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< Abstract >

The fluorescence intensity for degassed solution of polycyclic aromatic
ketones, such as naphthanthrone (NT), is enhanced after pre-irradiation with strong
light. This fluorescence enhancement has been considered to arise from association of
the solute with the solvent. However, no chemical species formed by such association
have experimentally been identified yet.

In the present study, we have studied the following subject: (1) spectroscopic
studies on the fluorescence enhancement phenomena for several polycyclic aromatic
ketones, (2) spectroscopic studies on the fluorescence enhancement of NT under
various conditions, (3) analyses for chemical species causing the fluorescence
enhancement in methanol solution of NT by high performance liquid chromatography
(HPLC), and (4) identification of chemical species causing the fluorescence
enhancement in methanol solution of NT by time of flight mass spectrometry
(TOF-MS).

We have obtained following results: (1) The fluorescence enhancement is a
general phenomenon for phosphorescent aromatic molecules and arises mainly from a
reaction via the triplet state of the solute. (2) The fluorescence enhancement of NT
depends strongly on the intensity of irradiation and there is a light-intensity threshold

for the occurrence of the enhancement. Deuteration of solvents reduced the



fluorescence enhancement. The intensity, blue-shift, and shape of the enhanced
fluorescence depended significantly on the concentration of solution. These findings
led to modification of the former association mechanism of the fluorescence
enhancement; the association proceeds in a solvent cage step-wisely. (3) The HPLC
analysis for the solution that had exhibited the fluorescence enhancement revealed that
a new peak appears at a retention time longer than that of the solute. The new peak was
assigned to the association complex desired and the complex is less polar than the
solute. (4) Mass spectra for the solution that had exhibited the fluorescence
enhancement showed new peaks in addition to the NT peak and they were assigned to
an association complex surrounding one NT molecule with thirteen and with fifteen
solvent molecules. Thus the existence and chemical composition of the association
complex, causing fluorescence enhancement, have been confirmed for the first time.

In future, the fluorescence enhancement may be applied to spectroscopic
methods for the environmental analysis. A new analytic system using the fluorescence
enhancement should be useful for detection of nitrated polycyclic aromatic ketones
such as 3-nitro-benzanthrone, which are included in the exhaust gas and strongly

mutagenic and carcinogenic.
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Introduction

Aromatic ketones show several specific photochemical reactions such as
hydrogen and electron abstraction, photocycloaddition, and photorearrangement [1].
This is because the compounds possess four lower-lying excited states, *na*, nn*,
Stn*, and ‘mn* in a simple-molecular-orbital denotation, and they interact with one
another, causing the specific reactions. So far the photochemistry of small aromatic
ketones such as benzophenone and acetonaphthone has been studied extensively and
their various photochemical properties have been clarified and summarized [1]. In
contrast, the photochemistry of polycyclic aromatic ketones, having more than two
benzene rings, has barely been studied, because their synthesis and purification are
difficult [2].

In 1997, nitrobenzoanthrones, nitrated ketones with four benzene rings, were
reported to be strong mutagens, namely, chemical substances that damage or alter DNA
in cells [3]. In particular 3-nitro-7H-benzo[de]anthracene-7-one, detected in diesel
exhaust, showed the highest mutagenic activity among the known mutagenic
mononitro-polycyclic aromatic compounds from environmental source. Since then
nitrated polycyclic aromatic ketones (NPAKS) have received a considerable amount of
attention because of their mutagenic activity and wide occurrence in the air; they are
abundant in exhaust gas and particles from vehicle engines and in smoke and soot from
burning wood. Accordingly it is important to measure the concentration of NPAKSs in
the environment and to provide the exposure information to the society. Fluorescence
spectroscopy is a convenient and high-sensitive method to detect fluorescent
compounds, and indeed has been widely used to detect polycyclic aromatic compounds.
The fluorescence, however, of polycyclic aromatic ketones (PAKs) and NPAKS is

generally so weak because their fluorescence is due to a forbidden transition, i.e., an



nn* transition [4]. Consequently fluorescence spectroscopy has not been applied to
detect them, so far.

Recently it was found that the fluorescence of a degassed solution of
naphthanthrone (NT), a ketone with five benzene rings, was enhanced about one
hundredfold after preliminary irradiation of the solution with strong light for half one
hour [5]. This fluorescence enhancement was considered to arise from association of
NT with a solvent molecule, but its detailed mechanism remains unknown. From the
viewpoint of environmental analysis, this phenomenon gives the promise of increasing
detection efficiency of PAKs and NPAKSs by fluorescence spectroscopy. To examine
the applicability of fluorescence enhancement to environmental analysis, one needs
detailed data on the phenomenon.

In the present study we firstly investigated the occurrence of the phenomenon
for five polycyclic aromatic compounds except NT, 2-nitro-napthanthrone (2-NNT),
benzanthrone (BA), 3-nitro-benzanthrone (3-NBA), anthracene, and perylene. The
three ketones, 2-NNT, BA, and 3-NBA, exhibited the fluorescence enhancement, but,
anthracene and perylene did not. We deduced that the fluorescence enhancement is a
general phenomenon occurring in PAKs and NPAKSs. Then we focused our attention to
NT in alcohols and clarified the spectroscopic features of the fluorescence
enhancement. We measured the effects of irradiation time, concentration, temperature,
and deuteration of the solvents. The experimental data supported the association model
for the fluorescence enhancement. Finally we tried to detect the chemical species
causing the enhancement. We applied high performance liquid chromatography and
time-of-flight mass spectrometry to an methanol solution of NT that had exhibited the
fluorescence enhancement. The analyses of the data permitted us to identify the

chemical species.



