
Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Optical property variations from a precursor (isoprene) to its atmospheric
oxidation products

Yaling Zenga,b, Zhenxing Shena,b,∗, Tian Zhanga, Di Lua, Guohui Lib, Yali Leia, Tian Fengb,
Xin Wangc, Yu Huangb, Qian Zhanga, Hongmei Xua, Qiyuan Wangb, Junji Caob

a Department of Environmental Sciences and Engineering, Xi'an Jiaotong University, Xi'an, 710049, China
b Key Lab of Aerosol Chemistry & Physics, SKLLQG, Institute of Earth Environment, Chinese Academy of Sciences, China
cMultiphase Chemistry Department, Max Planck Institute for Chemistry, Mainz, 55128, Germany

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Isoprene
Hydroxyl radical
Ozone
NO3

Optical property
Quantum chemistry calculation

A B S T R A C T

Isoprene is a crucial precursor of secondary organic aerosols (SOAs) that reacts with radicals or oxidants such as
OH, O3, and NO3. The reaction mechanisms under various conditions have been elucidated through years of
research. In this study, the UV–vis light absorptive ability of oxydates for isoprene was calculated at the
PBE1PBE/6-311g (d) level using Gaussian 09. The results indicated that reactions of isoprene with OH and O3

would produce less absorptive organics; the intensity of the absorption peaks and the maximum absorption
wavelength decreased relative to those of the precursor. The oxydates formed from isoprene through an NO3-
initiated reaction had different light absorption properties. The optical properties of the oxydates exhibited a
bathochromic shift and hyperchromic effect relative to those of the precursor. NO3 mainly originated from
vehicular traffic, indicating that anthropogenic activity heavily affected the formation of oxydates and light
absorption. The light absorption properties and irradiation effect of SOAs caused by isoprene heavily depended
on the reaction route. Transformation of functional groups was the dominated factor in photobleaching and
photoenhancement of oxidative products. This study provides a detailed mechanism that explains the changes in
optical absorption properties during isoprene oxidation.

1. Introduction

Secondary organic aerosols (SOAs) are critically linked to climate
because of their ability to scatter and absorb radiation as well as to

influence the number of cloud condensation nuclei (CCN)-sized parti-
cles through the formation of new particles or the growth of pre-ex-
isting particles (Moise et al., 2015). In general, biogenic volatile organic
compound (BVOC) precursors dominate SOAs, with biogenic SOAs
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comprising 90% of SOAs and anthropogenic secondary organic aerosols
comprising 10% (Shrivastava et al., 2017). Among the hundreds of
identified BVOCs, one compound dominates the annual global flux to
the atmosphere: isoprene, which emitted from terrestrial and marine
vegetation. Significant emissions of isoprene reinforce interrelated at-
mospheric phenomena such as radiative forcing and oxidant loss rate
(Nguyen et al., 2016).

Oxidation of BVOC has been implicated as a potential source of
condensable vapors or those involved in acidic multiphase chemistry
(Inomata et al., 2014). In the troposphere, isoprene reacts frequently
with hydroxyl radicals (OH), ozone (O3), and nitrate radicals (NO3),
which are the leading factors for the transience of isoprene (Carlton
et al., 2009). Because of its high concentration and reactivity with OH
radicals, isoprene plays a crucial role in photochemistry within the
atmospheric boundary layer (Bates et al., 2016). The reaction involving
the OH radical is a major mechanism of oxidation during daytime
(Mogensen et al., 2015). The OH-initiated reaction of isoprene was
shown to lead to the formation of low-volatility species that condense to
SOAs; this formation rate was as high as 3% (Kroll et al., 2006). Ozo-
nolysis is a non-negligible part of isoprene transformation and global
chemistry in the troposphere. Notably, the O3 reaction occurs during
both day and night. Because ozone is involved in many oxidation pro-
cesses, ozonolysis of isoprene is a crucial part of the isoprene trans-
formation mechanism (Inomata et al., 2014). The NO3 radical and
isoprene reaction was prevailed during the night (Horowitz et al.,
2007). Nitrate radical chemistry can play a crucial role in isoprene
transformation, but its effects on organic nitrate formation vary with
the structure of the BVOC. A recent modeling study and other ob-
servations have reported that approximately 50% of total isoprene ni-
trate production occurs through the reaction of isoprene and NO3 ra-
dicals (Horowitz et al., 2007). The kinetics and gas- and condensed-
phase products of the reaction of isoprene with OH, O3, and NO3 have
been the subject of experimental and theoretical studies for years. The
reaction routes of these radical with isoprene are critical steps to at-
mospheric chemists; therefore, the first-, second-, and higher-genera-
tion products in various conditions have been elucidated (Inomata
et al., 2014; Nguyen et al., 2016; Campuzanojost et al., 2004; Peeters
et al., 2009; Schwantes et al., 2015).

