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A thorough analysis of the photophysical properties involved
in electronic transitions in excitation-emission spectra of
xylene isomers has been carried out using the time-dependent
density functional theory (PBEPBE/6-31 + G(d,p)) method. For
the first time a structural and spectroscopic investigation
to distinguish isomers of xylene, a widespread priority
pollutant, was conducted experimentally and theoretically. The
fluorescence properties of xylene isomers (sole and mixture
(binary and ternary)) in water were studied. The fluorescence
peak intensities of xylenes were linearly correlated to
concentration, in the order of p-xylene > o-xylene > m-xylene at
an excitation/emission wavelength (ex/em) of 260 nm /285 nm
for o-, m-xylene and ex/em 265nm/290nm for p-xylene at
the same concentration. The theoretical excitation/emission
wavelengths were at ex/em 247 nm/267 nm, 248 nm/269 nm
and 251nm/307nm for o-, m- and p-xylene, respectively.
The vertical excitation and emission state energies of p-
xylene (ex/em 4.94eV/4.03eV) were lower and the internal
conversion energy difference (0.90eV) was higher than those
of m-xylene (ex/em 5.00eV/4.60eV) (0.4eV) and o-xylene
(ex/em 5.02eV/4.64eV) (0.377eV). The order of theoretical
emission and oscillator strength (0.0187 > 0.0175 > 0.0339)
for p-xylene > o-xylene > m-xylene was observed to be in
agreement with the experimental fluorescence intensities.
These findings provide a novel fast method to distinguish
isomers based on their photophysical properties.

© 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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1. Introduction

Organic chemicals with benzene ring as the core constituent are among the widely available hazardous
pollutants in our environment [1,2]. Contamination by organic compounds in a water environment is
a serious threat to human health and lives [3,4]. Some volatile organic compounds, primarily single
benzene ring compounds, such as benzene, toluene and xylenes [5], are widely found in the air [6],
water [7-9] and soil [10]. Xylenes are one kind of aromatic hydrocarbons with a single benzene ring
with two methyl groups attached in three isomeric forms, 1,2-dimethylbenzene, 1,3-dimethylbenzene
and 1,4-dimethylbenzene, also called o-xylene, m-xylene and p-xylene, respectively [11] (figure 1). These
isomers possess similar physico-chemical properties [12]. Xylenes are important industrial chemicals
in the petroleum industry and are widely used organic solvents in several industrial processes [13,14].
Although the solubility of xylenes in water is very low, in the year 2015, around 1161 million tonnes
of xylenes were produced in China. Therefore, xylenes are found in surface and groundwater [15].
The use of xylenes in large amounts tends to contaminate the surrounding environment and imparts
dangerous effects on the environment [16] and human health; the toxicity ranges from LDsy =1364 to
LDsp =5000mgkg~! [17-20]. The traditional measurements of these compounds are time-consuming
and involve other chemicals, such as high-performance liquid chromatography [9]. There are various
methods of detection and identification of xylenes, but few methods are effective to distinguish
these isomers. Therefore, there arises an increasing demand to develop a fast analytical method like
fluorescence spectroscopy [21] for their identification with less effort [22,23].

In recent years, computerized simulation has become an alternative method to facilitate the
understanding of experimental data for the majority of scientific studies and applications [24]. The
time-dependent density functional theory (TD-DFT) is widely used with a reasonable computational
activity through Gaussian software [25] to study theoretical absorption spectra. The TD-DFT with an
appropriate functional can yield the results of geometries and energies of molecules. The accuracy
of theoretical measurements towards experimental data is higher for small molecules than for larger
ones. To overcome this deficiency, one can use large basis sets or different hybrid functionals (PBEPBE)
with more computational efforts by computer [26]. Most of the TD-DFT studies focus on absorption
or excitation transition energies [27]. To our best knowledge, a few studies on the fluorescence of
compounds in solution have been done with the help of TD-DFT in the past [27].

In this study, for the first time, fluorescence properties of xylene isomers in water were investigated
with fluorescence spectroscopy and TD-DFT simulation. The electronic structure examined by
fluorescence spectra and a quantum chemical method describes the interpretation of photophysical
properties and also the direction of electronic density distribution, which determines the reactivity of
each isomer in a complex water environment. The excited state and emission state geometries with
possible solvent effects were examined with TD-DFT in conjunction with PBEPBE, whereas for the
solvent effect the conductor-like polarizable continuum model (CPCM) was employed. The study of
mixtures of different isomers provides information on the reactivity of isomers and their effect in aqueous
environments. The fluorescence intensity and quantum chemistry information from experimental results
and theoretical calculations provides understanding about molecular excitation and emission activity
of xylenes in water. Fluorescence spectroscopy combined with TD-DFT calculations has provided an
adequate understanding to describe photophysical properties of organic compounds with different
isomers to identify and distinguish them in water.

2. Material and methods
2.1. Materials

Spectroscopic grade xylene isomers were purchased from AccuStandard (USA). Owing to high toxicity,
these isomers were dissolved in methanol. Ultra-purified water was used to prepare all the solutions.

2.2. Sample preparation

Stock solutions (3.2mg17!) of the compounds were prepared by dissolving the exact amount of these
compounds in purified water and were kept in brown glass bottles with a sealed cap; from these solutions
different dilutions were prepared for further analysis. A mixture of two or three isomers was prepared
in a ratio of 1:1 for binary mixture and 1:1:1 for ternary mixture in purified water. Stirring of the
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Figure 1. Molecular structures of (a) o-xylene, (b) m-xylene and (c) p-xylene.

solution was carried out with a magnetic stirrer (5G-5402B) with an 8 x 15 mm stirring bar. All of the
stock solutions were stored at 4°C prior to use.