2. Experimental
2-1. Sample preparation

As solutes, we used four polycyclic aromatic ketones (PAKSs), benzanthrone,
naphthanthrone, 3-nitro-benzanthrone, and 2-nitro-naphthanthrone. Anthracene and
perylene were also used for comparison. The PAKs were synthesized and purified in
the Organic-Chemistry-I1 laboratory of Toho University. As solvents we used methanol,
ethanol and their deuterated compounds, C,HsOD, CH;OD, and CDsOD.
Non-deuterated solvents were purchased from Koso Chemical, Tokyo and the
deuterated ones from Wako Pure Chemical Industries, Osaka. All solvents were used
without further purification. The concentration of sample solutions were in the range
from 1x10 ®to 1x10 * M.

In the procedure of dissolving solutes into solvents, an ultrasonic cleaning
device was utilized for quickening dissolution and degassing the solution. Such
treatment has been widely used in HPLC to remove oxygen dissolved in the solution.
We found that the treatment is very useful for preliminary degassing so that we could
treat a large amount of solvents with the device.

Regular degassing of solutions was carried out as follows: (1) a solution was
poured into a specially designed cell (see Figure 1), (2) the cell was connected to a
glass vacuum line, and (3) the solution was degassed by the freeze-pump-thaw cycle
method in the dark (see Figure 2). We took about one and half minutes to freeze the
solution by use of liquid nitrogen and about half minutes to thaw the frozen solution

with a blower. This cycle was repeated twice.



Fig. 1 Specially designed cell for degas

Freeze; by liquid nitrogen

l

Pump; in a glass vacuum line

A 4

Thaw; by a blower

Fig. 2 Flow chart of the degas cycle
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2-2. Measurements of enhanced fluorescence

Figure 3 shows the procedure for enhanced fluorescence measurements. A
sample solution, prepared with the procedure described in the preceding section 2-1,
was irradiated with intense light at wavelengths of the solutes, maximum absorption.
Then fluorescence spectra were measured every 10 minutes. The irradiation and

measurement processes were repeated.

(DPreparation ethanol or methanol solution
of NT

Il

@Degas of solution in the dark

(freeze-pump-thaw cycles)

Il

@lrradiation with strong light
(500W-Xe lamp)

@Fluorescence measurements
(FluoroMax)

Fig. 3 Flow chart for the measurement of enhanced fluorescence

We used a fluorescence spectrometer, a FluoroMax spectrometer (Spex
Industries, Edison, NJ, USA) for fluorescence and phosphorescence measurements.
The conditions of fluorescence measurements are summarized in Table 1.

At 77K, we soaked a degassed solution in a cell in liquid nitrogen in a dewar

with windows, and then performed the irradiation and fluorescence measurements



Table 1 Conditions of fluorescence measurement.

BA NT 3-NBA 2-NNT Perylene | Anthracene
Excitation
300nm 360nm 300nm 360nm 380nm 345nm
Wavelength
Wavelength

region of 320-590nm | 370-630nm | 320-590nm | 370-630nm | 400-600nm | 365-515nm

fluorescence

Slit width 0.5mm 0.5mm 0.5mm 0.5mm 0.5mm 0.5mm

Pre-irradiation
400nm 400nm 400nm 400nm 400nm 400nm
wavelength

2-3. Preliminary irradiation

Two lamps were used for preliminary irradiation; the light-source 150W-Xe
lamp of the FluoroMax fluorescence-spectrometer and a 500W-Xe lamp. In the use of
the FluoroMax’s light-source, the excitation spectrometer was positioned at the
wavelength, where the absorption of the sample was maximized, and two slits on the
excitation spectrometer were set to 7 mm, which corresponded to a band pass of 20 nm.
To prevent scattered light from entering into the emission spectrometer, we adjusted
two slits of it as narrowly as possible.

In the use of the 500W-Xe lamp (see Figure 4), an L-39 sharp-cut-filter was
used. The filter prevents the samples from dissociating by light with shorter

wavelengths.




500W-Xe

/"_ lamp
Cell holder \
v Filter

Fig. 4 Schematic (upper) and picture (lower) of set up of the 500W-Xe lamp

irradiation

In fluorescence measurements, the slits of both excitation and emission

spectrometers were adjusted so as that the band passes became 0.5 nm.



2-4 High performance liquid chromatography (HPLC) analysis

The analysis of chemical components of a solution was conducted on a high
performance liquid chromatography (HPLC, Agilent 1200 series; Agilent Technologies,
Santa Clera, United State, Figures 5 and 6) apparatus equipped with a
photo-diode-array detector. Two solutions, before and after irradiation with strong light,
were analyzed. After irradiation the solution exhibited the fluorescence enhancement.
For separation a C18 column (ZORBAX Eclipse PAH; Agilent Technologies, Tokyo,

Japan) was used and for a carrier solvent HPLC-grade methanol was used.

g Isocratic pump

/ Manual injector
i

Fig.5 The schematic diagram of HPLC

Thermo column compartment

Deaterium lamp

Bample dizde

Flerwe clll

Beam splitter

Reference diode

Fig. 6 Optical Path of the Variable Wavelength Detector



2-5 Time-of-flight mass spectrometric (TOF-MS) analysis
The analysis of chemical components of a solution was conducted on a
time-of-flight mass spectrometer (JMS-T100LC Accu TOF; JEOL, Tokyo, Japan,
Figure 7). The principle of TOF-MS is as follows. The kinetic energy of ion is written
by
(%)mv2 = eV,,
where e is elementary charge, Va is acceleration voltage, m is mass, v is velocity. If the

flight distance is defined by L, the flight time is expressed by

L
t= o vm.

