Cyclopenta[c ,d ]pyrene

CPcdP

1.8 x 10-7
2.0 x 10-6

Benzo[j ]fluoranthene

BjF

5
5

Benz[j ]aceanthrylene

BjAC

5

1.4 x 10-9

Anthanthrene

AA

6

1.6 x 10-9

Dibenzo[a ,e ]fluoranthene

DBaeF

6

1.1 x 10-11

Dibenzo[a ,l ]pyrene

DBalP

6

3.4 x 10-11

Dibenzo[a ,e ]pyrene

DBaeP

6

1.1 x 10-11

Dibenzo[a ,i ]pyrene

DBaiP

6

Dibenzo[a ,h ]pyrene

DBahP

6

1.1 x 10-11
1.1 x 10-11

Table 2 Sampling conditions and results

weather

Hanoi-1
18.9.2013 10:57
~ 19.9.2013 8:25
sunny

Hanoi-2
19.9.2013 8:43
~ 20.9.2013 8:33
cloudy

total flow (m3 )

900.1

998.7

331.1

1007.9

PM>2.5 (µg/m3 )

71.4

29.1

20.8

12.7

PM2.5 (µg/m3 )

163

78.8

84

20.7

sampling period

103

Hanoi-3
Tsukuba
20.9.2013 8:40
12.9.2013 10:00
~ 20.9.2013 16:34 ~ 13.9.2013 10:00
rainy
sunny

backup filter

Fig. 1 Schematic drawing of PM2.5 impactor.
“2” is a slit quartz -fiber filter.
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40

HV method (µg/m3)

30

20

10
y = 1.3292x + 4.1615
R² = 0.7508

0
0

10
20
30
LV method (µg/m 3)

40

Fig. 2 Linear correlation between PM2.5 concentrations by the LV method and by the HV method.
Squares are experimental data and solid line is a fitted line to them.

8
OC

EC

HV method (μg/m3)

6

4

2

0
0

2

4
6
3
LV method (μg/m )

8

Fig. 3 Linear correlation between EC and OC concentrations by the LV method and by the HV method.
Circles are experimental data of EC and squares are experimental data of OC.
Solid lines are fitted lines to the data.
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6

12

FLN

Pyr
HV method (ng/m3 )

HV method (ng/m3 )

10

y = 0.1007x - 0.1189
R² = 0.5302

8
6
4
2
0
0

2

4
6
8
LV method (ng/m3 )

10

2

0
0

2
4
LV method (ng/m3 )

6

0.6

BbF

y = 0.7083x - 0.0363
R² = 0.8656

BaP

0.5

HV method (ng/m3 )

HV method (ng/m3 )

4

12

1.5

1

0.5

0.4

y = 1.7454x - 0.1137
R² = 0.9822

0.3
0.2
0.1
0

0
0

0.5
1
LV method (ng/m3 )

0

1.5

0.1

0.2
0.3
0.4
LV method (ng/m3 )

0.5

0.6

0.7

0.5

IndP

0.4

y = 0.9519x - 0.0613
R² = 0.7666

BghiP

0.6

HV method (ng/m3 )

HV method (ng/m3 )

y = 0.0919x + 0.0385
R² = 0.4556

0.3
0.2
0.1

0.5
0.4

0.3

y = 1.1559x - 0.0211
R² = 0.8802

0.2
0.1
0

0
0

0.1

0.2
0.3
LV method (ng/m3 )

0.4

0

0.5

0.1

0.2

0.3
0.4
0.5
LV method (ng/m3 )

0.6

0.7

Fig. 4 Linear correlation between PAHs concentrations by the LV method and by the HV method.
Squares are experimental data and solid lines are fitted lines to them. Abbreviations of
PAHs, which are listed in Table 1, are written in each graph.
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DBahP
DBaiP
DBaeP
DBalP
DBaeF
AA
BjF
CPcdP
BghiP
IndP
dBahA
BaP
BkF
BbF

PM2.5

>PM2.5
0

0.05

DBahP
DBaiP
DBaeP
DBalP
DBaeF
AA
BjF
CPcdP
BghiP
IndP
dBahA
BaP
BkF
BbF

0.1
0.15
Concentrations (ng/m3)

0.2

0.25

Hanoi-2

>PM2.5
0.5

1
1.5
Concentrations (ng/m3)

2

PM2.5

>PM2.5
0

1

2
3
4
Concentrations (ng/m3)

DBahP
DBaiP
DBaeP
DBalP
DBaeF
AA
BjF
CPcdP
BghiP
IndP
dBahA
BaP
BkF
BbF

PM2.5

0

Hanoi-1

DBahP
DBaiP
DBaeP
DBalP
DBaeF
AA
BjF
CPcdP
BghiP
IndP
dBahA
BaP
BkF
BbF

Tsukuba

2.5

5

6

Hanoi-3

PM2.5

>PM2.5
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1
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2.5
Concentrations (ng/m3)

3

Fig. 5 Concentrations of PAHs in PM2.5 and PM>2.5 at Tsukuba, Hanoi-1, Hanoi-2, and Hanoi-3.
Red bars are for PM2.5 and blue bars are for PM>2.5. Abbreviations of PAHs are listed in Table 1.
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3.5