A growing body of evidence suggests that some of the oxydates of
isoprene, such as the light absorption components of brown carbon
(BrC), undergo both photoenhancement and photobleaching during the
formation process (Wong et al., 2017). Studies have illustrated the
dynamic nature of BrC caused by oxidation processes, but the me-
chanisms leading to these observations remain unclear (Liu et al., 2016;
Shen et al., 2017a; b). For example, whether all classes of compounds in
BrC respond to photolytic oxidation in the same manner (e.g., initial
photoenhancement followed by photobleaching) is unknown, as well as
is whether different classes of compounds exhibit unique photolytic
oxidation effects.

The wavelength-specific absorptivity of oxydates for BVOC depends
on the precursors; while the formation pathways vary with the geo-
graphic location (Zhang et al., 2011). Molecular-level information on
radical intermediates, as well as on gas- and particle-phase reaction
products, is critical to gaining a realistic understanding of the light
absorption properties of SOAs originating from isoprene reactions.
Quantum chemistry calculation is an independent research method that
has been a highly beneficial auxiliary approach for molecular-level
research (Almandoz et al., 2014). In recent years, Gaussian 09 calcu-
lation has become a progressively effective method for theoretical
studies on BVOC oxidation (Ignatov et al., 2014). The accuracy of time-
dependent-density functional theory (TD-DFT) is mainly because of its
more reliable description of electronic orbits compared with the Har-
tree–Fock method. In addition, TD-DFT has more advantages than
Hartree–Fock method in dealing with electron correlation (Seibert
et al., 2017).

Based on relevant literature, particular oxidation products formed

during the day (mainly through OH radicals and O3) and at night
(through O3 and NO3 radicals) are selected for analysis (Inomata et al.,
2014). The following investigations were conducted: (1) the pre-
dominant reaction pathways of isoprene oxidized by OH, O3, and NO3

were determined, (2) UV–vis spectra of oxydates from the reaction of
isoprene molecules were obtained using Gaussian 09, (3) changes in
light absorption and radiative forcing were analyzed, and (4) the spatial
distribution of the optical absorption property of the oxidized product
was calculated in Guanzhong Basin (GZB), China as an example. The
purpose of this manuscript was to give insight into the light absorption
properties variations of oxidation products originating from the reac-
tions of isoprene with OH, O3, and NO3.

2. Calculation methods

2.1. Quantum chemistry calculation

Quantum chemistry calculations based on Gaussian 09 have been
applied in various fields and provides reliable results for theoretical
studies (Ou et al., 2015). Theoretical UV–vis spectroscopy calculations
using Gaussian 09 were originally applied to characterize the con-
jugated and aromatic structures of target molecules (Almandoz et al.,
2014). The molecular structure of the ground state (GS) was optimized
at the b3lyp/6-311g level with Gaussian 09 software on a Linux system.
Based on obtained optimal structures, the UV–vis spectrum was calcu-
lated at the PBE1PBE/TZVP level (Ghosh et al., 2015).

Calculations of excited-state properties using TD-DFT have been
used to obtain prevailing trends ever since the method was established
(Doltsinis, 2014). The use of TD-DFT to calculate electronically excited
states (EESs) has steadily increased over the past 20 years (Campetella
et al., 2017; Ou et al., 2015). The energy difference between the EES
and the GS determined at the GS geometry corresponds to an idealized
(vertical) absorption:

= −
−E E R E R( ) ( )vert abso EES GS GS GS

where −Evert abso −Evert abso is the energy gradient UV–vis spectrum com-
puted from data in TD-DFT.

Calculations using the Perdew–Burke–Ernzerhof exchange correla-
tion functional (PBE1PBE) (Ernzerhof and Scuseria, 1999) have strong
performance in simulations of excited states (Huang et al., 2010).

Because calculation accuracy greatly depends on the basis set, we
selected the high-level basis sets 6-311g (d) and TZVP for the calcula-
tions. The 6-311g (d) basis set can be a strong choice for relatively rapid
yet meaningful calculations, whereas TZVP is a much larger basis set
and could therefore rigorously describe molecular orbitals (Adamo and
Jacquemin, 2013). These two basis sets are powerful tools that are
widely used in various calculation methods (Ghosh et al., 2015; Peeters
et al., 2014); several developments are further pushing them to the
limit. New exchange–correlation functionals have been developed to
calculate excited states, as well as double excitations and non-adiabatic
effects (Adamo and Jacquemin, 2013).

2.2. WRF-chem numerical simulation

The regional near-ground level of isoprene was simulated using
WRF-Chem 3.51. A specific version of the WRF-Chem model developed
by Li et al. (2012) was utilized to investigate the formation of isoprene
and its oxidized products in the GZB. The detailed description of GZB
can be found in Feng et al. (2016). This version exploited a flexible gas-
phase chemical module and the Community Multiscale Air Quality
(version 4.6) aerosol module developed by the United States Environ-
mental Protection Agency (Binkowski, 2003).

In this study, isoprene and its oxydates from April 12–25, 2013 were
simulated. The time we selected was the first emission peak of isoprene
which represented a typical distribution in GZB (Feng et al., 2016). The
filter measurements of fine particular matter (PM2.5), organic carbon
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