Then, from the flight time t, one can determine mass of ion.

ion source analysis detector

S e e

[ g— ]

Ll

Fig. 7 The schematic diagram of TOF-MS



The conditions for the TOF-MS analysis are listed in Table 2.

TABLE 2 Conditions of the TOF-MS analysis

Concentration of sample 1x10™°M 1x10°M

needle 2000 2000

ring lens 22 33

ion source [V]

orifice 1 101 105

orifice 2 22 15
focus -120 -120

detection [V] focusing lens 10 10

quadrupole lens 20 20

10




3. Spectroscopic study on fluorescence enhancement
3-1 Experimental Results
3-1-1 Fluorescence enhancement of polycyclic aromatic compounds

Figures 8 — 13 show fluorescence spectra of six aromatic compounds before
(represented by dotted lines) and after (solid lines) strong light irradiation. It is clearly
seen from the Figures 8-11 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 no increase but reduction in the fluorescence intensity. The decrease
in fluorescence of anthracene is due to the formation of anthracene dimers [7], which
was confirmed by a strong absorption band newly appearing around 270 nm on

irradiation (not shown in the figure).

Fig. 8 Fluorescence and enhanced fluorescence spectrum of NT. Dotted and solid
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Fig. 9 Fluorescence and enhanced fluorescence spectrum of 2-NNT. Dotted and solid

lines are before and after irradiation, respectively

4
Q.
o
=)
-
E 2.5
= o
§ 2
£
o 15
Q
c
g 1
o
g 0.5 J
[ e’ s oe e, .
0 sceceae eec*® —————
320 370 420 470 520 570

Wavelenght/nm

Fig.10 Fluorescence and enhanced fluorescence spectrum of BA. Dotted and solid

lines are before and after irradiation, respectively

12



Fluorescencelntensity/10° X cps
w

0 L R L L AL L T T T TP

400 450 500 550 600 650 700
Wavelength/nm

Fig. 11 Fluorescence and enhanced fluorescence spectrum of 3-NBA. Dotted and

solid lines are before and after irradiation, respectively
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Fig. 12 Fluorescence and enhanced fluorescence spectrum of perylene. Dotted and

solid lines are before and after irradiation, respectively
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Fig. 13 Fluorescence and enhanced fluorescence spectrum of anthracence. Dotted

and solid lines are before and after irradiation, respectively

Molecules exhibiting the fluorescence enhancement provide very weak
fluorescence before irradiation and can be referred to as “non-fluorescent” molecules.
On the other hand, 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 — 107
[8]; and the yield of the two “fluorescent” molecules is 0.28 for anthracene and 0.98
for perylene [10]. The “non-fluorescent” molecules are phosphorescent and their
phosphorescence intensity is comparable with their fluorescence one at 77 K [8, 9]. 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 [11]. 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

14



before emission [11]. 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 exhibiting the fluorescence enhancement confirms
our previous report [9] that the association leading to the enhancement occurs from the
triplet states.

The characteristics of the fluorescence enhancement shown in Figures 8— 13 are
summarized in Table 3; the degree of enhancement, R, is defined as R=A/Ay, where Ay
and A are the integrated spectral intensity before and after irradiation, respectively. The
R values range from 6 to 53 for the “non-fluorescent” molecules, depending on
characteristics of individual molecules. On the other hand, there is a large difference in
the spectral shift; 2-NNT shows no shifts; 3-NBA only 10 nm; NT 60 nm; BA 100 nm.
It is noticed that the nitration of NT and BA causes significant shifts, i.e., 60 and 90 nm,
respectively and that the addition of a benzene ring also causes 100 nm. Such large
difference in spectral shifts may be considered to arise from the structural difference

between association complexes, if the association model is true.

TABLE 3 The degree of fluorescence enhancement (R) (see text) and blue-shifts of

enhanced spectra for the “non-fluorescent”molecules.

Degree of
Blue shift /nm
enhancement, R
NT 53 60
2-NNT 18 0
BA 6 100
3-NBA 17 10

15



3-1-2 Dependence of fluorescence enhancement on the irradiation intensity

Strong irradiation of a solution with 500W-Xe lamp enabled us to observe the
spectral change of the solution in real time. The fluorescence from the solution
changed of dark-green to light-blue in t;;=5 min at room temperature. The feature of the
color change resembles the aurora; once one point in the solvent changed to blue, the
blue spot spread over the solvent just like convection, and finally the whole solvent
became blue (see Figure 14).

Degassed ethanol solution of NT at 1x10°M was irradiated by 400nm light,
whose intensity was 5.0 mW, from the light source of SPEX FluoroMax. The degassed
ethanol solution was irradiated by filtered light, whose intensity was 50 mW, from
500W-Xe lamp attached two L-39 sharp-cut-filters, and by filtered light, whose
intensity was 100 mW, from 500W-Xe lamp attached one L-39 sharp-cut-filter. Figure
15 shows the fluorescence spectra under these conditions.

