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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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(OC), and elemental carbon (EC) were conducted in the GZB. The model
was configured in a horizontal grid with a spacing of 3 km and
200×200 grid cells and centered at 34.25 N and 109 E. In the vertical
direction, we used 35 levels in a stretched vertical grid with spacing
ranging from 50m (near the surface) to 500m (at 2.5 km above ground
level) to 1 km (above 14 km). The physics and dynamics of the con-
figuration adopted the microphysics scheme of Hong and Lim, 2006,
the Yonsei University planetary boundary layer scheme (Hong, 2006),
the land surface scheme of five-layer thermal diffusion (Dudhia, 1996),
the Dudhia shortwave scheme (Dudhia, 1989), and the rapid radiative
transfer model long wave scheme (Mlawer et al., 1997). No cumulus
parameterization was used because of the high horizontal resolution.
GZB covers 50–70 grid cells and NCEP 1×1 reanalysis data were used
for the meteorological initial and boundary conditions. In the present
study, NCEP ADP Global Surface Observational Weather Data (http://
rda.ucar.edu/) for the GZB were assimilated into the WRF-Chem model
simulations using four-dimensional data assimilation to improve the
simulation of the meteorological fields. The chemical initial and
boundary conditions were interpolated from the model for ozone and
the related chemical tracer (MOZART) output with a 6-h interval (Feng
et al., 2016). The spin-up time for the simulation was 1 day. The
MEGAN model was used to calculate the biogenic emissions in the
model online (Guenther et al., 2012).

The model performance was validated using hourly ozone (O3) and
PM2.5 observations at 13 monitoring sites in Xi'an and surrounding
areas (released by the Ministry of Ecology and Environment, China) and
the daily filter measurement of PM2.5, EC, and OC at 29 sites in the GZB
(Feng et al., 2016).

3. Results and discussion

3.1. Light absorption changes initiated by the OH radical during oxidation

OH-initiated oxidation of isoprene is a dominant route of formation
of tropospheric SOAs (Lei et al., 2000). This reaction may be divided
into three patterns according to the relative abundances of NO and OH
(i.e., high NO and low OH, high OH and low NO, and low OH and low
NO) (Shrivastava et al., 2017). We discussed each condition separately,
and the reaction pathways were cross-verified with field study, la-
boratory experiment, and theoretical calculation results. Fig. S1 pre-
sents a simplified reaction schematic of the critical isoprene oxidation
pathways initiated by the OH radical.

At high OH and low NO, OH-initiated reactions follow that O2 can
add to both the major OH-adducts either in the β-position or in the δ-
position, resulting in β-OH-isoprenylperoxys (β-ISOPOOH) and δ-OH-
isoprenylperoxys (σ-ISOPOOH) (Paulot et al., 2009). The second gen-
eration of ISOPOOH oxidized by OH produces isoprene epoxydiols
(IEPOX); accordingly, the products have the isomers β-IEPOX and σ-
IEPOX, which were denoted based on the position of the OH added. The
products may be involved in further reactions (Paulot et al., 2009),
which are not discussed in this paper. IEPOX appeared to be mostly
low-volatility material, and the major products were in the particle
phase (Peeters et al., 2014). The optical absorption properties of iso-
prene oxidation products were apparent in UV–vis spectrum by Gaus-
sian 09 model calculation. The discrepancies between the original and
the first- and second-generation products can be easily recognized in
Fig. 1. The wavelengths of the maximum absorption peaks (λmax) of
isoprene, β-ISOPOOH, β-IEPOX, σ-ISOPOOH, and σ-IEPOX were 253.3,
167.5, 155.5, 219.4, and 154.4 nm, respectively; and their peak in-
tensities, which was the indication of molar absorption coefficient (ε,
epsilon), were 17693.94, 13027.61, 6854.62, 5737.53, and 6303.64,
respectively. The β-path excitation energy decreased from 253.3 to
167.5 to 155.5 nm, and the oxidation degree further increased the ex-
citation energy. The σ path decreased with the same tendency but
through a different route. The wavelength shifted from the short-ul-
traviolet (SUV, 200–300 nm) region to the vacuum ultraviolet (VUV,

10–185 nm) region. The light absorption intensity dropped from iso-
prene to its oxidation products.

