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The photophysical and chemical behaviors of certain mate-
rials manifest themselves in the form of prompt and delayed
fluorescence. This issue compiles eight exciting manuscripts
on prompt and delayed fluorescence with broad range of
applications.

Acoustic cavitation of gold nanoparticles in acid solu-
tions by spectrofluorometry method was explored in detail
by A. Sezegania et al. They show that Acoustic cavitation in
the presence of gold nanoparticles provides a new way for
improving therapeutic effects on the tumors in sonodynamic
therapy.

Structural configuration of mylein figures using fluores-
cence micrsocopy was shown in this special issue by L. Tayebi
et al. Employing epiflouerescent microscopy, they studied the
lifetime and configuration of myelin figures in experiment of
lipid hydration. They found direct correlations between the
lifetime of myelin figures and the experimental conditions
such as temperature, density of the parent stack, and the
hydrophobicity of the substrate.

Microwave irradiation effects on the electronic structure
of cresyl violet in solution was studied by F. Bayrakceken
et al. These changes are important because Cresyl violet is
often used as a staining agent for studying changes on DNA
and RNA-rich compounds in tissues. Based on absorption
spectra, they concluded that cresyl violet molecular structure
due to the microwave irradiation was changed and the
phononic product could not be used as a laser-dye after
microwave irradiation.

In another study by F. Bayrakceken et al. discrete absorp-
tion and resonance coherent fluorescence line of silicon
dioxide were recorded photographically and discrete fluores-
cence was observed at room temperature using high photon
flux excitation spectroscopy. They state that it is possible

to use fused silica as a laser material in the UV or as a UV
detector with its inherit visible-blind property.

H. Ozturk and his colleagues showed that the inversion
of ammonia molecule which results in split rotational
spectral lines can be used to detect presence of ammonia in
water for counter bioterrorism applications. Millimeter wave
absorption using a coherent source and detector was used to
provide experimental evidence.

F. Bayrakceken et al. analyzed polycyclic aromatic hydro-
carbon compound, 1,2:3,4-dibenzanthracene spectroscopi-
cally in ethanol. Ultraviolet absorption spectra and fluores-
cence measurements were performed to show that Stokes’
lines were discernible. Being a carcinogenic compound, the
detection of 1,2:3,4-dibenzanthracene presence in environ-
ment as a pollutant is crucial in many applications.

M. A. Yesil studied millimeter wave absorption of TiO2

nanoparticles deposited on glass assembly. Absorption of
millimeter waves by a thin film of TiO2 nanoparticles
at distinctive frequency band was shown with a network
analyzer.

Optical energy transfer at room temperature plays an
important role in many applications. Electronically excited
naphthalene with 200–260 nm ultraviolet (UV) light emits
photons in its emission band and the emitted photons are
absorbed by biacetyl, and then, excited biacetyl phosphores-
cence. The resulting phosphorescence was shown to be very
stable with emission peak at 545 nm for different excitation
wavelengths from 200 to 260 nm. Similar optical energy
transfer was shown from pyrazine to biacetyl. Optical energy
transfer mechanisms were detailed.

By compiling this special issue, we hope to enrich our
readers and researchers understanding and broad applica-
tions of prompt and delayed fluorescence.



2 International Journal of Photoenergy

Acknowledgment

We also pay special tribute to Professor Fuat Bayrakceken,
an inspirational scientist, whom we lost unexpectedly during
the preparation of this special issue. Professor Bayrakceken
was mostly known with his discovery of a new fluorescence
type known as B-type fluorescence.

Korkut Yegin
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Using epifluorescence microscopy, the configuration of myelin figures that are formed upon hydration of lipid stack was studied
qualitatively. Little knowledge is currently available for conditions that determine the diameter of myelin figures and their degree
of multilamellarity. Examining more than 300 samples, we realized that there are distinct populations of myelin figures protruding
from discrete regions of lipid stack. Each population contains myelin figures with similar diameters. This indicates a direct
relationship between local characteristics of parent lipid stack and the diameter of myelin figures. Evidenced by fluorescent images,
we classified all the observed myelin figures into three major groups of (1) solid tubes, (2) thin tethers, and (3) hollow tubes.
Solid tubes are the most common structure of myelin figures which appeared as dense shiny cylinders. Thin tethers, with long
hair-shaped structure, were observed protruding from part of lipid plaque which is likely to be under tension. Hollow tubes were
protruded from the parts that are unpinned from the substrate and possibly under low or no tension. The abrupt change in
the configuration of myelin figures from solid tubes to hollow ones was described in a reproducible experiment where the pinned
region of the parent stack became unpinned. Our observations can indicate a relation between the membrane tension of the source
material and the diameter of the myelin figures.

1. Introduction

Concentrated mesophases of membrane-forming lipids in
water deform readily producing multilamellar cylindrical
tubules in the presence of external forces via a close interplay
of fluidity and elasticity [1, 2]. Similar multilamellar tubes,
also known as myelin figures, are typically originating from
and connected to reservoir of dense lipid plaques [3].

Such multilamellar myelin figures which consist of many
different diameters [4] can be found in various types of bio-
logical organelles and cells in their normal or diseased shapes
[5]. Although they can be established as transient structures
too, many of them are long lived with very slow dynamics,
which can be assumed as quasi-equilibrium structures such

as the myelin figures in aged red blood cell [6], kidney [7],
and lung [8, 9]. A prominent example is the existence of
myelin figure in pulmonary lining, an extracellular lipid-
protein coat at the alveolar surface, which facilitates decrease
in surface tension when lungs deflate [10].

A common property of many of these living myelin struc-
tures is that they are stable protrusions from concentrated
lipid plaques in body [3, 11].

Other than different phospholipids which are an impor-
tant source for myelin figure formation [2, 12, 13], ionic
surfactants including Aerosol OT (AOT) [14, 15] and non-
ionic surfactants including pentaethylene glycol lauryl ether
(C12E5) [16] and triethylene glycol lauryl ether (C12E3)
[15, 17] can also produce myelin figures.
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Beyond their biological significance, membrane tubules
are also important, for instance, in the realization of artificial
nanofluidic networks [18, 19].

Myelin figures can protrude from different sources due
to different reasons especially in complex biological systems.
However, the structure and configuration of all myelin
figures is very similar to what is formed via simple hydration
of dry lipid stack. Thus, this simple in vitro experiment
is usually replaced to study the features of myelin figure
production [1, 12, 14, 20–23].

Although unilamellar lipid tethers, such as those ob-
tained by exerting local force on giant unilamellar vesi-
cles, have been extensively studied both theoretically and
experimentally [24], efforts aimed purportedly on studying
the various configuration of myelin figures and how their
diameters correlate with the experimental condition are
sparse.

In this paper, using fluorescence microscopy, we studied
the life time and different structural morphologies of myelin
figures in the experiment of hydrating different kinds of dry
lipid plaque. The experiments were done employing lipid
stacks with various densities at different temperatures on
both hydrophobic and hydrophilic substrates. We catego-
rized the observed multilamellar myelin figures into three
major groups of (1) solid tubes, (2) thin tethers, and (3)
hollow tubes. These three groups were usually protruded
in distinct population from separate regions of parent
lipid stack. This can be an evidence to show the relation
between the local characteristic of parent lipid stack and the
myelin figure configuration. However, in a systematic set of
experiments, we could not find a direct correlation between
the diameter of myelin figures and the thickness of parent
lipid stack.

2. Material and Method

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-
pal-mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1,2-dioleoyl-sn-glycero-3-phosphocholine were pur-
chased from Avanti Polar Lipids. Texas Red DHPE and flu-
orescein sodium salt were purchased from Invitrogen and
Sigma Aldrich, respectively.

The solutions of lipid and chloroform were prepared at
different concentrations (0.5 m/mL–250 mg/mL)·1 mol% of
Texas Red DHPE was added to the solution as a sfluorescence
marker.

0.5–1 µL of the lipid/chloroform solution was dropped
on a substrate. The drops were air-dried for 10 minutes at
room condition and were placed in vacuum for 12 hours for
complete evaporation of chloroform. After this procedure,
the lipid plaque (dry drop) was completely pinned to the
substrate. 3–5 mL of DI water was added to a small Petri dish
containing the dry lipid drop on a substrate. The water covers
the total area of the substrate. Myelin figures start growing
from the edge of the lipid drop right after hydration above
the phase transition temperature (Tm) of the lipid.

The experiments were done with various kinds of lipids
including DMPC, POPC, and DOPC and were examined

100 µm

(a)

Hollow tubes Solid tubes

100 µm

(b)

100 µm

(c)

Figure 1: Fluorescent images of (a) dry lipid plaque (b) after myelin
figure formation upon hydration. As can be seen different groups
of myelin figures are protruding from distinct regions (c) higher
magnification of solid tubes.

on both hydrophobic and hydrophilic substrates. Freshly
piranha-etched clean glass slides were employed as a
hydrophilic substrate. As hydrophobic substrates, we used
silane-coated glass slides.

3. Result and Discussions

The dry lipid plaque and the myelin figures that are
formed after hydration of the plaque were imaged using an
inverted epifluorescence microscope (Nikon, Melville, NY).
The typical form of a dry lipid plaque before hydration and
the drop decorated by myelin figures after hydration are
shown in Figures 1(a) and 1(b).

The lifetime of myelin figures was affected by the con-
dition of the experiment. It was longer in the experiments
using hydrophobic substrate than in the ones using a
hydrophilic substrate. Also experiments with different initial
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concentrations of lipid/chloroform solution indicated that
higher concentrations make more stable myelin figures. Both
of the above conditions (quality of the substrate and the
initial concentration of lipid solution) had direct influence
on the configuration of dry lipid plaque. The dry drops on
the hydrophobic substrate were circular in shape with well-
defined dense edge. However, on the hydrophilic substrate
most of the drops had a crooked shape with uneven and
thin edge. Configuration of the dry drop also depended on
the initial concentration of lipid/chloroform solution. The
higher the concentration of the solution is, the denser and
the thicker is the resulting dry lipid plaque. Since the material
source of the myelin figures was the local stack of lipid they
were protruding from, myelin figures were more stable when
the parent lipid plaque was denser.

Also, the lifetime of myelin figures was related to
the temperature. The experiments were done at different
temperatures ranging from 2◦C to 40◦C. The hydrating water
was also kept at the set temperature. Myelin figures are
more stable at low temperature most likely due to the slower
dynamics.

Based on our experimental result, the lifetime of myelin
figures can be varied from less than a minute to about 15
hours. For example, myelin figures at 2◦C protruded from a
dense lipid plaque dried from a solution of lipid/chloroform
at 250 mg/mL on hydrophobic substrate could be easily
stable more than 13 hours. On the contrary, hydration of dry
lipid plaque from initial solution concentration of 0.5 mg/mL
on hydrophilic substrate at 40◦C could not make myelin
figures with lifetime more than a minute. We concluded that
the lower temperature, higher concentration (denser parent
lipid plaque), and hydrophobicity of the substrate increase
the stability of myelin figures.

Although there are correlations between the lifetime of
myelin figures and the experimental condition, we hardly
could find any relation between the diameter of the tubular
structure of myelin figures and the conditions of experiments
such as temperature and concentration of initial solution.