On irradiation with 5.0 mW-light, no change occurred in the spectrum even
after 40 min. On irradiation with 50 mW-light, the fluorescence stayed almost constant
for 20 min and then the fluorescence intensity increased, accompanied by a blue-shift
at 40 nm. The degree of enhancement R value after 40 min irradiation was 63 for the
solution irradiated with 50 W-light. On irradiation with 100 mW-light, the fluorescence
intensity increased, accompanied by a blue-shift of 60 nm. The degree of enhancement
R value after 20 min irradiation was 63 for the solution irradiated with 100 mW-light.

These findings show that the fluorescence enhancement depends strongly on
the intensity of irradiation. When the irradiation intensity increases, the irradiation time
until the fluorescence enhancement becomes shorter. Moreover, there seems to be a
threshold for occurrence of the fluorescence enhancement.

It is also suggested that there is a latent period until the fluorescence

enhancement occurs. Figure 16 shows a plot of the R value against the irradiation time,
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ti, for the solution of NT. There can be seen clearly such a latent time in the plot;

initially the R value remains constant, at tj;~10min it gradually increases, and

maximizes at t;=30 min.

Fig. 14 Change in fluorescence color of degassed ethanol solution of NT before (left)

and after 5-minutes (right) irradiation, respectively
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Fig. 15 Fluorescence spectra of NT in degassed ethanol solution at 1x10°M as a

function of light intensity and irradiation time
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Fig. 16 Plot of the degree of enhancement, R, against the irradiation time for a

degassed ethanol solution of NT at 1x10°M

As an additional experiment, we investigated the dependence of the
fluorescence enhancement on the volume of solution. We prepared 10-5M ethanol
solution of NT and carried out the degassing and pre-irradiation for 2 and 3 mL of the
solution. Figure 17 shows the in fluorescence intensity as for the 2 and 3 mL volume of
solution a function of irradiation time. This measurement was performed by use of the
time base scan of the SPEX FluoroMax spectrometer; the irradiation and observed
fluorescence wavelength was fixed at 400 nm and 440 nm, respectively, and data were
taken every one second. As can be seen from Figurel?7, the latent period for the 3 mL
solution (solid curve) becomes longer than that of the 2 mL solution (dotted curve) by
30 min. Furthermore, the enhanced-fluorescence intensity reduced gradually after

maximigation.
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Fig. 17 Fluorescence intensity for ethanol solution of NT at 1x10°M as function of

irradiation time; the volume of solution was 2 (dotted curve) and 3 mL (solid curve).

3-1-3 Effects of deuteration of solvent

Figure 18 shows the fluorescence spectra of NT in the solvent of CH3;0OH,
CH;OD and CD3;OD before and after irradiation. The original spectra before
pre-irradiation have the peaks at 470nm. After irradiation, the peak positions for all
spectra were blue-shifted by the 40nm. The fluorescence enhancement is observed in
every sample, but the enhancement becomes smaller in order of CH3OH > CH3;OD >
CD30OD. The ratios of the R values for CH30D and CD3;0OD to that for CH3OH are 0.7
and 0.3, respectively. The latent period for the CH3OH, CH3OD and CD3OD solution
was 8, 9.5 and 10 min, respectively. Namely, when the number of deuterated hydrogen
atoms of the solvent increases, the R value becomes smaller and the latent period

becomes longer.
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Fig. 18 Fluorescence spectra of NT in methanol: CH3OH, CH3;0OD, CD30D , at
1x10™°M ; thin curves denote original spectra and bold curves enhanced spectra. A
500W-Xe lamp with an L-39 sharp-cut-filter was used for preliminary irradiation.

Excitation wavelength: 360nm; slit width for the measurements

This isotope effect was also observed in the deuterated ethanol solvents.
Figure 19 shows the fluorescence spectra of NT in the solvent of C,HsOH and
C,Hs0D. The fluorescence of both the solution is enhanced with a blue-shift of 40 nm,
but the enhancement for the C2H50D solution is smaller than that of the C2H50H
solution. The ratio of the R values for C,HsOD decreases to 0.28 compared with that
for C,HsOH. The latent time for the C,HsOH and C,HsOD solution was 5 and 10 min,

respectively.
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Fig. 19 Fluorescence spectra of NT in ethanol: C,HsOH and C,HsOD, at 1x107°M;
thin curves denote the original spectra and bold curves the enhanced spectra. A
500W-Xe lamp with an L-39 sharp-cut-filter was used for preliminary irradiation.

Excitation wavelength: 360nm; slits width for the measurements: 3nm.

By adding water to the ethanol solution, the enhancement also occurred but
the peculiar enhanced fluorescence spectra appeared (see Figure 20). The enhanced
spectrum have the sharp peaks which are blue-shifted, like those for the ethanol
solution. An additional broad peak at 540 nm is observed due to the additional of

water.
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Fig. 20 Fluorescence spectra of NT in ethanol and water. The dotted and solid lines
were before and after irradiation, respectively. The solution was irradiated by a

500W-Xe lamp with an L-39 sharp-cut-filter; the light intensity was 100 mW.