2.3. Optical measurement

In this study, absorption spectra were recorded with a UV-visible spectrophotometer (UV-2401 PC,
Hitachi, Japan) with a wavelength range from 190 to 800 nm. The fluorescence spectra were measured
with a fluorescence spectrophotometer (F2700 Hitachi, Japan) in a cuvette with a side slit width of 5nm
and scan speed of 12000. The excitation and emission wavelength ranges were set at 220 nm to 600 nm
and 230nm to 650 nm, respectively. The mean predicted value for fluorescence intensity of the mixture
was calculated by the difference of the mixture data from the sole chemical data. The experiment was
conducted at laboratory temperature (25°C). Fresh solutions were used for all measurements; emission
spectra were not corrected for the spectral response of the instruments.

2.4. Quantum chemical calculations

The computational simulations were performed with the Gaussian 09 development program [28]
(electronic supplementary material, S1). The ground and excited state geometries for each xylene isomer
have been calculated by optimization with the 6-31 + G (d, p) basis set (double-zeta with diffuse functions
on all non-hydrogen atoms and polarization on all atoms) using the PBEPBE functional [29-31]. The
optimization and energy calculations were done in consideration of the solvent effect by using analytical
gradient implementation with CPCM in Gaussian 09. For the confirmation of the stability of molecular
structures, the vibrational spectra were calculated followed by each step. The vertical excitation energies
of molecules were computed by using the TD-DFT [32] method for ground state geometries. Whereas
the emission from the excited to the ground state was computed in a similar manner to optimization of
the geometry from the previous excited state. The difference between the excited state energy and the
fluorescence energy was considered to be the molecular interconversion energy. In the comparison of
energy behaviour between molecules, this computational method provides comprehensive information.
To study the computational fluorescence, the PBEPBE functional has been used in previous studies
and could provide accurate theoretical results similar to experimental results [33]. In this work, all the
calculations were performed by the PBEPBE functional with the 6-31 + G (d, P) basis set, and the solvent
effect was examined by CPCM.

3. Results and discussion

3.1. Fluorescence properties of xylene isomers

Fluorescence spectroscopy is one of the emerging technologies to identify contamination in water bodies
[34-36]. The fluorescence study of wastewater demonstrates that a sharp peak at an emission wavelength
less than 380 nm is associated with single and double benzene rings, and an emission wavelength greater
than 380 nm is associated with chemicals with polycyclic aromatic compounds [37,38]. The excitation—
emission matrices (EEMs) of xylene isomers (0-, m- and p-xylene) at different concentrations in purified
water were studied. There is only one peak around the excitation/emission wavelengths of 265/290 nm
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Figure 2. Fluorescence EEMs of (a) 0-xylene, (b) m-xylene and (c) p-xylene.
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Figure 3. Fluorescence peak intensity versus concentration of xylene isomers.

for each isomer as indicated in figure 2. The peak of 0- and m-xylene is at an excitation wavelength
of 260nm and emission wavelength of 285nm, whereas the excitation wavelength peak for p-xylene
was found at 265 nm and the emission wavelength at 290 nm. Although the fluorescence excitation and
emission wavelengths are almost the same for all three isomers with a minor difference of 5nm, the
fluorescence intensity of the peak was observed to be highest for p-xylene at the same concentration
(figure 3). This indirectly shows that the order for fluorescence quantum yield of these isomers was
p-Xxylene > o-xylene > m-xylene.

At higher concentrations, stronger intensity was found for all three xylene isomers in water, and
fluorescence intensity exhibited a good linear correlation with concentration (figure 3). The correlation
coefficients (R?) at ex/em 260nm/285nm for o- and m-xylene were and 0.997, respectively. Similarly,
p-xylene has an R? of 0.998 at 265 nm/290 nm. The difference of intensities is given below:

p-xylene: =2.9c+18, R?=0.998, (3.1)
o-xylene: I = 0.93c + 566, R%=10.997 (3.2)
m-xylene: I =0.73c + 602, R*=0.997, (3.3)

where I is the fluorescence peak intensity (arb. units) and c is the concentration in pg -1

The study of the isomers with UV absorbance gives the highest value of absorbance at the wavelength
191-193 nm. The absorbance for o-xylene is greater than that for m-xylene and p-xylene at the same
concentration (3.2 mg1~!) (figure 4). UV absorbance of xylene isomers reflects the difference in absorption
[39] derived from the different structure of the molecules. The molar absorptivity (¢) was calculated to
be 3.37 for o-xylene, 3.00 for m-xylene and 2.84 for p-xylene, by applying the Beer-Lambert law (equation
(3.4)). The UV absorbance at an observed excitation wavelength of 260 nm shows the lowest value for
p-xylene. These results indicate that p-xylene possesses the lowest molar absorptivity and therefore
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Figure 4. UV-absorbance of 0-, m- and p-xylene in aqueous solution at a concentration 0f3.2mg 1~

produces the highest quantum yield when compared with o- and m-xylenes.

A
— A4
&= o (3.4)

where ¢ is the molecular absorptivity, A is the absorbance, I is the length of the light path and c is
the concentration.