The exact reason for having myelin figures in different
tubular diameters is not clearly understood yet and has been
an open question for many years [1, 17]. In a recent study
[1], it was suggested that the diameter of a myelin figure
is directly comparable to the thickness of the parent lipid
plaque from which they emerged. Their conclusion is based
on the confocal images of junction between the parent lipid
stack and the myelin figures under a fixed set of conditions.
However, in a series of experiments that we have done with
parent lipid stacks of variable thickness ranging from 7 µm
to 25 µm, little correlation was found between the thickness
of the parent stack and the diameter of myelin figures that
protruded from them. Figure 2 shows examples of myelin
figures protruded from lipid stack with average thicknesses of
13, 17, and 24 µm. As can be seen in this figure, the diameter
of majority of myelin figures protruded from 17 µm thick
lipid plaque is larger than the ones protruded from two other
lipid plaques.

Examining more than 300 samples, we realized that a
myelin figure does not randomly adopt a diameter. We found
groups of myelin figures with similar diameter and structure

100 µmParent stack: 13 µm

Parent stack: 17 µm

(a)

(b) (c)

50 µm

Parent stack: 24 µm100 µm

Figure 2: Comparison of average diameter of myelin figures
protruded from parent lipid plaques with different thicknesses
shows no exact correlation between the thicknesses of parent stack
and the diameter of myelin figures.

are growing from separate regions of the parent plaque.
All the observed myelin figures can be categorized in three
groups: (1) solid tubes, (2) thin tethers, and (3) hollow tubes.
Examples of these groups are shown in Figure 3.

As we discussed earlier, myelin figures have the morphol-
ogy of multilamellar cylindrical tubes. The three observed
configurations of solid tubes, thin tethers, and hollow tubes
were defined based on two structural terms of multilamellar
tubes: (1) core radius and (2) number of lamellae.

Solid tubes represent tubular structures with large num-
ber of lamellae. As can be seen in Figure 3(a), in solid tubes,
the total diameter of the tube is considerably larger than
the diameter of its core. Using fluorescence microscopy, we
observed this group of myelin figures as fat shiny tubes
with high florescence intensity. Figure 3(a) represents the
examples of fluorescent image of solid tubes.

Thin tethers were defined as a group of myelin figures
with low number of lamellae and small core radius. The total
diameter of thin tethers can be comparable to the diameter
of the core. In florescent images, they appeared as shiny thin
hair-shaped tubes (Figure 3(b)).

Myelin figures in the last group, hollow tubes, are the
ones with low number of lamellae and large core radius.
The total thickness of the layers in a hollow tube can be less
than the diameter of the core. In fluorescence microscopy,
hollow tubes were observed as tubes with very low intensity
(Figure 3(c)). These three groups usually could be found in
distinct and separated populations in different regions of the
parent lipid plaques instead of having mixed population of
them from one region. For example, Figure 1(b) represents
an example of this fact where solid tubes and hollow ones are
formed from different regions of lipid plaque.

The exact origin of the different configuration in different
myelin figure groups is not clearly understood. However,



4 International Journal of Photoenergy

25 µm

25 µm

(a)

(b)

(c)

Figure 3: Wide-area fluorescent micrographs illustrating three major types of tubule morphologies observed upon the hydration of dry
stack lipid doped with 1 mol% Texas Red by water above their phase transition temperature. (a) Solid tubes: large number of lamellar. (b)
Thin tethers: low number of lamellae with small core radius. (c) Hollow tubes: low number of lamellae with large core radius.

we suspect that there is a direct relation between the local
characteristic of the parent lipid plaque and morphology
of the myelin figures. Solid tubes are normal and the most
common structure of myelin figures. We observed that
the thin tethers can be protruded from the area that the
lipid plaque had less wrinkling in the surface. Apparently,
wrinkling (as reservoir of lipid) decreases the membrane
tension. On the other hand, hollow tubes are constantly
observed to be grown from the regions of lipid plaques
that are unpinned from the substrate and can have lower
membrane tension than normal. Figure 4 shows an example
of this fact for a hollow tube in a very reproducible
experiment described below. A dry DMPC plaque, which
was pinned to the substrate, was immersed under water for
couple of minutes at temperature below the phase transition
of DMPC (Tm ≈ 24◦C). Note that myelin figures cannot
be formed below Tm. This causes some parts of the edge
of the drop to be unpinned from the substrate but still
attached to the whole drop. Now we have two distinct regions
of lipid: pinned and unpinned. The temperature increased
very slowly to the above phase transition temperature, where
the myelin figures can be formed. Interestingly, always, two
very distinct populations of myelin figures were observed,
hollow and solid tubes (e.g., see Figure 4(a1)). Hollow tubes
protrude from the unpinned region and Solid tubes from

the pinned region of lipid plaque. By the time, when other
parts of the plaque become unpinned, the solid tubes are
replaced by hollow tubes. Snapshots of this process are shown
in Figure 4, (a1)–(a3). To further validate this hypothesis,
we did the similar experiment by letting the whole lipid
plaque to be unpinned and suspended from the substrate at
temperature lower than Tm. In this case, when we increase
the temperature to above Tm, only one population of myelin
figures grows (Figure 4(b)).

To discriminate between the hollow and solid mor-
phologies of myelin tubes, we relied on the fluorescent
emission from the trace concentrations of lipid soluble
dyes embedded within the lipid phase. The dramatic differ-
ences in the fluorescence intensities from the well-focused
images of populations of myelin figures observed in single
samples within single wide-field fluorescent micrographs
(500 µm × 400 µm) can stem from a variety of sources.
While small variations (within 5–10%) can result from
subtle differences in lipid microenvironment, the large
variations we observed indicate substantial differences in
fluorophore populations. Furthermore, the lipid-conjugated
fluorophores used were not sensitive to lipid packing or
phase state, thus, allowing us to conclude that their intensity
difference does not reflect their preferential accumulation or
partitioning into one morphology (e.g., solid versus hollow)
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Solid tubes in pinned region

Hollow tubes in unpinned
region

(a1) (a2)

(a3) (b)

Sample A: t = t0

Sample A: t = t0 + 96 s

Sample A: t = t0 + 47 s

Sample B:
entire region is unpinned at
the start of the experiment
(only hollow tubes are

100 µm100 µm

100 µm 100 µm

(only hollow tubes are formed)

Figure 4: (a1)–(a3) Epifluorescence micrographs reveal coexistence of solid and hollow tubes emanating from single plaque of DMPC
(sample A) while edge of the plaque is unpinned from the substrate and its central part is pinned. Protrusion is formed when initially
dry lipid plaque is hydrated below Tm and then heated to above its Tm value. Solid tubes appear from the pinned region and hollow tubes
protrude from the unpinned region (a1) and (a2). Over time, the entire plaque becomes unpinned, and all solid tubes retract and are replaced
by hollow tubes (a3). (b) Fully suspended DMPC plaques in water produce exclusively hollow tubes. (DMPC is doped with 0.75 mol% TR.)

over the other. Based on these considerations, we assumed
direct proportionality between fluorescence intensity and
the average lipid density. Following this criterion, myelin
figures with faint fluorescence (in well-focused image) can
be conveniently categorized as “hollow” tubes whereas ones
with strong fluorescence (fourfold above the hollow ones)
can be assigned to the “solid” tube. (Note that to have clear
images of hollow or solid tubes at a same spot, we usually
need to change the focus).

Hollow tubes can be best visualized by differentially
staining the lipid and the aqueous phase. To illustrate
characterization of hollow tubes, below we performed a
dual probe experiment. Here, a plaque of dry POPC,
doped with 1 mol% TR-DHPE, was hydrated using 5 mL
solution of fluorescently doped water (5 × 10−4 mg/mL
Fluorescein/water). The plaque was pinned to the underlying
substrate. After formation of myelin figures, the fluorescein-
doped water in the aqueous phase was gradually replenished
by undoped DI water (by replacing 1 mL solution by DI
water in multiple (5–10) iterations). Figure 5 displays a two-
color fluorescent image (a) as well as single color images (b)
and (c). The images were obtained when part of the parent
plaque had unpinned from the substrate, thus, providing
condition for the formation of hollow tubes. Unfocused

hollow myelin figures often appeared as faint and blurry
features surrounding the parent plaque. However, well-
focused ones (such as seen in Figure 5) revealed distinct
fluorescence from both the lipid and the aqueous phase,
consistent with the core-shell structure of hollow myelin
figures discussed in Figure 3(c).

4. Conclusion

Employing epiflouerescence microscopy, we studied the
lifetime and configuration of myelin figures in experiment of
lipid hydration. There were direct correlations between the
lifetime of myelin figures and the experimental conditions
such as temperature and density of the parent stack and
the hydrophobicity of the substrate. Denser parent stack
on hydrophobic substrate at low temperature can produce
more stable myelin figures with greater lifetime (more than
13 hours). There was evidence that indicated the diameter
of myelin figures was related to the local characteristics
of the parent stack. However, such characteristics were
not easily quantifiable in the experiments. Specifically, we
observed that distinct populations of myelin figures with
similar configuration protrude from distinct regions of
parent stack. Evidenced by fluorescent images, we classified
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a: start unpinning from this area

b: one hollow tube

c

d

e

100 µm

Red component of the picture

Green component of the picture

(a)

(b)

(c)

100 µm

100 µm

Figure 5: POPC, 1 mol% TR-DHPE, room temperature, hydrate solution of fluorescein/DI water 5 × 10−4 mg/mL Fluorescein. (a) Shows
the two-color image; (b) and (c) are the same image with only one-color component (red (lipid) or green (water)). Region a: in (a) shows
the area where the plaque of lipid start unpinning from the substrate. So, the myelin figures growing from that area have a hollow shape.
Region b: shows one of these hollow tubes. (Circles c and d) refer to the intensity of two areas in the hollow tube which can be compared
with the environment of a solid tube (Circle e).

all the observed myelin figures in three major groups of (1)
solid tubes, (2) thin tethers, and (3) hollow tubes which
were analyzed in this paper. We defined first group as
multilamellar tubes with a large number of lamellae in which
the total thickness of multilamellar layer is much thicker
than the core radius. The second and third groups consist of
myelin figures with a low number of lamellae. In the second
group, the total thickness of layers is comparable to the core
diameter. However, in the third group, the core diameter is
very large compared to the total thickness of layers in a way
that the myelin figures look like hollow tubes. Solid tubes are
the most common structure of myelin figures. On the basis
of our observation, thin tethers are more prone to be formed
from the source lipid with higher membrane tension. On
the other hand, our experiments showed that hollow tubes
are mostly formed when part of the parent lipid plaque is
unpinned from substrate so its tension was decreased. In this
occasion, an abrupt change from solid tube to hollow ones
can be observable reproducibly.
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Polycyclic aromatic hydrocarbon compound, 1,2 : 3,4-dibenzanthracene, is spectroscopically analyzed in ethanol. Ultraviolet
absorption spectra were taken and fluorescence measurements were performed. From absorption and emission spectra, Stokes’
lines were clearly discernible and these shifts were recorded. Being a carcinogenic compound, the detection of 1,2 : 3,4-
dibenzanthracene presence in the environment as a pollutant with adverse genotoxic effects is vital.

1. Introduction

Absorption and emission spectroscopy of dibenzanthracene
(DBA) isomers such as 1,2,5,6-DBA, 1,2,7,8-DBA have been
analyzed in polymer matrices [1, 2]. Amorphous solids such
as polymethlymethracrylate remain relatively rigid even at
high temperatures and DBA molecules cannot move freely in
such solids, thus making them ideal for time resolved absorp-
tion and fluorescence spectra studies of DBA isomers. Singlet
and triplet electronic absorption and prompt fluorescence
can be readily observed. However, DBA in solvents such as
ethanol is much more complicated for absorption and fluo-
rescence spectroscopy. We aim to fill this gap by taking ultra-
violet (UV) absorption spectroscopy, fluorescence emission
spectroscopy, and Fourier Transform infra-red spectroscopy
of 1,2 : 3,4-dibenzanthracene in ethanol. We also show
Stokes’ shifts in the fluorescence spectroscopy by measuring
the quantum efficiency of the 1,2 : 3,4-dibenzanthracene
and ethanol solution. The molecular structure of 1,2 : 3,4-
dibenzanthracene is shown in Figure 1.