At high NO and low OH levels, the reaction between isoprene and
NO form an alkoxy radical, which tends to fragment into products with
higher volatility, including methacrolein (MACR) and methylvinyl ke-
tone (MVK), isomerize to hydroxycarbonyl, or both (Bates et al., 2016;
Campuzanojost et al., 2004). Because the fraction of hydroxy nitrate
isomer species produced by the ISOPO2/NO reaction was minor (ap-
proximately a 7% yield) (Lockwood et al., 2010), we do not further
discuss the optical property of this species in this paper. The UV–vis
spectrum of MACR and MVK can be seen in Fig. 1B; the λmax intensities
at 209.8 and 209.2 nm were 12144.34 and 10623.23, respectively. The
two structural isomers produced similar peak shapes at similar wave-
numbers. The oxidation caused a slight blueshift of the λmax, while the
λmax of the isoprene was located in the SUV region.

When both OH and NO levels were low, two pathways followed the
peroxy radical 1, 6-H shift to form photolabile hydroperoxy-methyl-
butanals (HPALDs) (Peeters et al., 2014); their optical properties are
given in Fig. 1C. The wavelengths for HPALDs I and II were 165.1 and
220.9 nm, respectively, whereas their absorbance intensities were
6586.01 and 19417.19, respectively. Evidently, the wavelength oblue-
shifted because of varying degrees of oxidation. The peak intensity of
HPALD II was higher than that of isoprene, whereas the opposite was
true for HPALD I.

The aforementioned first and/or second comparative stable oxi-
dized products had high molecular weights. Additionally, the second-
and higher-generation oxidation products of isoprene were more likely
to partition to the condensed phase than the first-generation products
(Carlton et al., 2009). The absorption intensity and λmax generally de-
creased because of the hypochromic shift and hypochromic effect
caused by the oxidation of isoprene by OH. The shift in the spectrum
could be detected only by using a vacuum UV–vis spectrophotometer;
the λmax was lower than 200 nm. Therefore, the oxidation process in-
itiated by OH was a depressor of the radiative forcing of isoprene.

The conversion of excitation energy accounts for this phenomenon.
The isoprene chromophore is a carbon–carbon double bond, which can
lead to a π→π* transition when induced. Aldehydes, ketones, alcohols,
and peroxyacid are chromophores of the oxidation products. These
chromophores typically undergo n→σ* and n→π* transitions when
excited. The higher excitation energy for the n→σ* transition compared
with that of the π→π* transition accounted for the lower λ of the
corresponding peak. Because of the low energy gap of the n→π* tran-
sition, its corresponding peaks were weak. Accordingly, the strongest
peak of the oxidation products was induced by the n→σ* transition,
which occurred in the far-ultraviolet region (FUV) region. Compared
with the π→π* excitation peak, the n→σ* transition was hypochromic.

3.2. Changes in light absorption during the ozone-initiated reaction

Ozonolysis is an indispensable part of isoprene transformation in the
troposphere (Inomata et al., 2014). Products of the reaction of isoprene
with ozone have been studied through chamber reaction and filed ob-
servation (Nguyen et al., 2016). With many of the chemical constituents
from the reaction is identified, the mechanism of isoprene ozonolysis is
close to being completely understood (Ghosh et al., 2015). Identifica-
tion of approximately 50% of the reacted isoprene, including MACR
and MVK, was successful (Paulson and Seinfeld, 1992). Some crucial
intermediates such as Criegee radicals, or significant effects such as H
rearrangements, were used to establish the reaction mechanisms
(Nguyen et al., 2016). The reaction pathways discussed in this paper
(Fig. S2) were verified against field studies, laboratory research, and
theory calculations (Inomata et al., 2014; Nguyen et al., 2016;
Campuzanojost et al., 2004; Peeters et al., 2009; Schwantes et al.,
2015). For convenience of description, the two reaction routes were
named MVK and MACR routes; in the MVK route, the products of each
step were named from OZ1 to OZ5, whereas in the MACR route, they
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were named from OZ6 to OZ10.
The first-generation carbonyl product of isoprene ozonolysis can

react with ozone through a double bond. Ozone can bond to isoprene
through addition; here, O3 and α double bonds were the precursors of
MACR, and the one bonded to γ was the precursor of MVK (Nguyen
et al., 2016). When the addition had occurred, a stabilized Criegee in-
termediate (SCI) formed (Newland et al., 2015). Decarbonization
transformed SCI to MACR and MVK by further ozonolysis, producing
stable organic acids and esters.