3.2. Fluorescence of binary and ternary mixtures

The fluorescence properties have appeared to be unique for each isomer. The molecular geometry is the
possible reason for the difference in fluorescence quantum yield. The location of the fluorescence peak of
the mixture remains the same as that for sole chemicals; this indicates no significant shift in peak location.
The fluorescence intensities of binary and ternary mixtures at different concentrations represent a similar
trend. The fluorophores represent the fluorescence intensity in the tryptophan region for sole and mixture
solutions [40]. When the same ratio (1:1) of isomers in a mixture was studied, the fluorescence intensity
showed good linear correlation to the concentration. The fluorescence peak intensities of a binary
combination of o- and m-xylene exhibit a significant difference and these intensities were found near
to m-xylene in a good linear correlation to concentration with an R? of 0.992. The difference in slope
values between the mixture and sole o0- and m-xylene (0.93 and 0.73) indicates an interaction between
0- and m-xylene mixtures in aqueous solution. The fluorescence intensities of a binary mixture of o- and
p-xylene showed a significant difference from the experimental data, which show the fluorescence
intensity in the middle, measured from sole isomers, and there was good linear correlation to the
concentration, with an R? of 0.993 (figure 5). The fluorescence intensity of a binary mixture of m- and
p-xylene showed a significant difference as compared to the fluorescence intensity of individual isomers,
and there was a good linear correlation to concentration, with an R? of 0.991. The fluorescence intensity
of a ternary mixture of o-, m- and p-xylene showed a significant difference from the experimental data,
which showed the fluorescence intensity near to that of 0-xylene, measured from sole isomers, and there
was good linear correlation to concentration, for an experimental R? of 0.997.

The fluorescence study of binary mixtures with the same ratio has shown higher deviation in slope
value (0.4) for m- and p-xylene than for 0- and m-xylene (0.2) and o- and p-xylene (0.1); this shows a strong
interaction between the m- and p-xylene binary mixture in water solution. The experimental interaction
intensities of the binary and ternary mixtures are significantly lower than the predicted ones. This
indicates that there exist some interactions between two or three isomers in the mixture. The difference
between the experimental and predicted intensities of the ternary mixture was the highest and that of
a binary mixture of o- and m-xylene was the lowest. This also indicates the existence of an interaction
between the two isomers in solution.

The deviation in theoretical predicted and experimental value indicated in average percentages for
the mixtures are 10% (o,m-xylene), 21% (o0,p-xylene), 32% (m,p-xylene) and 27% (o,m,p-xylene). It appears
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Figure 5. Fluorescence intensity at different concentrations of sole isomers versus binary and ternary mixtures: (a) sole isomers and
binary mixture of 0-, m-xylene; (b) sole isomers and binary mixture of m-,p-xylene; (c) sole isomers and binary mixture of o- p-xylene;
(d) ternary mixture with sole isomers.

from the percentage deviation values that the maximum molecular interaction has been observed for
the m,p-xylene binary mixture and the lowest was observed for o,m-xylene. In the case of the ternary
mixture, the percentage deviation was lower than that for m,p-xylene, but remains higher than those of
other binary mixtures. The presence of p-xylene increases the intensity and molecular interaction hence
generates an impact on fluorescence intensity with other molecules in different mixtures.

3.3. Computational quantum mechanics

In this study, the latest revision of the Gaussian 09 program package [28] was used for all TD-DFT
calculations [41,42]. To optimize the ground state geometry of xylene isomers, the PBEPBE functional
[29,30] together with the 6-31+G (d, p) basis set [31] was employed, which has been used previously
for different organic compounds and verified to give certain geometrical structures and normal mode
frequencies [43]. All stationary points were confirmed as energy minima in the potential energy using
vibrational frequency calculations. The ground state transition energies of xylenes in water were obtained
by optimizing the geometry using DFT in conjunction with PBEPBE, whereas the excited state geometry
was optimized using TD-DFT, with the PBEPBE functional and the 6-31+ G (d, p) basis set [26]. With
the optimized ground state and excited state geometries, the absorption and emission spectra of the
xylene isomers were calculated using the TD-DFT method with the PBEPBE functional and the 6-
31+ G(d, p) basis set. The solvent effect on the transition energies was calculated by using the CPCM
of the self-consistent reaction field theory [42-44]. The quantum mechanics study explains the changes
in geometry, bond angle and bond length during optimization from the ground state to the excited state.
These changes provide information about molecular excitation activity and reactivity of molecules in a
solvent. To measure the reactivity of molecules, the softness of these molecules was calculated (electronic
supplementary material, S2). The reactivity indices in terms of softness show a good agreement with the
experimental reactivity in terms of fluorescence. The reactivity of p-xylene is highest when compared
with that of the other two isomers, and the order of reactivity was the same as that of the experimental
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Figure 6. Bond energy and bond angles at methyl substitution position during fluorescence excitation and emission process: (a) o-
xylene, (b) m-xylene and (c) p-xylene.