Absorption of light by the molecule excites the molecule
to one of the upper electronic singlet states from ground
state. Most of the molecules reside in the lowest vibrational
state at room temperature and absorption of light initiates
upward transitions from this level to higher levels. When the

molecule reaches the first excited singlet state, the molecule
can return to any one of the vibrational levels of the ground
state by emitting fluorescence. Part of the excited molecules
can also return to ground state following other mecha-
nisms such as through quenching processes, photochemical
changes, or conversion to triplet state. Hence, fluorescence
efficiency becomes less than one [3–12]. In particular, flu-
orescence spectroscopy of 1,2 : 3,4-dibenzanthracene reveals
clear Stokes’ shifts when the molecule is excited in UV.

2. Materials and Methods

1,2 : 3,4-dibenzanthracene, was of AccuStandard reagent
grade, used as received without any further purification and
was mixed with ethanol at atmospheric pressure. The con-
centration of dibenzanthracene was selected as 2.0× 10−4 M.
Two Princeton Instruments Acton Advanced SP2300 model
monochromators were used in all optical measurements.
These devices have a 600 g/mm grating and a focal length of
300 mm. The measurement setup is illustrated in Figure 2.
A 500 W Xenon bulb was mounted in front of the entrance
slit of monochromator 1 to obtain the maximum amplitude
and the entrance and exit slits were adjusted at 700 μm
openings. With the help of a computer controlled software,
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Figure 1: 1,2 : 3,4-dibenzanthracene.
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Figure 2: Experimental setup block diagram.

monochromatic beams of 300–380 nm wavelength with a
10 nm step were emitted from the exit of monochromator 1.
The emitted beam was focused on the sample using a quartz
lens to excite the sample. The excited sample was emitting a
beam which was perpendicular to the excitation beam. This
beam was further focused on the slit of monochromator 2
with the help of sequential lenses where the slit was set again
at 700 μm. The alignment was carried out using microstage.
The excited beam was scattered from the quartz tube and
the liquid interface, however the luminescence originated
from the liquid itself. Since the focusing was oriented on
the center of the liquid where the luminescence was dense,
the excited beam did not arrive at monochromator 2. A
computer controlled scan was performed at monochromator
2 between 300 and 550 nm with a step of 1 nm and 500 ms
periods. The emitted beam entering through the 700 μm
slit from monochromator 2 was converted to electrical
signal through the photomultiplier tube (PMT) of the
instrument depending on luminescence amplitude. These
signals were digitally recorded to a computer through a
data scan software. All measurements were performed in a
dark room at room temperature and atmospheric pressure.
The emitted beam arriving to the PMT was posed with
500 ms time average. Since the Xenon bulb wavelength was
filtered at 300–380 nm and the PMT was sensitive to the
emission wavelength, a normalization had to be carried
out. Because of this, the sample was replaced with a quartz
mirror in the measurement setup and the measurement

was repeated. The peaks of the excitation were recorded.
The maximum amplitude obtained at 360 nm was used to
calculate the normalization coefficient for each wavelength.
These coefficients were multiplied with the whole spectrum
to perform the required normalization.

The Fourier Transform infrared measurement was car-
ried out with Thermo Scientific and Nicolet FT-IR spectrom-
eter 6700 model. The sample was placed in a quartz tube and
placed in the optical path to get a scan starting from 2000
to 11000 cm−1. Before the measurement was started, a back-
ground scan was performed and background subtraction was
carried out from the sample measurement. All measurements
were performed using a computer controlled software with
little to no user intervention. The measurements were carried
out at room temperature and at atmospheric pressure.

UV spectrophotometer measurements were performed
with Thermo Lab Multiskan 1500 model. The liquid mix-
ture, 1,2 : 3,4-dibenzanthracene in ethanol, and ethanol only
solution were measured. Using background subtraction, the
spectrum of the mixture was obtained with a computer
controlled software. All measurements were performed at
room temperature.

3. Results and Discussion

1,2 : 3,4-dibenzanthracene, a polycyclic aromatic hydrocar-
bon, has an interesting shape of fluorescence emission
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Figure 4: Fluorescence spectrum of 1,2 : 3,4-dibenzanthracene in
ethanol.

spectrum because the spectrum is almost an invariant of
the wavelength used to excite the molecule. This can be
attributed to the fact that the emissions always occur from
the S1 level. The triplet states have lower energies compared
to those of corresponding singlet states. The solvent may
lead to a breakdown of the spin conservation rule for the
molecules, which in turn permit weak S0 → T1 absorption.

The UV absorption spectrum of 1,2 : 3,4-dibenzanth-
racene is shown in Figure 3. Although the absorption band
is relatively broad, it is strongest around 315 nm. The broad
spectrum can be attributed to the onset of π- and σ-bands,
strong vibronic coupling, and ionization energies [13, 14].

The fluorescence measurements were carried out as
described in Section 2 and the results are displayed in
Figure 4. Three sharp peaks, all coincident with the same
emission wavelengths are observed. Excitation wavelengths
starting from 300 to 360 consistently pointed the same peaks
with the highest level at 360 nm of excitation. These are
Stokes’ shifts of the molecule with relative to the highest
absorption wavelength of 315 nm. The absorption and
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Figure 5: Stokes’ shifts of 1,2 : 3,4-dibenzanthracene in ethanol.

emission spectra are shown on the same graph in Figure 5.
The three Stokes’ shifts were also identified and labeled on
the same figure.

4. Conclusions

1,2 : 3,4-dibenzanthracene is a polycyclic aromatic com-
pound which is carcinogenic and requires careful spectro-
scopic analysis for monitoring environmental pollutants and
genotoxic effects [15–19]. Raman spectroscopy can be a
powerful probe for determining chemical composition, but
Raman signals can be very weak and easily supressed by flu-
orescence (prompt and delayed). Thus, our analysis provides
methods in the identification of 1,2 : 3,4-dibenzanthracene
and its isomers.
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Spectroscopically pure fused silica has been used in many applications ranging from optoelectronics and optical fibers to laser flash
spectroscopy. Although ultraviolet light irradiated optical absorption spectra and coherence fluorescence of silicon dioxide have
been studied in the past, we present discrete absorption and resonance coherent fluorescence line of silicon dioxide which were
recorded photographically at 288.2 nm. This discrete fluorescence is observed at room temperature using high photon flux (1024

photon/pulse) excitation spectroscopy.

1. Introduction

Resonance fluorescence occurs when atoms/molecules absorb
and reemit radiation at the same wavelength. Resonance
fluorescence line corresponds to the transition between an
electronic excited state and the ground state. The wave-
lengths of the absorption (λA) and fluorescence (λF) are
the same for resonance transitions. Resonance fluorescence
process of silicon dioxide is shown in Figure 1.

Coherent resonance fluorescence and ultraviolet (UV)
light induced optical absorption spectra were reported in [1]
and resonance fluorescence was observed in the 250–255 nm
band at room temperature by high photon flux excitation
spectroscopy. As discussed in previous works [1–7], fused
silica exhibits coherent fluorescence in the ultraviolet C
region (UV-C).

UV grade fused silica is an amorphous form of silicon
dioxide made from flame hydrolysis of silicon tetrachloride.
On top of high UV transmission, it has the properties of
low thermal expansion coefficient and high laser damage
threshold. Amorphous fused silica form bonds in definite
vectorial positions in space such that ring structures that
connect molecules can exist [8, 9]. A random network of
atoms in fused silica was shown in [10] and reproduced

in Figure 2. Ring structures consist of tetrahedral atomic
arrangements and most ring structures contain five or six
ring members simply because the bond angle between O–Si–
O permits formation of almost perfect tetrahedrons with less
strain energy.

The vibrational level patterns for silicon dioxide are not
complex for six- or eight rings, which, in turn, enables one to
observe transitions in 250–255 nm band as discrete narrow
bands [1]. The bandwidths of these coherent emissions
were reported approximately 1/25 nm in [1]. These narrow
absorption and emission lines are reproduced from [1] with
the permission Bayrakçeken and shown in Figure 3.

Apart from these reported discrete absorption and
fluorescence of fused silica, a single line at 288.2 nm without
any vibrational and/or rotational bands was also observed in
our experiments and this is shown in Figure 4.

This discrete line at 288.2 nm was observed previ-
ouslyand investigated in the context of Raman resonance
scattering and it was stated that only one absorption band
was observed at 288.2 nm, seven anti-Stokes lines at 285–
288.2 nm and nine Stokes lines at 288.2–290 nm band
[3]. However, in our experiments, we observed a single-
line coherent emission although the UV irradiation was
performed on a molecule. This may be due to different
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Figure 2: Ball and stick model of fused silica in random network
(encircled are three-fold and four-fold ring structures) (reproduced
from [10]).

photon flux densities used in the studies. The photographic
image of the resonance fluorescence line shown in Figure 4
was recorded for the first time.

2. Material and Methods

Spectroscopically pure fused silica (Corning Glass Co.),
reagent-grade material, was selected for absorption and
luminescence experiments. A flash photolysis setup con-
sisting of two parallel phototubes in series, contained in
a reflector (front surface mirrored, reflecting the 200–
700 nm band of electromagnetic radiation), was used for
the excitation of fused silica sample. The entire optical
pumping cavity was flushed with oxygen-free nitrogen to
eliminate the presence of paramagnetic oxygen in the optical
pumping system. Photoflash energies in the range of 780–
1125 J were used and the flash duration time (1/e time)
of the optical pumping device was 2 μs. Hilger medium
quartz spectrograph with slit width 0.025 mm was used for
the recordings of absorption, emission, and lasing spectra.
Ilford XK fast blue sensitive plates from Kodak, sensitized
with sodium salicylate for UV-C region recordings were
developed in Ilford PQ universal developer. Joyce-Loebel
MKIIB double-beam recording mirror densitometer was

250 nm 255 nm

Figure 3: Optical discrete absorption and resonance fluorescence of
fused silica in the UV (reproduced from [1]).

28 29 30 31

288.2 nm

Figure 4: Discrete absorption and resonance fluorescence lines of
silicon dioxide at 288.2 nm.

used for photometered spectra. Single flashes were utilized
for all spectroscopic recordings.

3. Results and Discussion

It is well known that absorption of UV light in the UV-C
raises fused silica from the ground state to several excited
states. At room temperature, most of the molecules are in
the lowest vibrational level of the ground state (v = 0) and
transitions to higher levels will take place with the absorption
of UV light. For silicon dioxide, the vibrational levels are not
complex. In fact, symmetric stretching, symmetric bending,
and antisymmetric stretching are the only normal modes of
SiO2 and these can be observed in the infrared region because
electric dipole transitions occur only for normal modes and
they are infrared active. The infrared absorption band of
SiO2 has been extensively studied in the past [11, 12]. In the
UV region of the spectrum, the interaction of the electro-
magnetic radiation with electrons in Si–O bonds, structural
imperfections, Si–Si bonds cause strong absorption [13–
15]. These lead to sharp UV cut-off around 160 nm [12–
15]. The location of the absorption edge naturally depends
on the composition, impurity level, structural defects, and
temperature. Experimental spectroscopic data between 90
and 350 nm have been presented in [14].