3-1-4 Molecular orbital calculations

In this section, we suggest that the association complex model by using the
molecular orbital calculations. We used the software package, Scigress (Fujitsu), for
molecular orbital calculations. The structure of NT and an association complex of NT
with ethanol were optimized first by the MM2 molecular dynamics and then by the
PM5 semi-empirical molecular orbital method. We calculated their absorption spectra
using the ZINDO method for their optimized structures. The calculated results were
compared with the experimental ones.

The calculated absorption spectrum of NT is shown in Figure 21 together with
its optimized structure. The first absorption occurs at 440nm marked by a red arrow
and its molar absorptivity is very small, showing that the absorption is due to the nm*
transition and optically forbidden. Fluorescence is the reversed process of the first
absorption. Therefore it is predicted that the fluorescence of NT occurs at 440nm with

very weak intensity.
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Fig. 21 Structure of NT (left) and its calculated absorption spectrum (right).

Figure 22 shows the optimized structure of an association complex between
NT and ethanol and its calculated absorption spectrum is the complex a weak bond
with of 1.3A a bond-length is formed between them (oxygen molecule of NT and
hydrogen molecule of ethanol). The first transition of the complex occurs at 360nm,
marked by a red arrow, with a molar absorptivity of about 2x10°> M™cm™. This strong
absorption of the association complex indicates that the first transition has a character
of an optical-allowed nn* transition. Therefore, the fluorescence of the complex is
expected to be blue-shifted by several tens nm and enhanced about one hundredfold

compared with that of NT.

e R
Fig. 22 Optimized structure of an association complex of NT and ethanol (left) and

its calculated absorption spectrum (right). The bond length is 1.3A for O-H and 2.0A
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for C-O.
Structure of an association complex of 2-nitronaphthanthrone (2-NNT) with
ethanol

The ZINDO calculations for NT and 2-NNT and the association complexes of
them provided their molar absorptivity and wavelength for the first transition, which
are summarized in Table 4. 2-NNT associates with ethanol via its nitro group as shown
in Figure 23 (a). This is because the first lowest excited state of 2-NNT is an n,rt* state,
where n, denotes the anti-symmetric nonbonding orbital localized on the O atoms of
the nitro group [9, 12]. The association complex shown in Figure 23 (a) provides a
red-shift of 23 nm and an increase in the molar absorptivity of 79 times as large as that
for 2-NINT. These results are in rather poor agreement with the experimental ones: no
spectral shift and an increase in the intensity of 18 times, see section 3-1-1. The smaller
enhancement, however, is in part ascribed to the present experimental conditions,
which were not optimized. It is noted that the red-shift is predicted for an isolated
complex. In solution such a complex exists in a cage composed of a number of solvent
molecules, which suppresses its motion even during photochemical processes [1]. As a
result its fluorescence occurs practically from the Franck-Condon state and hence the
fluorescence is blue-shifted [1]. Therefore the predicted red-shift can be compensated
by a blue-shift owing to the solvation.

For comparison, the association of 2-NNT with ethanol via the carbonyl group

(see Figure 23 (b)) provides a blue-shift of 36 nm and an increase in the molar
absorptivity of 67 times as large as the molar absorptivity for 2-NNT. Since the
solvation contributes to a larger blue-shift for the complex, this is not the case. Thus
the calculated spectroscopic properties for the association complexes qualitatively

explain the changes in the fluorescence spectra before and after irradiation.
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(@)

carbonyl group (b).

TABLE 4 The molar absorptivity (in M~'cm™) and wavelength for the first transition

of NT and 2-NNT and their association complexes with ethanol; 2-NNT(nitro)-ethanol

(b)

Fig. 23 Association of 2-NNT with ethanol via the nitro group(a) and via the

means an association complex of 2-NNT with ethanol via the nitro group.

Molar absorptivity

1

Wavelength of the first

/M 'em™ transition /nm
NT 224 434
NT-ethanol 2.0x10* 370
2-NNT 233 483
2-NNT (nitro)-ethanol 1.8x10* 506
2-NNT (carbonyl)-ethanol 1.6x10* 447
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3-1-5 Concentration dependence

Fig. 24 shows the fluorescence and enhanced fluorescence spectra of NT in
methanol solution at the concentration range from 1x10™ to 10° M. All original spectra
have a peak at 470nm independent of concentration. The peak position of enhanced
fluorescence spectra after irradiation is 408nm for 10™“M, 448nm for 10°M and 428nm
for 10°M. Therefore the blue-shift of the enhanced fluorescence is significantly
influenced by the change of the concentration; 20nm for 10 M, 40nm for 10" M, and
60nm for 10°° M. The intensity also depends largely on the concentration. In particular,
the enhancement is very small at 10° M. The R value is 1.7 for 10° M, 47 for 10°M,
and 43 for 10 M, with t;=10 min. Moreover, all the enhanced fluorescence spectra in
Figure 24 show well 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 Discussion.
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Fig.24 Fluorescence and enhanced fluorescence spectra for NT in ethanol at the
concentration (a) 10, (b) 10, and (c) 10° 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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3-1-6 Temperature dependence of the fluorescence enhancement
1. The fluorescence enhancement at liquid nitrogen temperature (77K)

The fluorescence enhancement was also observed at liquid nitrogen temperature (77
K) as shown in Figure 25. The enhanced fluorescence spectra provide the vibrational
structure more clearly compared with those at room temperature. When the solution, in
which the fluorescence enhancement had been induced at 77K, was heated up to room
temperature, its enhanced fluorescence spectrum was red-shifted by about 10nm with a
decrease in the intensity and a less clear vibrational structure. The spectral shape is
almost identical with that of the enhanced fluorescence induced at room temperature,
see section 3-1-1. This means that the chemical species causing the enhancement at 77
K is identical with that causing the enhancement at room temperature.