data, that is p-xylene > o-xylene > m-xylene. This difference of reactivity is due to the structural difference
of these isomer molecules. The molecular structure of o-xylene possesses two methyl groups at adjacent
carbons of the benzene ring; the angle of methyl carbon with the benzene ring stretches in excited state
geometry. The bond length between methyl carbon and benzene ring carbon expands from 151 to 154 A
and shrinks again at the optimization state from 154 to 149 A in o-xylene. Although the structure of -
xylene is different from that of o-xylene, the values of bond angles and bond lengths of methyl groups
are almost the same as those of o-xylene (figure 6). The p-xylene possesses methyl groups as substituents
at opposite corners of the benzene ring, and the values of bond length of the methyl group with the
benzene ring stretch in the excited state and then shrink at optimization. The bond angle between the
methyl substituent in p-xylene is 121° in the ground state and 119° in the excited state, and at the
optimization state, the bond angle reduces to 112°. The bond angle of the methyl substituent with the
benzene ring in p-xylene has a significant difference in values when compared with those of o- and m-
xylene. These structural changes indicate that p-xylene has higher molecular activity and rotation of
bond angles than o- and m-xylene. The state transition electric dipole moments of these molecules at the
excited and emitted state explain the reactivity indices. Therefore, the interconversion energy value is
higher for p-xylene than for the other two isomers. According to these results, the molecular activity of
p-xylene is the reason for the lower excitation energy to excite p-xylene, its longer excitation/emission
wavelength, higher experimental fluorescence intensity and more active interaction in the mixture.
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The fluorescence intensities in binary mixture and ternary mixture also appeared to be different from
those of individual isomers in water. The binary mixture of o-, m-xylene demonstrates lower quantum
yield than o-, p-xylene and m-, p-xylene. This is due to the molecular interaction of isomer molecules
with each other and water (solvent). The difference in fluorescence intensity increases with higher
concentration in water. The mixed isomers in water have interactions between each other. The deviation
of the predicted value is significant in a binary mixture of o-, m-xylene and the ternary mixture of the
isomers. Similarly, the addition of p-xylene influences the fluorescence intensity in the mixture with
the other isomers. It has been observed that the fluorescence intensity is a useful tool to differentiate
the isomers in mixtures with a constant ratio. This study provides a brief insight on fluorescence
properties and shows a way forward to use fluorescence intensity as a potential tool for a quantitative
analytical method to characterize xylene isomers in aqueous solution. The fluorescence intensity at
the same concentration was influenced by the addition of p-xylene to other isomers, as it possesses
the highest fluorescence intensity among the three isomers. These findings indicate that the sole
xylene isomers could be identified easily based on fluorescence peak location and correlation between
fluorescence intensity and concentration. The mixture of xylenes (widely used as a solvent) has a linear
correlation to the concentration only if the ratios of the isomers remain constant. It is further noted
that there exists interaction among the xylene isomer molecules in water, which leads to deviation
of fluorescence intensities of isomers in mixtures. p-Xylene seems to be able to exhibit the strongest
interaction. The higher intensity of p-xylene is due to the nonlinear molecular geometry of the molecule,
originated from more delocalized conjugated 7t electrons over the molecule when compared with the
other isomers.

3.3.1. Excitation

To understand the theoretical excitation and emission of xylene isomers, TD-DFT calculations were
conducted. The absorption spectra of xylene isomers are calculated by TD-DFT/PBEPBE methods
applying the 6-31+G (d, p) basis set. TD-DFT is used to predict the excited state spectra for the
fluorescence excitation of the compound. The calculated theoretical data of wavelengths, oscillator
strengths and alpha molecular orbitals, highest energy occupied molecular orbitals (HOMOs) and lowest
energy unoccupied molecular orbitals (LUMOs) [45] provide information about the molecular activity
during the fluorescence process. The corresponding simulated ground state geometry and excited state
geometry shapes, as distinctly shown with the HOMO and the LUMO, also explain the changes in an
electronic cloud around the molecule [46] (figure 7).

Similarly, the molecular orbital contour energy (eV) of ground, absorption and emission states
of 0-, m- and p-xylene was calculated. The energy difference in LUMOs and HOMOs describes the
molecular interaction as in the case of p-xylene; the energy difference is higher than for o- and m-
xylene. The difference of excitation and emission energies was the energy used by the system for
internal rearrangement of the molecule after photoexcitation. These data of interconversion transition
energies are obtained by deducting the second-excited-state transition energy from the first-excited-state
transition energy. The theoretical wavelength observed for excitation of 0-xylene is 247 nm, for m-xylene
348 nm and for p-xylene 251 nm. The difference in excitation wavelength for o- and m-xylene is 1nm,
whereas for p-xylene the difference is 3-4nm. As the EEM is measured under a slide length of 5nm,
the experimental excitation wavelength of o- and m-xylene is the same, and that of p-xylene is a 5nm
difference from those of 0- and m-xylene. The oscillator strength for excited state transition for o-xylene
is 0.0106, for m-xylene 0.005 and for p-xylene 0.133. The theoretical results of p-xylene indicated higher
oscillator strength and longer wavelength compared to the other two isomers.

3.3.2. Emission

The excited state geometry of xylene has been optimized by using the TD-DFT method, PBEPBE
functional and 6-31+G (d, p) basis set. The emission spectra were obtained by using the TD-DFT
method, PBEPBE functional and 6-31 4 G (d, p) basis set by the optimization of excited state geometries.
The emission wavelength and its corresponding oscillator strength for xylene isomers are illustrated in
table 1. The lowest emission wavelength was found for o-xylene at 267 nm, in comparison with m-xylene
at 269 nm and p-xylene at 307 nm. The theoretical wavelengths of absorption spectra and emission spectra
were also assigned in 7—t* characterization from the HOMO to the LUMO [47,48] (figure 7). The Stokes
shift for p-xylene was about 17 nm, whereas that for o- and m-xylene was 18 and 16 nm, respectively. The
TD-DFT calculation describes more considerable rearrangement energy upon photoexcitation for the
fluorescence of p-xylene. The influence of water as a solvent on the emission spectra of xylene isomers
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was also considered by using the CPCM. The theoretical emission wavelengths of the three isomers
exhibit similar trends with regard to absorption spectra.

The theoretical results provide necessary information about the individual photophysical properties
of each isomer. The fluorescence properties of the three isomers show a significant difference. The
theoretical emission oscillator strength of xylene isomers was found to be in line with experimental
fluorescence intensity findings, in the order of p-xylene > o0-xylene > m-xylene in water. This difference in
properties is derived from the position of the substituent as the methyl groups of the xylene molecule are
substituted at ortho, meta and para positions. The variation in the excited and emitted energies of p-xylene
is greater than those of 0- and m-xylene. Therefore, p-xylene possesses higher rearrangement energy than
m-xylene and o-xylene, due to its molecular geometry and nonlinear structure. This finding could be
used to distinguish xylene isomers in water as an easy and fast method.