In general, the bandwidths of normal (prompt) fluo-
rescence are narrower than the corresponding absorption
bands due to the dispersion associated with the structure
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during emission. However, if the fluorescence emissions are
coherent, the integrated areas under the absorption bands
and coherent super-imposed fluorescence emissions will
become equal, which, in turn, enables full depopulation of
ground state, and all emission transitions will be resonance
fluorescence as shown in Figures 3 and 4. The fluorescence
radiance can be expressed as follows:

BF = l

4π
Y21Eυ12

∫∞
0
kυ dυ, (1)

where BF is absolute radiance l is the path length,Y21 is power
efficiency (due to quenching) Wfluorescenced/Wabsorbed, Eυ12 is
the spectral irradiation of source at absorption line frequency
of υ12, and kυ is the absorption coefficient. The integration
term provides the integrated absorption coefficient over the
absorption line, which is a function of the concentration of
ground and excited states.

4. Conclusion

We note that no additional fluorescence and/or scatter-
ing were observed in lower bands, that is, 270–275 nm.
Moreover, all spectral and lasing emissions were recorded
at room temperature. Therefore, we also argue that the
population inversion and the depopulation of ground state
are permissible. As shown in Figure 4, resonance fluorescence
at 288.2 nm was very intense and coherent. Thus, it is
possible to use fused silica as a laser material in the UV or
as a UV detector with its inherit visible-blind property.

References
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Absorption of average 10 nm size TiO2 nanoparticles deposited on glass surfaces as a thin film using convective assembly technique
and drop-casting is studied in the millimeter wave range from 26 GHz to 40 GHz. The millimeter wave responses of the fabricated
samples were obtained using a vector network analyzer. Reflection properties of the prepared samples were also measured.
Absorption and reflection of TiO2 nanoparticles were more pronounced between 35 GHz and 40 GHz compared to glass-only
sample.

1. Introduction

Titanium dioxides find broad range of applications from
pigment to cosmetic industry, electronic to pharmaceutical
industry [1–10]. The reason behind their wide applicability is
their unique properties such as blocking UV light and photo-
catalytic activity [11]. Additional exceptional properties such
as cleaving proteins at amino acid proline site and behaving
as a semiconductor of nanosized TiO2 were also reported
[12, 13].

As the nanotechnology progresses, new properties of
TiO2, especially in their nanoscale form, are explored. For
example, the millimeter wave rotational spectrum of TiO2 at
ground state was obtained in [14] for astronomical searches.
Microwave absorbing effects and characterization of TiO2

were also studied in [15, 16]. The absorption characteristics
of TiO2 nanoparticles have been mostly overlooked and
this study aims to fill this gap for numerous engineering
applications.

There are a number of methods such as spin coating,
dip coating, and drop-casting to prepare relatively uniform
thin films from nanomaterials. In this study, we used two
different approaches to prepare TiO2 thin films, drop-casting
and “convective assembly”. While former approach generates
thin film thickness in millimeter range, the latter generates

in the micrometer range. The “convective assembly” is an
approach to assemble 2D and 3D nano- and micrometer
size structures using nano- and micrometer size particles
on surfaces in a more controlled manner. The assembly of
a number of particles on surfaces was achieved using the
approach [17, 18]. The self-assembly of colloidal particles in
thin evaporating films is the basis of the technique [19, 20].
It was also used to assemble bacteria-silver nanoparticle
and protein-silver nanoparticle structures on glass surfaces
[21, 22].

2. Material and Methods

10 nm TiO2 nanoparticles were used to prepare thier thin
films on glass surfaces. Figure 1(a) shows the TEM images
of TiO2. As seen on the image, the average size of TiO2

nanoparticles is 10 nm. An 8.6 mg of TiO2 was suspended in
distilled water. A “convective assembly” was used to deposit
TiO2 as a thin film on a glass surface. The details of the
experimental setup could be found elsewhere [17]. Briefly,
an 80 µL of TiO2 suspension was placed at the cross section
of two glass slides, which are soaked in Piranha solution for
at least 3 hours to clean the glass surface, one is placed on a
moving stage and the other is placed on top of the one placed
on the moving stage with an angle of 23◦. In order to generate
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Figure 1: (a) TEM image of TiO2 nanoparticles, (b) thin films prepared on glass surfaces using convective assembly and drop-casting.
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Figure 2: UV/Vis spectrum of fabricated nanoparticles in water.

thicker films on the glass surface, 4–6 mL of suspension of
TiO2 was placed on the glass cleaned glass slide and the
suspension was distributed on the glass surface with the help
of another slide. Figure 1(b) shows the images of thin films
prepared with two different approaches on the glass surface.
The thickness of thin film prepared with convective assembly
estimated as 10 µm and the film prepared with drop-casting
was estimated as 1 mm.

Figure 2 shows the UV/Vis spectrum of the suspension of
TiO2 nanoparticles in water.

Millimeter wave measurement setup is shown in Figure 3.
Rohde and Schwarz ZVA40 Network Analyzer was calibrated
from 20 to 40 GHz with intermediate frequency at 1 kHz,
and the number of calibration points was set to10,000 with
source power level at +5 dBm. Network Analyzer as a two-
port device can simultaneously measure input reflection
and transmission to the other port in terms of Scattering
(S) parameters. In this configuration S21 represents signal
received at port 2 when input signal is applied to port 1,
with 50 Ohm port impedances. S21 is used as the main data
for comparison of detection. Wideband conical antennas
made by Elmika were used for transmission and reception.
Although the antennas were rated from 26.5 to 40 GHz,
their port match and gain were found satisfactory starting
from 23 GHz. Nevertheless, measurements were carried out

relative to glass-only sample, and basis of comparison was
made with reference to that sample. Samples were held using
Rohacell air-dielectric foams.

3. Results and Discussion

Measurement setup was first used for free space and thin-
glass samples to create a reference. Transmission measure-
ment of S21 is recorded for both configurations. Since the
samples are in the far field of the receiving and transmitting
antennas and reflection from the samples is quite close to
each other, one can infer absorption of samples directly from
transmission measurements. Comparisons of transmission
measurements for free space and glass-only sample are
shown in Figure 4. The measurement result is also expressed
in dB scale with 20 log(S21) conversion.

Next, same measurement setup was used to measure
absorption characteristics on TiO2 thin films deposited on
glass surface using drop-casting technique. The samples pre-
pared using convective assembly were very thin to produce
strong absorption. Therefore, samples prepared through
drop-casting were used in the measurements. Results are
shown in Figure 5. It is observed that there is a degradation
TiO2 deposited glass sample compared to glass-only sample.
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Figure 7: Relative percent change of TiO2 sample with reference to glass-only sample.

Especially between 35 GHz to 40 GHz, absorption of TiO2

sample is at least 2.5 to 3 dB higher than that of glass-only
sample. The reflection measurements of both samples are
also shown in Figure 6. The reflection measurements also
show a clear departure from glass-only sample from 35 GHz
to 40 GHz.

The relative percent change in received signal with
respect to glass-only sample is shown in Figure 7. TiO2

sample has in excess of 15% relative percent change from 35
to 40 GHz.

Even though the measurements were carried out at
atmospheric pressures and at room temperature, there is
a clear difference between glass-only and TiO2 thin film
deposited glass samples. The attenuation of TiO2 sample is
consistently higher than that of glass-only sample.
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Microwave irradiation at GSM 900/1800 MHz mobile phone frequencies affects the electronic structure of cresyl violet in solution.
These changes are important because laser-dye cresyl violet strongly bonds to DNA- and RNA-rich cell compounds in nerve tissues.
The irradiation effects on the electronic structure of cresyl violet and its fluorescence data were all obtained experimentally at room
temperature. For most laser dyes, this is not a trivial task because laser dye molecules possess a relatively complex structure. They
usually consist of an extended system of conjugated double or aromatic π-bonds with attached auxochromic (electron donating)
groups shifting the absorption band further towards longer wavelength. Because of the intrinsically high degree of conjugation,
the vibrational modes of the molecular units couple strongly with each other. We found that the fluorescence quantum yield was
increased from 0.54 ± 0.03 to 0.75 ± 0.01 due to intramolecular energy hopping of cresyl violet in solution which is exposed to
microwave irradiation at mobile phone frequencies, and the photonic product cannot be used as a laser dye anymore.

1. Introduction

Cresyl violet (Figure 1) is often used as a staining agent for
studying the changes on DNA- and RNA-rich compounds
in tissues. Especially, the effects of microwave radiation on
blood-brain barrier permeability heavily rely on cresyl violet
based stain analysis, simply because laser dye molecules
are often distinguished due to their relatively complex
structure in photoluminescence data. However, effects of
microwave irradiation on cresyl violet in solution have not
been studied in detail, and changes in the absorption band
due to microwave irradiation are particularly important for
widespread applications of laser dye cresyl violet.

The photophysical and chemical behaviors of cresyl
violet are strongly influenced by electrostatic, hydrogen-
bond, and acid-base interactions in solution, as well as by
its hydrophobicity [1]. The rotational relaxation of a solute
molecule depends on its environment, especially for the case
of ionic and polar solute species embedded in electrolyte

solutions [2–5]. In such cases, solute-solvent electrostatic
interactions can significantly influence the behavior of the
solute. Dramatic changes in the local solvent structure
and the solute dynamics occur for ionic solute molecules.
Laser dyes are organic compounds that relax radiatively
after optical excitation, emitting in the UV-visible or IR
range [6]. Today a large variety of luminescent dyes have
been optimized for use in circulating liquid lasers. These
dyes have a range of practical applications when rigidized
in a polymer host. One area that may be revolutionized
by the use of organic luminophores in plastics is the
flat-screen monitor industry. Organic emitters doped in a
polymer layer offer an inexpensive, malleable, and easy-to-
produce alternative. Organic dyes are also of interest for
sensors, optical amplifiers, and fiber optics. Unfortunately,
upon repeated absorption the laser dye molecules begin to
photooxidize and cresyl violet becomes an emitter at four
different wavelengths. It is stable under ambient conditions
with minimal light power saturation even at peak intensities
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as high as 100 MW/cm2 where its molecular weight is
361.74 g/moL.

Our experiment consisted of irradiating cresyl violet in
solution which was doped in thin solid slabs of polymethyl-
methacrylate with progressively higher intensities of light
tuned to an absorption peak of cresyl violet molecule for
photobleaching experiments. The calculated wavenumbers
of the normal modes are in good agreement with our exper-
imental values. Some of the characteristic vibrational modes
of cresyl violet were given [7]. The correlation between
effective dipole moments change of the guest molecule and
the hole-burning efficiencies of the host matrices illustrates
the sensitivity of the dipole moment change as a direct
measure of guest-host interactions. The effective dipole
moment change of cresyl-violet-perchlorate ranges from 0.14
to 0.59 Debye [8–10].

2. Materials and Methods

Cresyl violet, was of Aldrich reagent grade, used as received
without any further purification. All other chemicals were
also of reagent grade. Cresyl violet, at a concentration of
2 × 10−5 M, was in ethanol at room temperature. Ocean
Optics spectrophotometer was used for recording absorption
spectra. The singlet and triplet transient phenomena were
excited with a laser flash photolysis setup consisting of
a Q-switched and mode-locked Nd:YAG laser system at
532 nm (300 mJ) and at 1064 nm (1 J). A kinetic absorp-
tion spectrophotometer with nanosecond response (pulsed

v = 1

v = 0

j3 j2

j1
j0

Figure 3: Illustration of rotational states as sublevels of v = 0 state.

with 500 W Xenon lamp), Bausch and Lomb UV-visible
high-intensity monochromator, RCA-4840 photomultiplier
tube with output signal terminated into 93Ω a Tektronix
7912 digitizer, and an LSI-11 microprocessor unit which
controlled the experiments and processed the data at the
initial stage, were used. The flash photolysis experiments
were carried out with oxygen-free nitrogen, degassed in the
high vacuum system (vacuum line background pressure was
10−7 Torr) and contained in 1 × 0.2 cm2 quartz cells with
the absorbed light passing along the 0.2 cm path length. The
exciting laser beam intersected the cell at angles ranging from
20◦–90◦, and the flash duration time was 3.0± 0.1 ns.