14
12

10

Fluorescence Intensity/10° X cps

370 420 470 520 570 620
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Fig. 25 Fluorescence spectra of NT in ethanol at 77 K: before (broken line) and after
(dotted line) pre-irradiation; after heating the solution from 77 K up to room

temperature (solid line).
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The intensity of pre-irradiation also significantly affected the fluorescence
enhancement at 77K as well as at room temperature. Pre-irradiation of 10 min only
weakly induced the enhancement with R = 1.3, but that of 30 min much more with R =
9.3 in the same conditions. These aspects at 77 K were reflected in the spectra heated
up to room temperature after enhancement at 77K as shown in Figure 26. The
fluorescence spectrum via enhanced fluorescence spectrum with R = 1.3 at 77K is
similar to the original spectrum at room temperature, but that with R = 9.3 exhibits a
clear vibrational structure. In the vibrational structure the peak height at a shorter

wavelength of 420 nm is almost the same as that at a longer wavelength of 440 nm.

Fluorescence Intensity/a.u.

370 420 470 520 570 620
Wavelength/nm

Fig. 26  Fluorescence spectra (dotted line) and fluorescence spectra after enhanced

at 77 K (solid line) of ethanol solution of NT at room temperature
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The concentration dependence for the fluorescence enhancement at 77K is
similar to that of at room temperature. The blue-shift becomes larger and the
vibrational structure more clearly with a decrease in the concentration. Moreover, such
aspects remain in the spectra even when the solution is heated up to room temperature,

as shown in Figure 27.

1x10™*M

5x10°M

Fluorescnce Intensity/a.u.

1x10°M

370 420 470 520 570 620
Wavelength/nm

Fig. 27 Concentration dependence of the fluorescence spectra; the solution were

heated up to room temperature after inducing fluorescence enhancement at 77K.

According to the association complex model, the formation of the complex
should hardly occur at 77K, because the motion of solute and solvent molecules is
suppressed at low temperature. Contrary to this speculation, the fluorescence
enhancement occurs even at 77 K and its features are almost the same as those at room
temperature. The findings indicate that in the cooling process solute and solvent
molecules are attracting each other to form a structure similar to that of the association
complex.
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The fluorescence enhancement at 100 and 200K

Figures 28 and 29 show the enhanced fluorescence spectra of an ethanol
solution of NT at 100 and 200K, respectively. Pre-irradiation was performed with 400
nm light from the FluoroMax light source; the light intensity was 5 mW and irradiation
time was 20 min. Although the pre-irradiation was rather weak, the degree of
enhancement R is 20 at 100K and 1.2 at 200K. Namely, the fluorescence enhancement
occurs more easily at lower temperatures, indicating that the formation of association

complex is promoted by cooling.

100K

Fluorescence
Intensity/107xcps
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Fig. 28 The original (dotted line) and enhanced (solid line) fluorescence spectra of

ethanol solution of NT at 100K.

Fluorescence
Intensity/10%xcps

370 420 470 520 570 620
Wavelength/nm

Fig. 29 The original (dotted line) and enhanced (solid line)fluorescence of ethanol

solution of spectra at 200K.
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3-2 Discussion
3-2-1 Occurrence of fluorescence enhancement

As described in section 3-1-1, “non-fluorescent” compounds, i.e.,
phosphorescent compounds (2-NNT, BA and 3-NBA) show fluorescence enhancement
(Figures 6, 7 and 8), but “fluorescent” compounds (perylene and anthracene) did not
show fluorescence enhancement (Figures 9and 10). Thus the fluorescence
enhancement phenomenon is considered to be common for the phosphorescent
aromatic compounds. This suggests that fluorescence enhancement occurs mainly via
excited-triplet state. This is consistent with the fact that degassing of a sample solution
is critical in the phenomenon: oxygen, s strong quenches of triplet state, is removed

from the solution thorough the procedure.

3-1-2 Process of association of NT with solvent molecules

In the n * state of a ketone an electron is transferred from the O atom to a
7 * orbital so that the bond dipole moment is opposite to that in the ground state [11,
12]. This is considered to be true for NT. Then the oxygen atom of NT* is
electron-deficient and becomes reactive in reductive reaction [11]. As a consequence,
NT* attracts a nearest hydrogen atom of solvent to form a photochemical species.

As described in the section 3-1-2, there is a latent period for the fluorescence
enhancement and the period depends strongly on the light intensity of irradiation
(Figure 15). These findings suggest that the latent period is the time that NT requires to
form a photochemical species. Since such interaction lasts only during the survival of
the triplet state of NT, NT*, it is much more effective than the singlet state because of
longevity of the former. Moreover, the latent period becomes longer with increasing
volume of the solution in a cell. This result indicates that whether the NT* is easy for

the reactor which reacts with NT* to encounter, or not.
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As will be described in detail in the section 3-1-4, a NT molecule is closely
surrounded with many solvent molecules and its movement is so restricted that it is
hardly possible to form the photochemical species 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.