3.3.3. Interaction between isomers

The computational details about the energy change in the solution provide the proof about the interaction
of molecules in the mixture, studied by optimizing the frequency of sole and mixture of isomers in
the ground state (electronic supplementary material, S3). The thermal correction to the energy, thermal
correction to enthalpy and thermal correction to Gibbs free energy show variations in the study of sole
molecules and mixtures [49]. These energy variations were studied at ground state, and the results
show good agreement with experimental results. The value of Gibbs free energy determines the fate
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of the reaction of compounds in solution, and whether the reaction is spontaneous or not spontaneous.
According to the present results, all the reactions with sole and mixture molecules in aqueous solution
are spontaneous as the value of Gibbs free energy remains below one. The difference in calculated
thermal correction energy and thermal correction to Gibbs free energy shows the highest value for p-
xylene. Therefore, the reactivity of p-xylene is highest when compared with that of 0- and m-xylene and
hence produces strongest experimental fluorescence signals with highest fluorescence intensity. The more
spontaneous system was found for p-xylene at ground state than for m-xylene and o-xylene. Theoretically
calculated thermal correction energy with Gibbs free energy was higher for the ternary mixture, whereas
for the binary mixture the highest energy was observed for m- and p-xylene. These theoretical findings
are in line with the experimental results.

4. Conclusion

The ground state geometries were fully optimized using the PBEPBE functional methods, in combination
with the 6-31+G(d,p) basis set. A frequency analysis at the same level of theory was used for each
optimized structure, in the ground state. The excited state energies were calculated with TD-DFT, and a
CPCM was employed to study the solvent effect. The fluorescence technique combined with TD-DFT can
be used as a new quantitative method for the identification of sole and mixed xylenes at constant ratios in
water solution. The slope of fluorescence intensity versus concentration curve is a very good parameter to
detect the xylene isomers in solution. The fluorescence intensity, peak location and molecular interactions
in mixtures provide significant information to distinguish isomers. Therefore, the fluorescence approach
is a suitable method to detect the pollution of xylene in solutions. The theoretical results elaborate the
energy behaviour of the compounds and indicate a substantial agreement with experimental findings.

Data accessibility. The datasets supporting this article have been uploaded as part of the electronic supplementary
material, and at: http:/ /dx.doi.org/10.5061/dryad.3s06p [50].

Authors’ contributions. J.W. provided the necessary resources and technical guideline for describing the data. M.ES.K.
designed the experiments and analysed the experimental theoretical data results. B.L., C.C. and M.A. helped in
experimental measurements and helped to draft the manuscript. Y.C. and A.M. provided assistance in laboratory
resources availability. All the authors discussed the mechanism and gave their final approval for publication.
Competing interests. We declare we have no competing interests.

Funding. Financial support was provided by Major Science and Technology Program for Water Pollution Control and
Treatment (20142X07305001), National major scientific instrument equipment development project (2017YFF0408500)
and special fund of State Key Joint Laboratory of Environment Simulation and Pollution Control (17Y01ESPCT).

References

Zhang Y et al. 2013 Source attributions of hazardous
aromatic hydrocarbons in urban, suburban and

rural areas in the Pearl River Delta (PRD) region. 6. FaberJ, Brodzik K, Golda-Kopek A, Lomankiewicz D. para-xylene and ethylbenzene. J. Chem.

J. Hazard. Mater. 250-251, 403—411. (doi:10.1016/ 2013 Benzene, toluene and xylenes levels in new Thermodyn. 95, 116-123. (d0i:10.1016/j.jct.2015.
j.jhazmat.2013.02.023) and used vehicles of the same model. J. Environ. Sci. 1.027)

QuD, ZhaoY, SunJ, Ren H, Zhou R. 2015 BTEX 25, 2324-2330. (d0i:10.1016/51001-0742(12)60333-7) 12. Santos KAO, Dantas Neto AA, Moura MCPA, Castro
biodegradation and its nitrogen removal potential 7. Zeverdegani SK, Bahrami A, Rismanchian M, Dantas TN. 2011 Separation of xylene isomers

by a newly isolated Pseudomonas thivervalensis Shahna FG. 2014 Analysis of xylene in aqueous through adsorption on microporous materials: a
MAHT1. Can. J. Microbiol. 61, 691-699. (d0i:10.1139/ media using needle-trap microextraction with a review. Braz. J. Pet. Gas 5, 255-268. (doi:10.5419/
(m-2015-0152) carbon nanotube sorbent. J. Sep. Sci. 37,1850-1855. bjpg2011-0024)

Vargas-Ramos YE, Marrugo-Negrete JL. 2015 (doi:10.1002/js5¢.201400262) 13. Swamy SR, Nandan SR, Kulkarni PG, Rao TM,
Exposicion a COVs en fabricas de muebles de dos 8. Aurelius MW, Brown KW. 1987 Fate of spilled xylene Palakurthy P. 2015 Bio-friendly alternatives for
poblaciones del norte de Colombia. Rev. Salud as influenced by soil moisture content. Water Air xylene—carrot oil, olive oil, pine oil, rose oil. J. Clin.
Publica (Bogota) 16, 834—846. (doi:10.15446/ Soil Pollut. 36, 23-31. (d0i:10.1007/BF00450617) Diagn. Res. 9, 2C16-2C18.

rsap.v16n6.38585) 9. Karlowatz M, Kraft M, Mizaikoff B. 2004 (doi:10.7860/JCDR/2015/16384.6731)

Wang YC, Lin C, Lin YK, Wang YF, Weng WH, Kuo Simultaneous quantitative determination of 14. Wang JH, Li M, Li D. 2014 An exceptionally stable
YM. 2016 Characteristics and determinants of benzene, toluene, and xylenes in water using and water-resistant metal-organic framework with
ambient volatile organic compounds in primary mid-infrared evanescent field spectroscopy. Anal. hydrophobic nanospaces for extracting aromatic
schools. Environ. Sci. Process Impacts 18, 1458—1468. Chem. 76, 2643-2648. (d0i:10.1021/ac0347009) pollutants from water. Chemistry 20, 12 004-12 008.
(doi:10.1039/C6EM00491A) 10. Presto AA, Dallmann TR, Gu P, Rao U. 2016 BTEX (doi:10.1002/chem.201403501)

Lan CH, Huang YL, Ho SH, Peng CY. 2014 Volatile
organic compound identification and
characterization by PCA and mapping ata
high-technology science park. Environ. Pollut.