The microwave irradiation frequencies for the cresyl
violet in ethanol are chosen as 925 MHz, center frequency
of GSM 900 (890–960 MHz) and 1940 MHz, center fre-
quency of GSM 1800/1900 and 3G frequency band (1710–
2170 MHz). Frequencies are not applied at the same time,
but rather half of the target duration with 925 MHz and the
other half with 1940 MHz. Although cellular phone com-
munication utilizes pulsed transmissions in a time-shared
manner, we applied continuous wave (CW) with no signal
modulation in our experiments. This deviation from real-
life application does not affect current analysis as irradiation
effects rather than interference effects are scrutinized. CW
power level is set to 30 dBm (1 W) using Rohde-Schwarz
SMB 100A signal generator. An antenna is connected to the
signal generator with microwave coaxial cable, RG400A to
transmit microwave energy to the solution. A balanced type,
three-element (reflector, driver, and director) directional
printed dipole Yagi antenna is designed at 1940 MHz. The
same antenna works well at 925 MHz also with a bit
sacrifice on impedance match. Also, the antenna has an
integrated quarter-wavelength Marchand balun (balanced to
unbalanced) to minimize the coupling between the antenna
and the measurement cable and to reduce the loading effects
of the sample on the antenna. The antenna geometry and
the integrated balun are designed with a 3D electromagnetic
field solver. Although the computed total gain (vertical and
horizontal) at its principal axis of the antenna is 5.73 dBi (rel-
ative to isotropic source) at 1940 MHz, near-field (beyond
reactive zone) electric field illumination at the solution is
important. The antenna input impedance is matched to that
of the signal generator, which is 50Ω. The antenna is built on
a low-cost, two-sided FR4 substrate with 1.57 mm standard
thickness and its one-port characteristics are measured with
Rohde-Schwarz ZVB20 network analyzer. The shape of the
antenna (front and back), 3D far-field pattern, and the



International Journal of Photoenergy 3

185 285 385 485 585 685 785 885

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

A
bs

or
ba

n
ce

Reference

Wavelength (nm)

320 nm

(a)

185 285 385 485 585 685 785 885

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

A
bs

or
ba

n
ce

Wavelength (nm)

1 hr irradiated

(b)

Wavelength (nm)

3 hrs irradiated

185 285 385 485 585 685 785 885

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

A
bs

or
ba

n
ce

(c)

Figure 4: Absorption spectra of cresyl violet in ethanol; (a) reference (non-irradiated), (b) 1 hour irradiated, (c) 3 hours irradiated.
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Figure 5: Prompt fluorescence spectrum of CV in ethanol.

configuration of the irradiation experiment are illustrated in
Figure 2.

In the setup, the sample is placed at distance d (30 cm)
away from the phase center of the antenna. The distance d

is adjusted to 2D2/λ > d > kD/2 where k and λ represent
the wavenumber and the wavelength corresponding to
1940 MHz CW frequency, respectively, and D is the max-
imum antenna dimension. With this distance, the sample
remains away from the reactive near field but is at radiative
near field (Fresnel region). In Fresnel region, the antenna is
not detuned due to the presence of the solution, and most
of the transmitted power can be absorbed by the solution.
For 925 MHz excitation, the distance d is doubled. With a
very crude model, assuming the solution is at far field of the
antenna, one can estimate the maximum received power by
the solution using Friis equation:

Power Transmitted Pt = 30 dBm (1 W)

Power Density at d, Pd = GPt
4πd2

at d = 30 cm, Pd = 3.29 W/m2

Received power, Pr = Pdσ = 658μW,

(1)
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assuming 2 cm2 incident area. Therefore, 1 hour of irra-
diation can deliver 2.37 J of energy to the solution, if the
solution absorbs all the microwave energy without reflecting
any energy back due to mismatch at the interface between
the solution and air. If ethanol (relative permittivity εr =
22.55 [10]) is taken as the dominant dielectric for irradiation
experiment, then approximately 57.5% of the energy under
normal incidence of electromagnetic wave is absorbed by the
solution, that is, 378 μW of 658μW incident power.

3. Results and Discussion

The molecular structure of cresyl violet and cresyl violet
perchlorate in solution were planar in the ground state
and twisted in the first excited state with exception of
amino groups. The delocalization degree is smaller than
that of the double bonds in the molecule. Its fluorescence
quantum yield appears to be independent of the nature of
the solvent, except in water. Its fluorescence quantum yield
was determined using conventional colorimetry as well as
thermal lens spectrometry and found to be ϕF = 0.54 ±
0.03. The value for ϕF was reported to be independent
of concentration [9]. Therefore, cresyl violet was used as
fluorescence standard for the concentrations of 10−2 to
10−3 M. In the present study, we tested the concentra-
tions from 10−3 to 10−7 M and found that due to the
intramolecular energy hopping of cresyl violet in solution
the fluorescence quantum yield was measured as 0.75± 0.01
by actinometric measurements. The excitation wavelength
was 587 nm, obtained from high-intensity mercury light
source. Prompt fluorescence observed at 570–770 nm band
with the peak location at 620 nm. Neither Stokes nor
anti-Stokes scattering was observed at room temperature
experiments. Unfortunately, our experimental setup does
not permit us to carry out the same experiments above
room temperature, to carry out kinetic measurements. The
determined fluorescence lifetime, which is the reorientation
time of cresyl violet in ethanol in the S1 state, was 4.60 ±
0.1 nsec. The magic-angle fluorescence decay curves fit to
single-exponential decays.

The amount of thermal energy transferred to the cresyl
violet in ethanol due to microwave irradiation is very
low compared to the energy required for the transition of
electron to a higher vibrational state. However, at each vibra-
tional energy level Ji, there exists many fine rotational bands,
as illustrated in Figure 3. For symmetric top molecules
having rigid bonds, the energy levels can be determined.
More complicated relations are required for elastic bonds
[11]. If the molecule is asymmetric top, then it is very difficult
to derive an expression for rotational energy bands for each
vibrational states due to different moments of inertia about
the molecular axis. Thus, measurement of absorbance spec-
trum is the only viable solution, particularly for cresyl violet.

The ethanol solution act to differentiate the stain,
causing myelin and other components to lose color whereas
perikarya retain the color. Figure 4 shows the absorption
spectrum of nonirradiated cresyl violet in ethanol and the
absorption spectra of cresyl violet after one and three hours

of irradiation by microwave. Due to the irradiation by GSM
900/1800 MHz mobile phone frequencies, the absorption
band at 320 nm disappeared and a new molecular cresyl
violet structure formed. It is also observed that the main
absorption bands are broadened and the spectrum showed
that the fine structure of the bands appears. Therefore, cresyl
violet molecular structure due to the microwave irradiation
is changed. The phononic product cannot be used as a laser
dye. The prompt fluorescence spectrum of cresyl violet in
ethanol solution is shown in Figure 5.
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“Photonic and phononic study of rubrene in solution,” Asian
Journal of Spectroscopy, pp. 119–129, 2010.

[10] A. Jafari, A. Ghanadzadeh, H. Tajalli, M. Yeganeh, and M.
Moghadam, “Electronic absorption spectra of cresyl violet
acetate in anisotropic and isotropic solvents,” Spectrochimica
Acta A, vol. 66, no. 3, pp. 717–725, 2007.

[11] C. H. Townes and A. L. Schawlow, Microwave Spectroscopy,
Dover, New York, NY, USA, 1975.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 239027, 4 pages
doi:10.1155/2012/239027

Research Article

Optical Energy Transfer Mechanisms: From Naphthalene to
Biacetyl in Liquids and from Pyrazine to Biacetyl

Fuat Bayrakceken,1 Korkut Yegin,2 Erdal Korkmaz,3 Yakup Bakis,3 and Bayram Unal3

1 Department of Biomedical Engineering, Yeditepe University, 34755 Istanbul, Turkey
2 Department of Electrical and Electronics Engineering, Yeditepe University, 34755 Istanbul, Turkey
3 Bionanotechnology Research Center, Fatih University, Istanbul, Turkey

Correspondence should be addressed to Korkut Yegin, kyegin@yeditepe.edu.tr

Received 17 September 2012; Accepted 10 October 2012

Academic Editor: Ipek Karaaslan

Copyright © 2012 Fuat Bayrakceken et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Optical energy transfer from naphthalene to biacetyl in liquids at room temperature is studied. Electronically excited naphthalene
with 200–260 nm ultraviolet (UV) light emits photons in its emission band and the emitted photons are absorbed by biacetyl,
which, in turn, excites biacetyl phosphorescence. The resulting phosphorescence is very stable with emission peak at 545 nm for
different excitation wavelengths from 200 to 260 nm. Similar optical energy transfer is also observed from pyrazine to biacetyl. The
sensitization of biacetyl by several aromatic donors has been investigated in detail. An aromatic donor, pyrazine, is raised to its first
excited singlet state by absorption of ultraviolet radiation. Excitation wavelengths were selected in the first n-π∗ band of pyrazine.
Intersystem crossing in pyrazine is sufficiently fast to give a triplet yield of almost unity as determined by the biacetyl method.
The optical excess energy in the biacetyl will be released as light, which is sensitized fluorescence. Biacetyl is the simplest molecule
among a wide range of α-dicarbonyl compounds, which is important for photophysics and photochemistry applications.

1. Introduction

Optical absorption in polar molecules is due to interac-
tion with the permanent dipole moments of individual
molecules. The electric field tends to align the dipoles, and
the subsequent collision-induced relaxation of the oriented
dipoles has a time constant in the picosecond range, giving
rise to strong absorption in the far infrared. For nonpolar
molecules the much smaller absorption originates in the
transient dipole moments induced via collisions in the liquid.

Naphthalene, like many organic compounds, has a con-
jugated double-bond system, in which every other bond is a
double-bond. These conjugated systems have large influence
on absorption and emission spectrum of the molecule. Molar
absorption coefficient of naphthalene is around 360 and the
absorption spectra of naphthalene in rare gas have been
extensively studied. The spectra were observed from 333
to 125 nm [1–8]. The transition energies of six transitions
were assigned to π-electronic states of naphthalene. Sym-
metry properties of the first two excited singlet states and

triplet lifetime were also reported in the context of triplet
energy transfer [9–18]. Naphthalene in liquid has a different
emission spectra than that of vapor phase, in which room
temperature transitions are more defined.

Biacetyl, the compound 2,3-buttanedione, is the simplest
molecule among a wide variety of α-dicarbonyl compounds,
which has been the subject of considerable study for
photophysics and photochemistry applications. The ground
state of biacetyl is known to be Raman-active and IR-
active in not only solid but also liquid and vapor phases.
The principle absorption bands are due to n-π∗ electronic
transitions [19, 20]. The absorption and emission spectra of
the biacetyl crystal exhibit sharp vibrational structure at low
temperatures [21].