The optical absorption variation during ozonolysis of isoprene was
notable (Fig. 2). Both paths resulted in the slight shifting of peaks from
the SUV to VUV regions. For the MARC route, λmax changed from 253.3
to 179.2, 153.4, and 135.1 nm, finally reaching 136.3 or 154.3 nm
when the two isomers formed; the maximum absorption peak (εmax)
values were 17693.94, 10205.639, 4538.095, 7736.74, 12206.068, and
9837.61, respectively. Similarly, the λmax for the MVK route shifted
from 253.3 to 169.2, 146.2, 146.5, 160.0, and 166.9; and the intensities

of peaks were 17693.94, 14078.12, 6792.46; 10613.67, 7213.49, and
10288.27, respectively. The general trend of wavelength and absorp-
tion intensity during ozonolysis was a decline, with minor variations
between isomers (Fig. 2).

The chromophore carbonyl with the auxiliary functional aux-
ochrome hydroxyl was behind the light absorption of the oxidation
product. Carbonyl undergoes n→π* transition when excited, which is
normally regarded as weak absorption. The hypochromic shift and
hypochromic effect mechanism are evident in the analysis of the OH-
initiated reaction, and both were highly similar. Therefore, the spec-
trum of the oxidation products suggests that the reaction with ozone
leads to the hypochromic shift and hypochromic effect.

3.3. Changes in light absorption during the NO3-initiated reaction

Isoprene/NO3 chemistry is a mechanism of oxydative formation at
night (Mogensen et al., 2015). NO3 oxidation of isoprene typically

Fig. 1. UV–vis spectrum of the oxydates of isoprene reacted with OH.

Fig. 2. UV–vis spectrum of the oxydates of isoprene reacted with O3.
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occurs at night because NO3 readily undergoes photolysis under solar
radiation (Schwantes et al., 2015). Because of its photolabile nature and
rapid reaction with nitric oxide (NO), NO3 is present primarily in the
atmosphere at night. Oxidation products of nitrate radical chemistry
have a unique chemical signature because of abundant sources. Organic
nitrates (RONO2), nitroxy organic acids, hydroxynitrates, nitroxy or-
ganic peroxides (e.g., nitroxyhydroxyperoxides), and nitroxy organo-
sulfates have been detected by different laboratories and instruments
(Horowitz et al., 2007; Suh et al., 2001; Schwantes et al., 2015). The
reaction pathway we explored was verified against field studies, la-
boratory studies, and simulations. The paths chosen for analysis were
those that produced the most abundant oxidation products. First-gen-
eration products with m/z ratios of 230, 232, and 248 were the major
products (Ng et al., 2008; Schwantes et al., 2015). The established re-
action mechanism was based on further reactions of the first-generation
products. Although minor product ions at m/z ratios of 185, 377, and
393 were detected by Ng et al. (2008), we did not analyze the optical
properties because of their tiny contribution. The oxidation products of
isoprene were also found by chamber simulation and field study (Bates
et al., 2016).

The reactions that provided the dominant products are presented in
Fig. S3. The reactions proceeded by NO3 addition to the C=C bond,
forming four possible nitroxyalkyl radicals depending on the position of
the NO3 attack (Rollins et al., 2009). O2 then oxidized the nitroxyalkyl
radicals to two peroxy radicals (RO2), which reacted further with HO2,
RO2, or NO3 radicals. The reaction of RO2 and HO2 radicals led to the
formation of C5-nitroxyhydroperoxide (m/z 248). The reaction of the
two RO2 radicals (self- or cross-reaction) has three possible routes:

RO2 + RO2 → 2RO + O2 (1a)

→ ROH + RCHO + O2 (1b)

→ ROOR + O2 (1c)