3-2-3 Interpretation of the isotope effects

In general, hydrogen abstraction for alcohols occurs more preferentially at
their alkyl group than at the hydroxyl group [1]; hence deuteration of the former leads
to an effective decrease in the abstraction. In the fluorescence enhancement, however,
deuteration of the hydroxyl group gives rise to a decrease of about 70% for ethanol and
of about 30% for methanol; the 30% decrease is slightly smaller than the decrease
(about 40%) due to of the alkyl group. Accordingly the solvent-deuteration effect for
the fluorescence enhancement differs from the usual hydrogen abstraction where
deuteration of the alkyl group dominates. The difference in the deuteration effect
reinforces our assumption that the fluorescence enhancement arises from “association
of NT with the solvent”, not from hydrogen abstraction of NT from the solvent, though
their initial steps resemble each other [5]. Furthermore the experimental findings
indicate that there are two kinds of association complex; an NT molecule interacts
strongly with solvent’s hydroxyl group in one complex (referred to as complex 1) and
with solvent’s alkyl group in the other complex (referred to as complex Il). The
enhanced spectra in CH3;0D and C,HsOD are considered to originate from complex Il
because the contribution of the hydroxyl interaction is decreased. On the other hand,
the spectra of complex | are obtained by the subtraction of enhanced spectra in CH3;0D

and C,HsOD from those in CH3;OH and C,HsOH, respectively, which are shown by
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dotted lines in Figures 18 and 19. The spectra of complex | are red-shifted compared
with those of complex Il. As preliminary experiment we added H,O into a C,HsOH
solution of NT and investigated the fluorescence enhancement. Addition of H,O
suppressed the enhancement in the shorter wavelength, but provided a new broad band
at 540nm in the spectrum (Figure 20). Such a longer-wavelength band is considered to
be consistent with the spectra of complex I, because the hydroxyl interaction largely
contributes.

Next we discuss the mechanism of the solvent-deuteration effects that 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 association of NT with the deuterated solvents is smaller than that
with the normal solvents. Such Kkinetic isotope effects have been observed in the
hydrogen abstraction and the mechanism has also been discussed [1, 4]; therefore we
can discuss our findings on the analogy of the hydrogen abstraction. Figure 30 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 [13]. 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.
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From the above discussion, the fluorescence enhancement is considered to
occur through the association between solute and solvent molecules. In fact, such an
association complex can be generated by use of molecular orbital calculations, and its

calculated spectra are consistent with the experimental ones.
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association comolex
Fig. 30 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.

3-2-4 Photochemical reaction in a solvent cage

As can be seen from Figure 24, the spectra of fluorescence enhanced on
irradiation show fairly defined vibrational structure in the concentration range 10°-10"
M even though at room temperature and the structure becomes clearer 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 [4, 11]. The original fluorescence spectra of NT provide practically one
broad band at 470 nm and no vibrational structure, 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.
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On the basis of the established notion of solvation [4, 10, 11], NT is in a
solvent cage and the solvent molecules are oriented with restricted motion, because
both the solute (NT) and solvent (alcohols) are polar. 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 [5]. 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 Figure 31). If the solvation is very strong, the movement of the complex in
the solvent cage is suppressed so largely that the relaxation from the Franck-Condon
state is prevented [4]. 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 (Figure 24) 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 [4]. This is the case, as shown in the spectrum at 10° M (Figure
21). 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 Figure 24.
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Fig. 31 Potential energy curves of the ground, Franck-Condon, and excited states of an

association complex.

4. Identification of chemical species leading to fluorescence enhancement
4-1 Analysis of chemical species by thin layer chromatography (TLC)

To identify the chemical species which cause the fluorescence enhancement in
ethanol solution of NT, we have tried to separate it by thin-layer-chromatography
(TLC). Figure 32 shows a chromatogram obtained; in the measurement, cyclohexane
was used as a developer of the TLC. An extended spot for a sample before irradiation
is shown on the left side of the plate and for those a sample after irradiation sample on
the right side. As can be seen, the before irradiation sample exhibits only one spot, but
the after irradiation sample two spots. This finding suggested that the latter contains a

new chemical species produced by irradiation.
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Fig. 32 TLC chromatogram of samples before (left) and after (right) irradiation.

4-2 Analysis of chemical species by high performance liquid chromatography (HPLC)
We have analyzed the chemical species by HPLC. Figure 33 shows HPLC
chromatograms of a methanol solution of NT before and after irradiation sample. In the
chromatogram for the before irradiation sample, only one peak appears at a retention
time, tg, of 4.5 min, and it is reduced to about 1/2 by irradiation in the chromatogram
for the after irradiation sample. This peak corresponds to NT. In the chromatogram for
the after irradiation sample that exhibited the fluorescence enhancement, new peaks
appear at tg = 2.5 and 6.5 min. These new peaks are naturally assigned to new chemical
species produced by the irradiation, which was the association complex. The intensity
of the new peak at 6.5 min increases as the irradiation time increases. This means that
the new peak is assigned to the chemical species desired, i.e., the association complex.
The intensity of the NT peak at tz = 4.5 min corresponding to NT decreases as the
irradiation time increases. The tg of the association complex is longer than that of NT.