Triplet-triplet energy transfer from naphthalene to
biacetyl in vapor phase has been studied in [22]. In that
study, decay times for different mixtures of naphthalene and
biacetyl were measured under different biacetyl pressures. It
was shown that the fluorescence decay time of naphthalene
in cyclohexane was 96 ns [23, 24] and 130 ms lifetime for
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triplet state of naphthalene [22]. In this study, we concentrate
on the liquid form of naphthalene and biacetyl at room
temperatures as this application of the mixture is quite
simple and easy to produce. It is observed that the emission
spectrum of biacetyl is very stable. This may open new
research directions such that incident light energy can be
transferred to different wavelengths as in optical mixers and
frequency down-conversion devices.

2. Material and Methods

Biacetyl and naphthalene, were of Aldrich reagent grade,
used as received without any further purification, and
were mixed at atmospheric pressure. The concentration of
biacetyl and naphthalene was between 10−3 and 10−4 M,
with the relative concentration of naphthalene/biacetyl 1/2
to 1/3 for best emission. Two Princeton Instruments Acton
Advanced SP2300 model monochromators were used for
all optical measurements. These devices have 600 g/mm
grating with a focal length of 300 mm. The measurement
setup is illustrated in Figure 1. A 500 W Xenon bulb was
placed in front of the entrance slit of monochromator-1 to
obtain maximum amplitude, and the entrance and exit slits
were adjusted to 650 μm openings. A computer-controlled
software adjusts monochromatic beams with 200–300 nm
wavelength with a 10 nm step and they were emitted from
the exit of monochromator-1. A quartz lens was used to
focus emitted beam on the sample. The excited sample
emitted beam perpendicular to the excitation beam. This
emitted beam was focused on the slit of monochromator-
2 with the sequential lenses. The alignment was carried
out using microstage to obtain the maximum amplitude
from the excited beam. The excited beam was scattered
from the quartz tube and liquid interface, however the
luminescence was due to the entire mixture. Since the
focusing was oriented to the center of the liquid mixture,
where the luminescence was dense, the excited beam did not
reach and interfere with the monochromator-2. Computer-
controlled scan has been performed at monochromator-
2 between 300–750 nm with a step of 1 nm and 500 ms
period. The emitted beam entering through the 650 μm slit
from monochromator-2 was converted to electrical signals
by means of the photomultiplier tube (PMT) depending on
the emission amplitude. These signals were further recorded
digitally in a computer through a data scan software. Dark
room was used for all measurements and measurements
were performed at room temperature. The emitted beam
reaching the PMT was posed with 500 ms period. Because
the Xenon bulb was wavelength filtered at 200–260 nm and
the PMT was sensitive to the wavelength, a normalization
had to be carried out. For that reason, the sample was
replaced with a quartz mirror in the measurement setup
and the measurement was repeated. The peaks of excitations
have been obtained. The maximum amplitude obtained at
220 nm was used to calculate the normalization coefficient
for each excitation wavelength. These coefficients, then were
multiplied with the entire spectrum to perform the required
normalization.

The setup displayed in Figure 1 was also used to
study optical energy transfer from pyrazine to biacetyl.
Biacetyl and pyrazine, were of Aldrich reagent grade, used
as received without any further purification and were mixed
at atmospheric pressure. The concentration of biacetyl and
pyrazine was between 10−3 and 10−4 M, with the relative
concentration of pyrazine/biacetyl 1/2 for the best emission.

3. Results and Discussion

The sensitization of biacetyl fluorescence by naphthalene
has been investigated in detail. The emission spectrum
of naphthalene-biacetyl is shown in Figure 2, where the
mixture is excited from 220 to 260 nm monochromatic
source. Peak emission at 545 nm is common to all excitation
wavelengths. Side peaks at 491 nm and 610 nm were also
observed with relative amplitudes of 0.51 and 0.47 of peak
quantum efficiency, respectively. The emission spectrum of
the mixture is very stable and common to all excitation
wavelengths. Thus, it makes this solution an ideal candidate
for photomixing applications.

An aromatic donor is excited to its first excited singlet
by absorbing ultraviolet radiation. In addition, the triplet
state of the donor molecules are also populated. If an
acceptor molecule (i.e., biacetyl) is present, the donor (i.e.,
naphthalene) can transfer the electronic energy to the
acceptor, in which, in turn, the acceptor molecule raises
to its lowest triplet state. Excited biacetyl molecules will
emit phosphorescence which will be termed as sensitized
phosphorescence because the acceptor molecules do not
initially absorb incident light. In this study, the donor
molecule is naphthalene in liquid and the acceptor molecule
is biacetyl in liquid. Hence, the phosphorescence emission of
naphthalene will be absorbed by acceptor molecule biacetyl
in its triplet state, then excess energy will be emitted as light
at different frequencies.

For 200 to 260 nm laser light is absorbed by naphthalene,
but at 545 nm, neither naphthalene nor biacetyl absorb
light; hence, the system is totally transparent for 545 nm
emission line. The optical pumping at 200 to 260 nm excites
naphthalene molecules to their first excited singlet level,
then excited naphthalene molecules decay back to ground
state by fluorescence emission of naphthalene where this
emission band of naphthalene coincides with the excitation
band of biacetyl. Therefore, the biacetyl molecules will
be electronically excited by naphthalene. Excited biacetyl
molecules will return to their ground state by fluorescence
and phosphorescence emissions. This process is depicted in
the following scheme which is summarizing naphthalene and
biacetyl interaction :

(1) Naph + BiA + hv (200–260 nm light) → Naph∗ + BiA

Naphthalene (Naph) absorbs 200–260 nm light, but
BiA does not absorb this light, hence only Naph is
electronically excited and BiA is still in the ground
state;

(2) Naph∗ + BiA → Naph + hv (emitted from Naph) +
BiA;
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Figure 1: Experimental setup, (a) block diagram and (b) part of the actual setup.
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Figure 2: Sensitized fluorescence of biacetyl by naphthalene in
liquids at room temperature.

(3) Naph + hv (emitted from Naph) + BiA → Naph +
BiA∗;

BiA∗ is electronically excited by absorbing the emis-
sion of Naph;

(4) Naph + BiA∗ → Naph + BiA + hv (400–650 nm
emitted from BiA).

The sensitization of biacetyl fluorescence by pyrazine has
been investigated in detail, in an attempt to be validated by
biacetyl method. Emission spectrum of pyrazine-biacetyl is
shown in Figure 3 where the mixture is excited from 305 to
325 nm monochromatic source. Peak emission at 460 nm is
common to all excitation wavelengths.

A brief description of the biacetyl methods is as follows.
An aromatic donor will be raised to its first excited singlet by
absorption of ultraviolet radiation. Among other processes,
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Figure 3: Sensitized fluorescence of biacetyl by pyrazine first nπ
band.

which will subsequently occur, the triplet state of the donor
molecules will also be populated. If a suitable acceptor
molecule (i.e., biacetyl) is present, the electronic energy
of the donor, pyrazine, can be transferred to the biacetyl
producing a biacetyl molecule in its first singlet state. Excited
singlet biacetyl molecules so produced will emit fluorescence
lights as well as phosphorescence lights. This behavior is
labeled as sensitized fluorescence and sensitized phosphores-
cence, since emissions occur without the emitting molecule
initially absorbing light energy. Comparing the quantum
yield of the sensitized fluorescence with that produced in a
separate experiment, where biacetyl itself is excited affords
as determination of the triplet yield of aromatic donor. The
triplet yield is, in essence, a measure of the number of
singlet donor molecules, which eventually cross over into
the triplet manifold. The following reaction mechanism is
typical for optical energy transfer from donor to acceptor
molecules. Pyrazine emits light as fluorescence and this light



4 International Journal of Photoenergy

will be absorbed by the acceptor molecule biacetyl, then this
optical excess energy in the biacetyl will be released as light,
which is sensitized fluorescence. This process is shown in
the following scheme which is summarizing pyrazine and
biacetyl interaction:

(1) Pyz + BiA + hv (305–325 nm light) → Pyz∗ + BiA

Pyz absorbs 305–325 nm light, but BiA does not
absorb this light, hence only Pyz iselectronically
excited and BiA is still in the ground state;

(2) Pyz∗ + BiA → Pyz + hv (emitted from Pyz) + BiA;

(3) Pyz + hv (emitted from Pyz) + BiA → Pyz + BiA∗;

BiA∗ is electronically excited by absorbing the emis-
sion of Pyz;

(4) Pyz + BiA∗ → Pyz + BiA + hv (450–600 nm emitted
from BiA).

4. Conclusions

We show that donor molecule pyrazine emits light and
biacetyl absorbs this light as an optical receiver. Similar
mechanism is also observed for naphthalene and biacetyl,
where donor molecule naphthalene emits light and biacetyl
absorbs this light as an optical receiver. Therefore, this
mechanism is called an optical antenna at the nanosecond
time domain. In our study, neither excimer nor exciplex
fluorescence could be recorded.
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Background. When a liquid is irradiated with high intensity and low-frequency ultrasound, acoustic cavitation occurs. The
existence of particles in a liquid provides nucleation sites for cavitation bubbles and leads to a decrease in the ultrasonic intensity
threshold needed for cavitation onset. Materials and Methods. The study was designed to measure hydroxyl radicals in terephthalic
acid solutions containing gold nanoparticles in a near field of a 1 MHz sonotherapy probe. The effect of ultrasound irradiation
parameters containing mode of sonication and ultrasound intensity in hydroxyl radicals production have been investigated by the
spectrofluorometry method. Results. Recorded fluorescence signal in terephthalic acid solution containing gold nanoparticles was
higher than the terephthalic acid solution without gold nanoparticles. Also, the results showed that any increase in intensity of the
sonication would be associated with an increase in the fluorescence intensity. Conclusion. Acoustic cavitation in the presence of
gold nanoparticles has been introduced as a way for improving therapeutic effects on the tumors in sonodynamic therapy. Also, the
terephthalic acid dosimetry is suitable for detecting and quantifying free hydroxyl radicals as a criterion of cavitation production
over a certain range of conditions in medical ultrasound fields.

1. Introduction

In recent years the use of low-intensity ultrasound in
therapeutic applications has become a developing field. One
of the main fields of study is sonodynamic therapy (SDT) [1,
2]. This new method of therapy has great potential because
of its relatively easy application [1]. Although the mechanism
of low-intensity ultrasound in treating malignant tissues is
not well understood, the nonthermal effects of ultrasound,
especially cavitation, is considered to be a primary reason for
these purposes [3]. Cavitation can occur at stable and tran-
sient modes. In stable mode, the bubbles oscillate around an
equilibrium radius during a considerable number of acoustic
cycles without collapsing. In transient cavitation, bubbles
grow rapidly and expand up to several times of their original

size and violently collapse during a single acoustic compres-
sion cycle [4]. In fact, during the collapse, very high shear
stresses and shock waves are produced. Moreover, very high
pressure and temperature at the collapse region can produce
free radicals, erosion, emulsification, molecular degradation,
and sonoluminescence. This type of cavitation can be fatal
tocells and is utilized to destroy cancer tumors [5].

On the basis of a few reports, the existence of a particle
in a liquid provides a nucleation site for the cavitation
bubble because of its surface roughness and leads to decrease
in the cavitation threshold responsible for the increase in
the quantity of bubbles, when the liquid is irradiated by
ultrasound [6, 7]. Thus, in this context, one approach is
based on providing the nucleation sites that participate in



2 International Journal of Photoenergy

the formation of cavities to reduce the threshold intensity
required for cavitation.