The second route results in the formation of C5-nitroxycarbonyl (m/
z 230) and C5-hydroxynitrate (m/z 232). According to Equation (1b),
these two products form at a 1:1 ratio; however, C5-nitroxycarbonyl
could also be formed from alkoxy radicals (either from the RO2/RO2 or
RO2/NO3 reactions). Observation of the first-generation gas-phase
product C5-dinitrate was conducted using a chemical ionization mass
spectrometer and electrospray ionization time-of-flight mass spectro-
metry (ESI-TOFMS) analysis (Surratt and Finlayson-Pitts, 2010). This
first-generation gas-phase product was found previously by Werner
et al. (1999). C5-nitroxycarbonyl (m/z 230) was the most abundant gas-
phase product, and its further oxidation yielded product at MW 240
through the reaction with NO3 or O3 and with RO2. Of all the observed
products, the ion at m/z 232 appeared to be the most reactive with NO3

radicals (Lin et al., 2013). It should be noted that we did not detect
products from the further oxidation of C5-nitroxyhydroperoxide (m/z
248) (Surratt and Finlayson-Pitts, 2010). The concentrations of these
product ions reached a plateau because of the presence of excess iso-
prene and suppression of the reaction.

The optical properties of the products were more complex compared
with those of the dinitrate precursor. For descriptive convenience, we
named the reaction pathway with m/z of the iconic product, namely
NO230, NO232, and NO248 (products of each reaction step were de-
noted as NO230S1, NO230S2, NO230S3, NO232S1 NO232S2, and
NO230S3), as seen in Fig. 3. The pathway involving the first-generation
intermediate (m/z 230) produced three stable products, the light ab-
sorption increased with the formation of nitrate, and λmax shifted to
300 nm. With further oxidation, more oxygen atoms were added to the
compound. The second- and third-generation oxidation products were
relative stable and less active, as seen in Fig. S3. The optical properties
low than 200 nm could barely be observed using an anti-vacuum
spectrometer (Radziemski et al., 2005). The C5-hydroxynitrate (m/z
232) route had a long reaction chain and formed molecules of large

weight. The absorption decreased in the first generation, increased in
the second, and then decreased in the third. The transition energy also
decreased, as reflected in the increase in λmax. The λmax of the third-
generation products shifted to the visible region (510 nm). The optical
property of the NO248 path was stable, and the intensity and shape of
the absorption peak remained close to those of isoprene.

The light absorption generally tended to show a bathochromic shift
at first and a hyperchromic shift with further oxidation. The change in
optical properties originated from the newly formed functional group.
The π–π* transition dominated the precursor isoprene, which had
strong light absorption in the SUV region. The newly formed chromo-
phore, –ONO2, features an n–π* transition. The auxochromes –OO–,
–OH, and –OOH underwent n→σ* excitation upon interaction with
light. The various functional groups differed in terms of absorption, and
the excitation energies of –OO–, –OH, and –OOH were higher than that
of –ONO2. This difference accounted for the lower λmax of the mole-
cules that included more –OO–, –OH, and –OOH groups. Various oxi-
dation products in field studies or laboratory experiments tend to be
mixtures (Bates et al., 2016).

3.4. Evaluation of the light absorption variation over the GZB

The absorbance was positively correlated with concentrations when
the level was lower than 1mol (Li, 2002), accordingly, molar absorp-
tion coefficient of each molecule can be superimposed on concentra-
tion. The oxidation product in the near ground state occurred at trace
levels; therefore, the absorbance was positively correlated with the
concentration at a unit distance. The spatial distribution of isoprene and
oxidation products were simulated using WRF-Chem 3.5.1, and inter-
active data language was used to visualize the trends.