193,156-164. (d0i:10.1016/j.envpol.2014.
06.014)

exposures in an area impacted by industrial and
mobile sources: source attribution and impact of
averaging time. J. Air Waste Manag. Assoc. 66,
387-401. (doi:10.1080/10962247.2016.1139517)

n

15.

Meng X, Gu X, Wu J, Vesovic V. 2016 Viscosity
measurements of ortho -xylene, meta -xylene,

Zhao WW et al. 2014 Separations of substituted
benzenes and polycyclic aromatic hydrocarbons
using normal- and reverse-phase high performance
liquid chromatography with Ui0-66 as the

612121 'S Psuado 205y BioBuiysigndkiaposjedorsos:


http://dx.doi.org/10.5061/dryad.3s06p
http://dx.doi.org/10.1016/j.jhazmat.2013.02.023
http://dx.doi.org/10.1016/j.jhazmat.2013.02.023
http://dx.doi.org/10.1139/cjm-2015-0152
http://dx.doi.org/10.1139/cjm-2015-0152
http://dx.doi.org/10.15446/rsap.v16n6.38585
http://dx.doi.org/10.15446/rsap.v16n6.38585
http://dx.doi.org/10.1039/C6EM00491A
http://dx.doi.org/10.1016/j.envpol.2014.06.014
http://dx.doi.org/10.1016/j.envpol.2014.06.014
http://dx.doi.org/10.1016/S1001-0742(12)60333-7
http://dx.doi.org/10.1002/jssc.201400262
http://dx.doi.org/10.1007/BF00450617
http://dx.doi.org/10.1021/ac0347009
http://dx.doi.org/10.1080/10962247.2016.1139517
http://dx.doi.org/10.1016/j.jct.2015.11.027
http://dx.doi.org/10.1016/j.jct.2015.11.027
http://dx.doi.org/10.5419/bjpg2011-0024
http://dx.doi.org/10.5419/bjpg2011-0024
http://dx.doi.org/10.7860/JCDR/2015/16384.6731
http://dx.doi.org/10.1002/chem.201403501

20.

2.

2.

3.

24,

25.

26.

stationary phase. J. Chromatogr. A 1370, 121-128.
(doi:10.1016/j.chroma.2014.10.036)

. Ruth AF, Olaide AO, Oluwatoyin SM. 2014 The

aqueous root extract of Aristolochia ringens (Vahl.)
Aristolochiaceae inhibits chemically-induced
inflammation in rodents. Pak. J. Pharm. Sci. 27,
1885-1889.

. Fustinoni S, Campo L, Pasini R, De Comite A,

Missineo P, Riboldi L, Bertazzi PA. 2012 The
assessment of risk for xylene exposure in a
laboratory of anatomy: comparison between
computational models and environmental and
biological monitoring. G /tal. Med. Lav Ergon. 34,
794-795.

. Quiros-Alcala L, Wilson S, Witherspoon N, Murray R,

Perodin J, Trousdale K, Raspanti G, Sapkota A. 2016
Volatile organic compounds and particulate matter
in child care facilities in the District of Columbia:
results from a pilot study. Environ. Res.

146, 116—124. (doi:10.1016/j.envres.2015.12.005)

. Uddin MS, Blount BC, Lewin MD, Potula V, Ragin

AD, Dearwent SM. 2014 Comparison of blood
volatile organic compound levels in residents of
Calcasieu and Lafayette parishes, LA, with US
reference ranges. J. Expo. Sci. Environ. Epidemiol. 24,
602-607. (d0i:10.1038/jes.2013.94)

Wang T, Bo P, Bing T, Zhaoyun Z, Liyu D, Yonglong
L. 2014 Benzene homologues in environmental
matrixes from a pesticide chemical region in China:
occurrence, health risk and management. Ecotoxicol.
Environ. Saf. 104, 357-364. (d0i:10.1016/j.ecoenv.
2014.01.035)

Peleato NM, Legge RL, Andrews RC. 2017
Investigation of fluorescence methods for rapid
detection of municipal wastewater impact on
drinking water sources. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 171,104-111. (doi:10.1016/
}.52a.2016.07.031)

Papadopoulou CC, Kaziannis S, Kosmidis C. 2016 On
the dynamics of xylene isomers excited in the
vacuum-ultraviolet (VUV) region. Chemphyschem
17, 2415-2423. (doi:10.1002/cphc.201600215)
Allafchian AR, Akhgar A, lelbeigi V, Tabrizchi M. 2016
Determination of xylene and toluene by solid-phase
microextraction using Au nanoparticles—thiol silane
film coupled to ion mobility spectrometry. Bull.
Environ. Contam. Toxicol. 97, 670-676. (doi:10.1007/
500128-016-1927-z)

Katan C, Savel P, Wong BM, Roisnel T, Dorcet V,
Fillaut JL, Jacquemin D. 2014 Absorption and
fluorescence signatures of 1,2,3-triazole based
regioisomers: challenging compounds for TD-DFT.
Phys. Chem. Chem. Phys. 16, 9064—9073.
(doi:10.1039/C4CP00478G)

Jacquemin D, Mennucci B, Adamo C. 201
Excited-state calculations with TD-DFT: from
benchmarks to simulations in complex
environments. Phys. Chem. Chem. Phys. 13,

16 987-16 998. (doi:10.1039/c1cp22144b)

Wathelet V, Preat J, Bouhy M, Fontaine M, Perpéte
EA, André J-M, Jacquemin D. 2006 Assessment of
PBEO for evaluating the absorption spectra of
carbonyl molecules. Int. J. Quantum Chem. 106,
1853-1859. (d0i:10.1002/qua.20982)

27.