Gold nanoparticles (GNPs) have been characterized as
novel nanomaterials for use in cancer therapy because of
their special optical properties [8, 9]. Their low toxicity, good
uptake by mammalian cells, and antiangiogenetic properties
make GNPs highly attractive for medical applications [10].

In this study, the cavitation potential of GNPs has been
studied via chemical dosimetry method [11] at therapeutic
intensities of ultrasound.

Acoustic cavitation generates free radicals from the
breakdown of water and other molecules. When water
is sonicated, OH radicals are formed on thermolysis of
H2O. The initial step in the decomposition of water is the
production of hydroxyl and hydrogen radicals. Simplified
equations for production of free radicals by collapse of
cavitation in water solutions are shown below [12]:

H2O −→ H• + •OH (1)

H2O −→ H2 + •O (2)

H• + H2O −→ H2 + •OH (3)

O + H2O −→ •OH + •OH (4)

Such chemical products also may be used to measure cavi-
tation activity. It has been shown that terephthalic acid (TA)
[benzene-1, 4-dicarboxylic acid] is suitable for detecting and
quantifying free hydroxyl radicals generated by the collapse
of cavitation bubbles in ultrasound irradiations. During this
process, the TA solution as a dosimetric solution reacts
with a hydroxyl radical generated through water sonolysis.
Therefore, 2-hydroxyterephthalic acid (HTA) is produced
which can be detected using fluorescence spectroscopy with
excitation and emission wavelengths at 310 and 420 nm,
respectively [13].

2. Materials and Methods

2.1. Preparation and Characterization of Gold Nanoparticles.
GNPs were synthesized according to standard wet chemical
methods using sodium borohydride as a reducing agent [14].
In this experiment, 50 mL of aqueous solution containing
4.3 mg of solid sodium borohydride was added to 100 mL
of 100 µM aqueous solution of tetracholoroauric acid under
vigorous stirring which was continued overnight. GNPs thus
formed were filtered through 0.22 µm filter paper and used
for the experiments [14]. TEM revealed that spherical GNPs
of approximately 6–8 nm were formed by this method. Size
distribution analysis showed that nearly 70% of the particles
resided within 5 to 9 nm of size range.

2.2. Ultrasound Generator System. Ultrasound irradiation
was conducted with a therapeutic ultrasound unit (215A;
coproduct of Novin Medical Engineering Co., Tehran, Iran;
and EMS Co., Reading, Berkshire, England) in a continuous
mode at a frequency of 1 MHz with a maximum intensity of
2 W/cm2 for 3 minutes. Acoustic calibration for the power

of the device was performed in a degassed water tank,
using an ultrasound balanced power meter (UPM 2000;
Netech Corporation, Grand Rapids, MI) with uncertainty
of ±1 mW. All quoted intensities were spatial average-
temporal average (ISATA) in our experiments. An ultrasound
transducer with a surface area of 7.0 cm2 was horizontally
submerged in the bottom of a glass container filled with
degassed water.

2.3. Preparation of Terephthalic Acid Solution. The dosimetry
solution of TA was prepared according to the standard
protocols, containing TA (2 mmol/L, Aldrich) in almost
800 mL deionized water and then treated with 5 mL NaOH
(1 M). Ultrasonic irradiation experiments should be carried
out in the presence of an alkaline buffer. To increase the pH
value of the solution, NaOH was added to it. The solution
was stirred for about one hour and kept in a cool and dark
place (4◦C) to prevent photochemical reactions [12, 13]. A
cylindrical chamber was constructed from PVC in order to
sonicate the TA solution (5 cm3). The chamber’s floor was
made from a thin acoustically transparent parafilm layer.

2.4. Experimental Protocol of Chemical Dosimetry. The cham-
ber containing the TA solution was located in a container
filled with degassed water in the near field of the probe at
5 mm distance from the surface of the probe. To perform
experiments under progressive wave conditions and limit
the action of acoustic reflection from the wall of the
container, the inner surfaces of the anterior side of the
probe was covered by absorbent ultrasound material [12].
The sonication time of the TA solution was selected at
20 min [12]. In such circumstances the maximum increase
in temperature was 3◦C (18–20◦C). The measurements were
performed on two TA solutions: TA solution containing
GNPs and TA solution without GNPs. After ultrasound
exposure at different intensities (0.5, 1 and 2 W/cm2) in
continuous and pulsed (in duty cycle of 50%) modes on each
solution, its fluorescence signal intensity was recorded using
a spectrofluorimeter (FP-6200, Jasco, Japan) with excitation
and emission wavelengths at 310 and 420 nm, respectively.
The irradiated solutions were kept in a dark place through
the experiment and fluorimetric assessments were measured
within 2 to 4 hours after sonication. Before ultrasound
irradiation, the fluorescence signal of the solutions was also
measured. Each experiment was repeated three times.

2.5. Data Analysis. A statistical analysis was performed using
SPSS version 13.0 statistical software (SPSS Inc, Chicago, IL).
According to the Kolmogorov-Smirnov normality test, the
data distribution was normal. Consequently, the paired t-test
was used to compare the fluorescence signal in two solutions
with a confidence level of 95%. The integrated fluorescence
signal between different intensities was also compared using
one way analysis of variance. Data are presented as Mean ±
SD. P < 0.05 was considered as significant.
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3. Results

The fluorescence emission spectrum of TA solution without
GNPs at 0.5, 1, and 2 W/cm2 intensities in continuous mode
is shown in Figure 1.

The fluorescence emission spectrum of TA solution
containing GNPs at 0.5, 1, and 2 W/cm2 intensities in
continuous mode is shown in Figure 2.

The results of the fluorescence intensity in the TA
solutions in the absence and presence of GNPs at 0.5, 1,
and 2 W/cm2 intensities in continuous mode are presented
in Figure 3.

The fluorescence signal in the TA solution containing
GNPs was significantly higher than the TA solution without
GNPs in the different intensities in continuous mode (P <
0.03).

There was a significant difference in the fluorescence
signal intensity in the TA solution containing GNPs among
all intensities (0.5, 1 and 2 W/cm2) in continuous mode
(P < 0.05), but there was no significant difference in the
fluorescence intensity in TA solution without GNPs between
1 and 2 W/cm2 intensities in continuous mode (P > 0.3).

The results of the fluorescence intensity in the TA
solutions in the absence and presence of GNPs at 0.5, 1, and
2 W/cm2 intensities in pulsed mode (in duty cycle of 50%)
are presented in Figure 4.

The fluorescence signal in the TA solution containing
GNPs was significantly higher than the TA solution without
GNPs at 1 and 2 W/cm2 intensities in pulsed mode (P <
0.05), but there was no significant difference in the fluores-
cence signal intensity between TA solution containing GNPs
and TA solution without GNPs at 0.5 W/cm2 intensity in
pulsed mode (P > 0.06).

There was a significant difference in the fluorescence
signal intensity in the TA solution containing GNPs among
all intensities (0.5, 1 and 2 W/cm2) in pulsed mode (P <
0.04), but no significant difference in the fluorescence
intensity in TA solution without GNPs between 1 and
2 W/cm2 intensities in pulsed mode was observed (P > 0.4).

Experimental results related to the sonication mode of
the TA solutions in the absence and presence of GNPs are
shown in Figures 5 and 6.

Data indicated that any increase in intensity of the soni-
cation will be associated with an increase in the fluorescence
signal. Also, the recorded fluorescence signal in continuous
mode of sonication was higher than the pulsed mode (in
duty cycle of 50%) at the same intensity. As seen, the level
of fluorescence signal obtained using sonication of the TA
solution in the absence and presence of GNPs at 2 W/cm2

intensity in continuous mode is significantly higher than the
pulsed mode (P < 0.05).

4. Discussion

There is considerable interest in the evaluation of cavitation
for possibility of SDT which uses low-level ultrasound to
release or enhance the action of therapeutic agents in vivo
[1]. In order to quantify cavitation, certain methods are
necessary, which are widely applicable methods. Existing
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Figure 1: Recorded fluorescence emission spectrum from the TA
solution without GNPs in the field of 1 MHz ultrasound waves at
intensities of 0.5, 1, and 2 W/cm2 in continuous mode, excitation
wavelength = 310 nm, and emission and excitation band width =
5 nm.
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Figure 2: Recorded fluorescence emission spectrum from the TA
solution containing GNPs in the field of 1 MHz ultrasound waves
at intensities of 0.5, 1, and 2 W/cm2 in continuous mode, excitation
wavelength = 310 nm, and emission and excitation band width =
5 nm.

methods for performing these experiments include acoustic
imaging and sonoluminescence whereas other methods such
as the electron spin resonance (ESR) and laser holography
are difficult and expensive [15]. The ESR is an extremely
sensitive method for detecting the radicals produced but
its application needs specialist and expensive equipment
[15]. Other methods for monitoring the chemical effects of
cavitation and free radicals produced are suitable to detect
radical species [16]. Currently, cancer-targeted therapy with
low-level ultrasound, SDT, has been introduced. The collapse
of cavities can produce interesting chemical effects, known as
sonochemistry. In order to develop effective SDT, evaluation
of effective parameters is the necessary concluding type of
ultrasound mode and intensity.
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Figure 3: Recorded fluorescence signal intensity in the TA solutions
in the absence and presence of GNPs at 0.5, 1, and 2 W/cm2

intensities in continuous mode, excitation wavelength = 310 nm,
and emission and excitation band width = 5 nm.
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Figure 4: Recorded fluorescence signal intensity in the TA solutions
in the absence and presence of GNPs at 0.5, 1, and 2 W/cm2

intensities in pulsed mode (in duty cycle of 50%), excitation
wavelength = 310 nm, and emission and excitation band width =
5 nm.

In this study hydroxyl radical production was measured
in the field of 1 MHz ultrasound waves at low-level intensity
by the TA dosimetry method. This method of dosimetry is
specific for trapping of hydroxyl radical production in fields
of ultrasound irradiation, because each molecule of hydroxyl
radical is trapped by one molecule of TA and forms one
molecule of HTA which can be measured by the fluorescence
spectroscopy method. Because this method of dosimetry is
based on the fluorimetry method, it is very sensitive for
hydroxyl radical measurement.

Barati et al. showed that the TA dosimetry is suitable for
detecting and quantifying free hydroxyl radicals as a criterion
of cavitation production in medical ultrasound fields [12].

In the present study, we have investigated the cavitation
potential of the GNPs by this method.
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Figure 5: Recorded fluorescence signal from the TA solution
without gold nanoparticles in the field of 1 MHz ultrasound waves
at intensities of 0.5, 1, and 2 W/cm2 in continuous and pulsed (in
duty cycle of 50%) modes, excitation wavelength = 310 nm, and
emission and excitation band width = 5 nm.
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Figure 6: Recorded fluorescence signal from the TA solution
containing gold nanoparticles in the field of 1 MHz ultrasound
waves at intensities of 0.5, 1, and 2 W/cm2 in continuous and pulsed
(in duty cycle of 50%) modes, excitation wavelength = 310 nm, and
emission and excitation band width = 5 nm.

Our results showed that the fluorescence signal intensity
for TA solution containing GNPs was higher than the TA
solution without GNPs in the different intensities in continu-
ous mode. It should be noted that the above phenomenon is
amplified by continuous ultrasound waves with the intensity
of 2 W/cm2.

This finding could have been related to two courses
of action: (1) GNPs acted as cavitation nuclei, that is, the
nanoparticles may have acted as the sites for cavitation and
increased the cavitation rate [6]; (2) increased collapse of
cavities could have been another feasible process.