The reaction pathway was selected according to its occurrence fre-
quency in the atmosphere; β-ISOOOH and β-ISOPOX are the most
abundant products in OH-initiated reaction in the atmosphere (Bates
et al., 2014). MACR and its correspondent further oxidized SOAs,
dominating the O3-initiated reaction. In the NO3/isoprene reaction,
77%–90% of the total RO2 at night is predicted to react with NO3;
therefore, the species at m/z 321 and its oxidized correspondent is the
main product in ambient conditions (Ng et al., 2008). The spatial dis-
tribution of oxydates absorbance in GZB is demonstrated in Fig. S4. The
9-panel figure lists the absorbance of precursor, fist-generations product
and deep oxidation products of OH, O3 and NO3. The colors in Fig. S4
represent absorption intensity: the absorbance weakens when the color
changes from red to green. Evidently, the light absorption intensity of
oxydates decreased and then increased because the functional group
changed in the OH oxidation route (Fig. S4 A1-3). In Fig. S4 B1-3, the
absorption of ozone oxydates was observed weakened with further
oxidation. However, NO3-initiated oxidation produced highly functio-
nalized products with absorption extending to long wavelengths as
shown in Fig. S4 C1-3; their broadband absorption extends from
350 nm, which causes the brown appearance. The O3-initiated reactions
did not cause a brown carbonization effect, even in the regional scale.
Fig. S4 also suggests that the wavelength-specific absorptivity of oxy-
dates for isoprene varied with geographic location. To the south of the
GZB is Qinling Mountain, which has dense forest coverage, and there-
fore, isoprene level near-ground should be high. Its contribution to
absorption was much higher than isoprene from the urban vegetation,
as can be discerned from the color variation in Fig. S4.

The reaction with OH, O3, and NO3 could lead to changes in the
volatility, optical properties, and other physicochemical properties. The
second- and higher-generation oxidation products of isoprene are more
likely to partition to the condensed phase than the first-generation
products are. Combined with their enhanced polarity and hydrophilic
properties, the oxidation products significantly affect the climate by
affecting the process of CCN formation (Gomez-Hernandez et al., 2016).
The light absorption property led to direct radiative forcing of oxidized
isoprene, which is another vital pattern that interferes with propagation
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of solar and terrestrial radiation (Shrivastava et al., 2017). Further-
more, convincing evidence pointed to the indispensable role of direct
radiative forcing of oxydates for isoprene in climate models (Moise
et al., 2015).

The optical properties of products from oxidation with OH, O3, and
NO3 vastly differed from those of the precursor isoprene. Oxidation
products of OH and O3 were less absorptive, indicating less radiative
forcing. The reaction of NO3 with isoprene was a browning process of
organics, with oxidation products showing light absorption at
300–500 nm. Thus, the anthropogenic source of oxidants had a high
potential to strengthen radiation forcing at night.

In this study, oxydates of GZB in April 2013 is a case study. The
WRF-chem simulation only reflected the trend at that time, and may be
not applicable to other seasons. In fact, the levels of OH, O3, and NO3

varied seasonally and spatially. Moreover, OH, O3, NO3 would compete
reaction to some extent (Carlton et al., 2009). For example, OH and O3

were both active in daytime, but concentration and reactivity of OH is
higher than O3, so OH oxidation is overwhelming at most of the time
(Bates et al., 2016). NO3 oxidation happened during nighttime which
enable less possibility to compete with the former two (Horowitz et al.,
2007).

4. Conclusion

Isoprene is involved in ambient reactions with OH, O3, and NO3,
which are oxidants that have high reactivity. Their reactions with iso-
prene are critical sources of SOAs in the atmosphere. The reaction
mechanism under various conditions has been made clear through
years of research. The UV–vis light absorptive ability of the products
with known reaction pathways were calculated at the PBE1PBE/TZVP
level using Gaussian 09; Gaussian 09 is a versatile tool for elucidating
the light absorption properties during the transformation of isoprene to
a highly oxygenated state. Such a study does not replace actual field
experiments, but it provides data obtained with a degree of control that
is not possible in the atmosphere. We found that light absorption
properties did not show direct dependence on molecular weight. UV–vis
light absorption intensity and λ decreased during the reaction of O3 and
OH with isoprene; in addition, the λmax of the product from the NO3

reaction extended to 300–500 nm, which signified a browning effect.
WRF-Chem was used to explain the variation of molecules in the GZB;
clearly, the oxidation process changed their optical properties. In

conclusion, the optical properties of isoprene during the oxidation
process depend on the oxidation pathway because of the change in
chromophores. Therefore, this study provides a method for searching
appropriate chromophores for BrC and for studying its transformation
mechanism. As acidity is one of peripheral factors that would affect the
optical properties, the effect of acidity on UV-vis spectrum through
charge transfer will be conducted in the near future.
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