28.

29.

30.

31.

32.

3.

34,

35.

36.

37.

38.

39.

40.

Jacquemin D, Perpéte EA, Scalmani G, Frisch MJ,
Ciofini |, Adamo C. 2006 Absorption and emission
spectra in gas-phase and solution using TD-DFT:
formaldehyde and benzene as case studies. Chem.
Phys. Lett. 421, 272-276. (di:10.1016/j.cplett.2006.
01.068)

Frisch MJ et al. 2009 Gaussian 09, Revision A.02.
Wallingford, CT: Gaussian Inc.

Perdew JP, Burke K, Erzerhof M. 1997 Generalized
gradient approximation made simple [Phys. Rev.
Lett. 77, 3865 (1996)]. Phys. Rev. Lett. 78,1396.
(doi:10.1103/PhysRevLett.78.1396)

Roch LM, Baldridge KK. 2017 General optimization
procedure towards the design of a new family of
minimal parameter spin-component-scaled
double-hybrid density functional theory. Phys.
Chem. Chem. Phys. 19,26 191-26 200. (d0i:10.1039/
(7CP04125))

Al-Soliemy AM, Osman O, Hussein MA, Asiri AM,
El-Daly SA. 2016 Fluorescence, photophysical
behaviour and DFT investigation of E,E-2,5-bis
[2-(3-pyridyl)ethenyl]pyrazine (BPEP). J. Fluoresc.
26, 1199-1209. (doi:10.1007/510895-016-1802-7)
Cooke MV, Malvacio |, Pelaez WJ, Pepino AJ,
Mazzieri MR, Arguello GA. 2015 TD-DFT calculations
of UV absorption bands and their intensities in the
spectra of some tetrahydroquinolines. RSC Adv. 5,
26 255-26 262. (doi:10.1039/C5RA00249D)

Roohi H, Hejazi F, Mohtamedifar N, Jahantab M.
2014 Excited state intramolecular proton transfer
(ESIPT) in 2-(2'-hydroxyphenyl)benzoxazole and its
naphthalene-fused analogs: a TD-DFT quantum
chemical study. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 118, 228-238. (d0i:10.1016/j.5aa.2013.
08.068)

Baker A. 2002 Fluorescence properties of some farm
wastes: implications for water quality monitoring.
Water Res. 36, 189-195. (doi:10.1016/50043-1354
(01)00210-X)

Bridgeman J, Baker A, Carliell-Marquet C, Carstea E.
2013 Determination of changes in wastewater
quality through a treatment works using
fluorescence spectroscopy. Environ. Technol. 34,
3069-3077. (doi:10.1080/09593330.2013.803131)
Dai JJ, Wu J, Xie (B, Yin DD. 2012 Three-dimensional
fluorescence properties of sodium butyl
naphthalene sulfonate in aqueous solution.
Spectrosc. Spectral Anal. 32, 3053-3057.

Carstea EM, Bridgeman J, Baker A, Reynolds DM.
2016 Fluorescence spectroscopy for wastewater
monitoring: a review. Water Res. 95, 205-219.
(doi:10.1016/j.watres.2016.03.021)

Shang LP et al. 2010 Study on the fluorescent
characteristic of tryptophan in the process of the
waste water treatment. Guang Pu Xue Yu Guang Pu
Fen Xi 30, 3277-3280.

Karabacak M, Bilgili S, Atac A. 2015 Molecular
structure, spectroscopic characterization, HOMO
and LUMO analysis of 3,3 -diaminobenzidine with
DFT quantum chemical calculations. Spectrochim.
Acta, Part A150, 83-93. (doi:10.1016/j.5aa.2015.
05.013)

Assaad A, Pontvianne S, Corriou JP, Pons MN. 2015
Spectrophotometric characterization of dissolved

=

4.

8.

4.

45.

46.

47.

48.

49.

50.

4.

organic matter in a rural watershed: the Madon
river (N-E France). Environ. Monit. Assess. 187,1599.
(doi:10.1007/510661-015-4422-9)

Zayed ME, EI-Shishtawy RM, Elroby SA, Obaid AY,
Al-amshany ZM. 2015 Experimental and theoretical
study of O-substituent effect on the fluorescence of
8-hydroxyquinoline. Int. J. Mol. Sci. 16, 3804-3819.
(doi:10.3390/ijms16023804)

Bani-Yaseen AD, Al-Balawi M. 2014 The
solvatochromic, spectral, and geometrical
properties of nifenazone: a DFT/TD-DFT and
experimental study. Phys. Chem. Chem. Phys. 16,
15 519-15 526. (doi:10.1039/C4CP01679C)

Al-Ansari 1A. 2016 Effects of structure and
environment on the spectroscopic properties of
(3-amino-substituted-thieno[2,3-b] pyridine-2-
yl)pyridine/quinolin-2-yl)(phenyl)methanones:
experimental and theoretical study. J. Fluoresc. 26,
821-834. (d0i:10.1007/510895-016-1770-y)