Consequently, many more OH radicals are created
resulting in the higher level of the fluorescence emission.
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Therefore, it is predicted that GNPs can increase the
cavitation rate in the TA solution containing GNPs.

Tuziuti et al. showed that the existence of particles
in a liquid provides a nucleation site for the cavitation
bubble due to its surface roughness, and it leads to decrease
in the cavitation threshold responsible for the increase in
the quantity of bubbles, when the liquid is irradiated by
ultrasound [6].

Since SDT is performed in temperatures below the
hyperthermia effect threshold on biological environments
therefore, in all experiments, temperature changes must be
less than 2-3◦C.

The results of experiments related to the sonication mode
for 1 MHz ultrasound irradiation in the different intensities
show that the fluorescence signal in continuous mode of
sonication is 20% higher than the pulsed mode in a 50% duty
cycle for SDT. This is due to the dosage of energy released by
ultrasound irradiation in continuous mode.

The amount of hydroxyl radicals production versus
ultrasound intensity show that, with increasing intensity
in continuous and pulsed modes, the hydroxyl radical
production is increased.

Experimental results obtained by sonication of the TA
solutions have indicated that the ultrasound irradiation
parameters such as mode of exposure, intensity, and nucle-
ation sites for bubbles generation are effective in hydroxyl
radical production and, in turn, in the production of
cavitation.

It should be noted that the above phenomenon is
amplified by continuous ultrasound waves with the intensity
of 2 W/cm2.

5. Conclusion

Acoustic cavitation in the presence of GNPs has been
introduced as a way for improving therapeutic effects on
the tumors in SDT. TA dosimetry is a suitable method for
monitoring the acoustic cavitation effects by measurement of
hydroxyl radicals in medical ultrasound ranges. It should be
remembered, however, that this method employs a chemical
dosimeter and as such it may be the only ideal dosimeter for
estimation of cavitation production.
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Detection of ammonia plays a vital role for counter-bioterrorism applications. Using millimeter wave absorption measurements,
ammonia dissolved in water solution is analyzed and compared to water-only solution. The inversion of ammonia molecule results
in split rotational spectral lines and transitions of these lines can be detected. Two-port measurements were carried out with vector
network analyzer and measurements revealed that ammonia presence can be identified, especially between 30–35 GHz.

1. Introduction

Millimeter and submillimeter range of electromagnetic spec-
trum offer many possibilities for detection and identification
of chemical structures. In this range many atoms, molecules
and crystals have sharp, strong spectral lines that are very
helpful in identifying materials [1]. The principal class of
spectra analyzed is the one that arises from the rotation
spectra of gaseous molecules. Vibrational spectroscopy of
solids and electronic resonances such as plasma oscillations,
cyclotron resonance, and paramagnetic resonance can also
be observed using this part of the electromagnetic spectrum
[2].

Chemical structures exhibit unique absorption and emis-
sion spectra at millimeter waves. Emission and absorption
lines that arise from particular arrangement of the molecule
are mostly attributed to electric dipole moment arrange-
ment of the molecule [3–5]. Especially, spectra of gaseous
molecules present fundamental rotational frequencies. On
the other hand, transitions between the vibrational states of
the molecule are more radiative and these can be observed in
the infrared and near infrared of visible region of the spec-
trum. Lower energy rotational states give rise to emissions
at mm-wave region, but are mostly masked by emissions
due to molecular interactions. In addition, at atmospheric
pressures the mm-wave spectral lines are broadened making
them difficult in identification of gaseous molecules.

Ammonia, NH3, is an extremely important bulk chem-
ical widely used in fertilizers, plastics, and explosives. Its
detection plays a vital role for counter-terrorism measures.
Gaseous detection of ammonia using pressurized waveguide
section at Ka band was demonstrated in [6]. However, sug-
gested measurement method is somewhat impractical, and
the results showed only 0.5 dB attenuation compared to air
only mixture. Infrared and Raman spectroscopy of ammonia
in liquid [7–14] and detection of ammonia at interstellar
space [15] have been analyzed extensively. Our goal in
this study is to detect ammonia mixed in water utilizing
mm-wave spectroscopy. Instead of passive, active detection
method is used and promising results are obtained.

2. Material and Methods

Ammonia mixed in water with 25% concentration, reagent
grade, was used as received. The measurement setup is shown
in Figure 1. Agilent PNA-X type Network Analyzer was
calibrated from 20 to 40 GHz with intermediate frequency at
1 kHz, number of calibration points set to 10,000, and power
level to +5 dBm. Network Analyzer as a two-port device can
simultaneously measure input reflection and transmission
to the other port in terms of Scattering (S) parameters. In
this configuration S21 represents signal received at port 2
when input signal is applied to port 1, with 50 Ohm port
impedance. S21 is used as the main data for comparison
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of detection. Wideband conical antennas were used for
transmission and reception. Although the antennas were
rated from 26.5 to 40 GHz, their port match and gain were
found satisfactory starting from 23 GHz. Nevertheless, mea-
surements were carried out relative to water-only sample,
and basis of comparison were made with reference to that
sample. Measurements were repeated several times to ensure
that observed data was stable and not changing with time.

3. Results and Discussion

Ammonia molecule can be described as a near prolate top
molecule. NH3 molecule has a large dipole moment, and
its geometry resembles a triangular pyramid as shown in
Figure 2.

The electronic arrangement in nitrogen follows the octet
rule and the four pairs of electrons (three bonding pairs
and one non-bonding pair) repel each other, leading to the
molecule’s nonplanar geometry. The H–N–H bond angle of
107◦ is fairly close to the tetrahedral angle of 109.5◦. The
polarity of NH3 molecules and their ability to form hydrogen
bonds are the main reasons for high solubility of ammonia in
water.

The molecular rotation energy of rigid symmetric is
given as

E = L2
x + L2

y

2I⊥
+

L2
z

2I‖
, (1)

where angular momentums in respective coordinates are
represented as Lx, Ly , and Lz, and the moment of inertia
parallel to and perpendicular to z-axis are I‖ and I⊥,
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Figure 3: Transmission measurements of water-only and water-
ammonia liquid solutions.

respectively. This can also be expressed in terms of total
angular momentum L, where L2 = L2

x + L2
y + L2

z , as follows:

E = L2

2I⊥
+

L2
z

2I‖

(
1
I‖
− 1

I⊥

)
. (2)

The quantum mechanical expression for the energy is
obtained by L2 = J(J+1)�2 and L2

z = K2�2, where K = 0,±1,
±2, . . . ,±J and J = 0, 1, 2, . . .. Thus, allowed energy levels can
be expressed as

εJ ,K = EJ ,K
hc

= B̃J(J + 1) +
(
Ã− B̃

)
K2, (3)

where

Ã = �

4πcI‖
, B̃ = �

4πcI⊥
. (4)

The selection rules for rotational spectra of symmetric top
molecules are ΔJ = ±1 and ΔK = 0, that is, the dipole
moment of the molecule is oriented along the principal
axis and an electromagnetic radiation can not affect the
rotation of the molecule about its principal axis. Hence, the
rotation is independent of K , and rotational changes about
the symmetry axis do not produce rotational spectrum. The
inversion of ammonia molecule causes the rotational line to
break up and transitions occur between the split levels. The
transitionally split energy levels can be approximated by [6]:

ε = εo + aJ(J + 1) + (a− b)K2, (5)

where εo = 23.787, a = −0.151, and (a − b) = 0.211 GHz.
Although approximate, the above equation is used to deter-
mine the J-K transition frequencies. Transition frequencies
up to 40 GHz are shown in Table 1.

Measurement setup is used for water-only and water-
ammonia liquid mixtures. Transmission measurement of S21

is recorded for both sample sets. Since the samples are in



International Journal of Photoenergy 3
|S 2

1
|(

dB
)

−15

−20

−25

−30

−35

−40

−45

−50

Difference

20 25 30 35 40

Frequency (GHz)

Ammonia 

Water 

(a)

|S 2
1
|(

dB
)

−15

−20

−25

−30
20 25 30 35 40

Frequency (GHz)

Ammonia 

Water 

(b)

Figure 4: Logarithmic scale results of measurements: (a) larger
scale with difference; (b) smaller scale for magnitude comparison.
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Table 1: NH3 J-K transitions using approximate formula.

J(K)-J(K) Freq (GHz)

2(1)-2(1) 23.092

8(7)-8(7) 23.254

1(1)-1(1) 23.696

9(8)-9(8) 23.701

3(3)-3(3) 23.874

4(4)-4(4) 24.143

10(9)-10(9) 24.268

5(5)-5(5) 24.532

11(10)-11(10) 24.955

6(6)-6(6) 25.041

7(7)-7(7) 25.67

12(11)-12(11) 25.762

8(8)-8(8) 26.419

13(12)-13(12) 26.689

9(9)-9(9) 27.288

14(13)-14(13) 27.736

10(10)-10(10) 28.277

15(14)-15(14) 28.903

11(11)-11(11) 29.386

16(15)-16(15) 30.19

12(12)-12(12) 30.615

17(16)-17(16) 31.597

13(13)-13(13) 31.964

18(17)-18(17) 33.124

14(14)-14(14) 33.433

19(18)-19(18) 34.771

15(15)-15(15) 32.022

20(19)-20(19) 36.538

16(16)-16(16) 36.731

21(20)-21(20) 38.425

17(17)-17(17) 38.56

18(18)-18(18) 40.509

the far field of receive and transmit antennas, and reflection
from the samples are quite close to each other,one can infer
absorption of samples directly from transmission measure-
ments. Comparison of transmission measurements for both
samples is shown in Figure 3.

It is observed that there is a considerable degradation of
ammonia-water solution compared to water-only solution.
The measurement result is also expressed in dB scale with
20 log(S21) conversion. The logarithmic scale results with
larger and smaller scales are shown in Figure 4. The magni-
tude of difference between the two measurement results is
also shown in Figure 4(a).

Especially between 30 and 35 GHz, the presence of
ammonia can be easily distinguished, having almost 5 dB
more attenuation than water-only solution. According to
Table 1, J-K transitions of 18(17)-18(17), 14(14)-14(14), and
19(18)-19(18) fall into that band. We again stress the fact
that an approximating function of the energy levels given
in (5) was used in the calculation of these transitions in
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gaseous ammonia, which would exhibit deviations in liquid
ammonia. From 24 to 26.5 GHz, there is also a clear sep-
aration between the transmission measurements, however,
the antennas are rated starting from 26.5 GHz, thus, we
considered this band less reliable compared to 30–35 GHz
band.

The relative percent change in received signal with
respect to water-only sample is shown in Figure 5. This can
be useful for a threshold detector in identifying ammonia
presence since ammonia-water mixture has in excess of 25%
relative percent change from 30 to 35 GHz.

4. Conclusion

Even though the measurements were carried out at atmo-
spheric pressures and at room temperature, there is a clear
difference between water-only and water-ammonia samples.
The attenuation of water-ammonia solution is consistently
higher than that of water-only solution. Therefore, it is
possible to identify ammonia in water using millimeter wave
measurements. When mixed with water, individual spectral
lines of ammonia cannot be identified, but their effects on the
millimeter wave response of the solution can be seen. These
measurements reveal that ammonia in water can be distin-
guished without resorting to special equipment at millimeter
waves. The concentration of ammonia in water was really
high in our experiments. Although a small contamination
of ammonia is a serious health hazard, its transportation
in concentrated quantities for bioterrorism can be detected
in millimeter wave range. Ammonia presence in air, of
course, requires low atmospheric pressures due to broadened
spectral lines. However, future research will concentrate on
detection of ammonia in air.
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