As a C18 reverse phase HPLC column was used in this measurement, the retention
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time of a stronger polarization sample is shorter. Then the polarization of the chemical

species observed at tg = 6.5min is weaker than that of NT (tg = 4.5 min). Then, from

this finding we can say that the polarization of the association complex of NT is

thought to be weakened by a solvent cage surrounded by methanol molecules.
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Fig. 33 The HPLC chromatograms of NT methanol solution of before and after

irradiation. Dotted and solid lines are the chromatograms of before (a) and after (b)

irradiation sample.
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4-3 Analyses of chemical species by time of flight / mass-spectrometry (TOF-MS)

We have tried to detect the association complex by TOF-MS. Samples used were
methanol solutions of NT at the concentration 1x10™, 1x107°, and 1x10® M, which had
exhibited the fluorescence enhancement by irradiation. The irradiation time was set for
10, 20, and 30 min so as to accomplish the enhancement with different degrees; for
comparison solutions without irradiation were also prepared. In the TOF-MS
measurement, we introduced the sample solution directly into the ionization chamber
using a syringe and allowed sample molecules to be ionized by the electrospray method.
The mass of ions produced was selected through their times of flight.

The TOF-MS spectra are shown in Figures 34 (a), (b), (c). The spectrum of the
sample without irradiation shows a peak at m/z=255 (Figure 34 (a)), which is assigned
to NT. The spectra for the irradiated samples at higher concentrations of 1x10™ and
1x10° M show a new peak at m/z=239 (Figure 34 (b)). We assigned this peak to
[NT+H+2Na+13MeOH] **, by taking it into account that the ionization by electrospray
may often produce ions with multiple charged ions owing to the addition of protons
and sodium ions. Therefore the ion with m/z=239 is ascribed to the association
complex + methanol molecules; namely the complex formed at higher concentrations
is composed of one NT and 13 MeOH molecules. Figure 34 (c) shows a TOF-MS
spectrum for the sample at a lower concentration of 1x10° M. An additional peak
appears at m/z=368 in the spectrum. We assigned this peak to [NT+2H+15MeOH]*",
which is the association complex + methanol molecules that consists of one NT and
15 MeOH molecules.

The height of the three peaks varied with a change in the irradiation time of the
solution. With increasing irradiation-time, the peak height at m/z=255 decreased and
those at m/z=239 and 368 increased, as shown in Figure 34 (c). On the other hand, the

number of NT becomes smaller and that of association complexes greater with
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increasing irradiation-time, because the fluorescence enhancement proceeds. Therefore
the assignment described above is consistent with the change in the TOF-MS spectra as
a function of irradiation time. Furthermore, the assignment indicates that the
association complex formed at lower concentrations contains more solvent molecules
than that formed at higher concentrations. From the concentration dependence of the
fluorescence enhancement, we assumed the formation of a solvent cage. If this is the
case, NT interacts strongly with one methanol solvent to make the association complex
and then the complex is surrounded by twelve or fourteen methanol molecules to make
the cage. The present results of TOF-MS measurements suggest that the size of the
cage tends to enlarge as the concentration of the solution decreases, leading to
formation of a more strengthen cage. This is also consistent with the concentration

dependence, described in section 3-2-4.
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Fig. 34 The mass spectra of sample for methanol solution of NT (a) before

enhancement, 10°M, (b) after enhancement, 10°M and (c) after enhancement 10°°M.
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Fig. 35 The model of a solvent cage surrounded the association complex between NT
and solvent (methanol) molecules. The solvent cage is composed of thirteen methanol

molecules.

Conclusion

The fluorescence enhancement, reported only for naphthanthrone (NT) so far,
has also been observed in Dbenzanthrone, 2-nitronaphthanthrone, and
3-nitrobenzanthrone. The molecules that exhibit the enhancement are non-fluorescent,
or phosphorescent in other words. Namely the fluorescence enhancement is a general
phenomenon occurring in phosphorescent molecules and arises mainly from a reaction
via their triplet state. For NT, we have investigated the effects of irradiation intensity,
deuteration of the solvents, and concentration of the solution. The enhancement occurs
more rapidly with stronger irradiation, though there was a latent period of several
minutes. The enhancement is reduced to 30 — 70 % by deuteration of the solvents.
The spectra of enhanced fluorescence showed more resolved vibrational structure and

larger blue-shift as the concentration decreases.
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The HPLC chromatography of a methanol solution of NT after the enhancement
provides a peak at a retention time longer than that of NT. Namely the chemical
species for the longer retention time peak has less polarizability than that of NT. We
concluded that the peak was due to the chemical species of NT and methanol, i.e., the
association complex.

TOF-MS spectra for the solution exhibited the fluorescence enhancement
provided new peaks belonging to [NT+2H+15MeOH]*" and [NT+H+2Na+13MeOH]*".
Then the chemical species are identified to association complexes surrounding one NT
molecule with thirteen and fifteen solvent molecules. Thus, the mass and composition
of the association complexes, causing fluorescence enhancement, have been confirmed
for the first time.

3-Nitrobenzanthrone (3-NBA) is known as a potent mutagen. 3-NBA is not
detectable by the fluorescence spectroscopy, because it is hardly fluorescent. The
fluorescence enchantment of polycyclic aromatic ketones, studied intensively by the
present work, could be applied for a practical use of spectroscopic analysis for

mutagenic aromatic compounds such as 3-NBA.
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