Bursa B, Wrobel D, Barszcz B, Kotkowiak M,
Vakuliuk 0, Gryko DT, Kolanowski L, Baraniak M,
Lota G. 2016 The impact of solvents on the singlet
and triplet states of selected fluorine
corroles—absorption, fluorescence, and
optoacoustic studies. Phys. Chem. Chem. Phys. 18,
7216-7228. (doi:10.1039/C5CP06335C)
Bandyopadhyay N, Pradhan AB, Das S, Lu L, Zhu M,
Chowdhury S, Naskar JP. 2016 Synthesis, structure,
DFT calculations, electrochemistry, fluorescence,
DNA binding and molecular docking aspects of a
novel oxime based ligand and its palladium(Il)
complex. J. Photochem. Photobiol. B 160, 336—346.
(doi:10.1016/j.jphotobiol.2016.04.026)

Bardak F, Karaca G, Bilgili S, Atac A, Mavis T, Asiri
AM, Karabacak M, Kose E. 2016 Conformational,
electronic, and spectroscopic characterization of
isophthalic acid (monomer and dimer structures)
experimentally and by DFT. Spectrochim. Acta,
Part A 165, 33-46. (doi:10.1016/j.saa.2016.

03.050)

Chitpakdee C, Namuangruk S, Khongpracha P,
Jungsuttiwong S, Tarsang R, Sudyoadsuk T,
Promarak V. 2014 Theoretical studies on electronic
structures and photophysical properties of
anthracene derivatives as hole-transporting
materials for OLEDs. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 125, 36-45. (doi:10.1016/
j52a.2013.12.111)

Abu-Eittah RH, El-Taher S, Hassan W, Noamaan M.
2015 A study on the electronic spectra of some
2-azidobenzothiazoles, TD-DFT treatment.
Spectrochim. Acta, Part A 151, 916-925. (doi:10.1016/
}:522.2015.06.119)

HeL, SunX, ZhuF, Ren S, Wang S. 2017 OH-initiated
transformation and hydrolysis of aspirin in AOPs
system: DFT and experimental studies. Sci. Total
Environ. 592, 33—40. (d0i:10.1016/j.scitotenv.
2017.03.041)

Khan MFS, Wu J, Liu B, Cheng C, Akbar M, Chai Y,
Memon A. 2018 Data from: Fluorescence and
photophysical properties of xylene isomers in
water: with experimental and theoretical
approaches. Dryad Digital Repository.
(doi:10.5061/dryad.3s06p)

6141215 DS uado 205y BioBuysigndiiaposiedorsos!


http://dx.doi.org/10.1016/j.chroma.2014.10.036
http://dx.doi.org/10.1016/j.envres.2015.12.005
http://dx.doi.org/10.1038/jes.2013.94
http://dx.doi.org/10.1016/j.ecoenv.2014.01.035
http://dx.doi.org/10.1016/j.ecoenv.2014.01.035
http://dx.doi.org/10.1016/j.saa.2016.07.031
http://dx.doi.org/10.1016/j.saa.2016.07.031
http://dx.doi.org/10.1002/cphc.201600215
http://dx.doi.org/10.1007/s00128-016-1927-z
http://dx.doi.org/10.1007/s00128-016-1927-z
http://dx.doi.org/10.1039/C4CP00478G
http://dx.doi.org/10.1039/c1cp22144b
http://dx.doi.org/10.1002/qua.20982
http://dx.doi.org/10.1016/j.cplett.2006.01.068
http://dx.doi.org/10.1016/j.cplett.2006.01.068
http://dx.doi.org/10.1103/PhysRevLett.78.1396
http://dx.doi.org/10.1039/C7CP04125J
http://dx.doi.org/10.1039/C7CP04125J
http://dx.doi.org/10.1007/s10895-016-1802-7
http://dx.doi.org/10.1039/C5RA00249D
http://dx.doi.org/10.1016/j.saa.2013.08.068
http://dx.doi.org/10.1016/j.saa.2013.08.068
http://dx.doi.org/10.1016/S0043-1354(01)00210-X
http://dx.doi.org/10.1016/S0043-1354(01)00210-X
http://dx.doi.org/10.1080/09593330.2013.803131
http://dx.doi.org/10.1016/j.watres.2016.03.021
http://dx.doi.org/10.1016/j.saa.2015.05.013
http://dx.doi.org/10.1016/j.saa.2015.05.013
http://dx.doi.org/10.1007/s10661-015-4422-9
http://dx.doi.org/10.3390/ijms16023804
http://dx.doi.org/10.1039/C4CP01679C
http://dx.doi.org/10.1007/s10895-016-1770-y
http://dx.doi.org/10.1039/C5CP06335C
http://dx.doi.org/10.1016/j.jphotobiol.2016.04.026
http://dx.doi.org/10.1016/j.saa.2016.03.050
http://dx.doi.org/10.1016/j.saa.2016.03.050
http://dx.doi.org/10.1016/j.saa.2013.12.111
http://dx.doi.org/10.1016/j.saa.2013.12.111
http://dx.doi.org/10.1016/j.saa.2015.06.119
http://dx.doi.org/10.1016/j.saa.2015.06.119
http://dx.doi.org/10.1016/j.scitotenv.2017.03.041
http://dx.doi.org/10.1016/j.scitotenv.2017.03.041
http://dx.doi.org/10.5061/dryad.3s06p

	Introduction
	Material and methods
	Materials
	Sample preparation
	Optical measurement
	Quantum chemical calculations

	Results and discussion
	Fluorescence properties of xylene isomers
	Fluorescence of binary and ternary mixtures
	Computational quantum mechanics

	Conclusion
	References

