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Abstract: Brown carbon is a type of strong light-absorbing carbonaceous aerosol associated with
radiative forcing. Nevertheless, the difficulty in correlating the chemical composition of brown carbon
with its light absorption properties impairs the proper elucidation of its role in radiative forcing. Here,
we have used a time-dependent density functional theory (TD-DFT)-based procedure to revisit the
“real-world” absorption spectra of polycyclic aromatic hydrocarbons (PAHs) over the city of Porto,
in Portugal, while correcting the spectra for their quantity in PM10 particulate matter. Our aim is
to, by comparing these new results with those obtained previously regarding PM2.5 data, evaluate
the role of different groupings of particulate matter in the light absorption of brown carbon. The
results indicate that irrespective of the absorption spectra corresponding to their PM10 or PM2.5 data,
the studied PAHs should contribute to radiative forcing by light absorption at UVA and (sub)visible
wavelengths. However, the identity of the individual PAH species that contribute the most for the
considered wavelengths can be quite different. Thus, different groupings of particulate matter appear
to provide distinct contributions to light absorption and radiative forcing over the same location,
even when considering the same class of molecular compounds.

Keywords: brown carbon; polycyclic aromatic hydrocarbons; radiative forcing; absorption spectra;
density functional theory; organic aerosols

1. Introduction

There has been a significant increase in attention regarding light-absorbing aerosols
due to data indicating that they possess an important role in radiative forcing [1–4]. This
type of aerosol is mainly composed by a carbonaceous fraction, including both black
carbon (BC) and brown carbon (BrC) [2,5]. While BC is known to be an important absorber
due to its strong light absorption, the properties and importance of BrC still need to be
better explored.

The absorption of solar radiation by BrC in ultraviolet (UV) and (sub)visible wave-
lengths can account for ~20–40% of aerosol absorption at 350 nm and 27% at 404 nm,
with light absorption at higher wavelengths (such as 536 nm) being negligible [6–8]. In
fact, there is evidence that BrC can dominate light absorption by aerosols at some wave-
lengths and/or specific regions of the globe [9,10]. Moreover, while the mass absorption
of BrC can be lower than that of BC, its sheer abundance in continental aerosols makes
UV absorption by carbonaceous aerosols quite relevant [5]. Nevertheless, the contribu-
tion of BrC to the absorption of solar radiation is still downplayed by different climate
models [10,11]. This could explain why there are differences between model predictions
and real measurements [3,12].
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Understanding the photophysics and photochemistry of BrC aerosols is essential
for the accurate modeling of radiative forcing. However, quantitatively predicting the
contribution of BrC aerosols to light absorption is not trivial [3,13]. BrC aerosols can
also be generated in the atmosphere by different processes, such as oxidation and solar
irradiation [11,14,15]. BrC aerosols are also composed of diverse types of compounds
with different light-absorption properties: polycyclic aromatics, phenols, biopolymers, or
humic-like substances [2,16,17]. Finally, both the concentration and composition of BrC can
change significantly across emission locations and sources [3,13]. The assessment of their
properties is also impaired by the fact that online light absorption measurements of BrC are
complex and that offline results provide data that differ from online approaches [18].

Despite all of this, polycyclic aromatic hydrocarbons (PAHs) have been identified as
ubiquitous compounds [19] and important chromophores in BrC [4,5,8,20], while being also
one of the most recurrent environmental contaminants, and being classified as persistent
environmental pollutants [21,22]. While PAHs can be emitted into the atmosphere through
natural burning events, the main contribution comes from anthropogenic sources, such as
motor vehicles, coal burning, and industrial activities [23].

Given this, the reliable determination of the atmospheric light-absorption spectra
of PAHs is essential for a more complete understanding and prediction of the radiative
forcing effect of BrC aerosols. To address this, our study aims to use a computational
chemistry approach to model the “real-world” absorption spectra of atmospheric PAHs by
considering their experimental atmospheric concentration and speciation. This approach
will determine which are the most relevant regions in UV and visible spectra of PAHs while
correlating their light absorption to individual PAH species.

The computational chemistry calculations will be based on a density functional the-
ory (DFT) approach, which has been increasingly and successfully used in the field of
environmental sciences [24–27]. In fact, DFT calculations present some advantages over
experimental studies as they do not require a high number of steps, such is the case of chem-
ical synthesis, separation/purification, and characterization. DFT can also be extended to
account for the time-dependent (TD) nature of electromagnetic waves and used to model
excited states [28]. DFT calculations are also the most widely used approach to model the
structures, photophysics, and photochemistry of organic molecules, including BrC [29–32].

This approach has already been used with success in the study of the “real-world”
absorption spectra of PAHs over the atmosphere of several cities in different countries
(Portugal, Spain, Italy, Greece, South Korea, and China) [33–36]. Our analysis indicated that
PAHs have more intense light absorption in the UVB/UVA region and a more moderate one
in the blue region of the visible spectrum. PAHs such as fluoranthene, benzo[a]anthracene,
dibenzo[a,h]anthracene, and coronene were identified as the main contributors to UV
absorption, while PAHs such as benzoperylene, benzo[a]pyrene, and indenopyrene were
identified as capable of visible light absorption.

Interestingly, among cities studied in Europe, that of Porto (Portugal) was identified
as the most potentially affected by PAH-induced radiative forcing [34], making it a relevant
place for understanding the role of PAHs and BrC aerosols. It should be noted that these
studies regarding Porto were based on experimentally determined data of concentration
and speciation of PAHs, obtained by collecting samples of PM2.5 particulate at a traffic
site between January 2013 and February 2014 [37]. Given this, there is the question of if
the contribution of PAHs to light absorption over Porto is dependent or not on the type
of particulate matter. Herein, in this study we revisit the TD-DFT study of the absorption
spectra of PAHs over the city of Porto by using experimentally determined data obtained
from collecting samples of PM10 particulate matter (instead of PM2.5) [38], while main-
taining a similar period of sample collecting (May–June 2014). This type of study should
help to clarify if PAHs present in different groupings of particulate matter have different
contributions to the combined atmospheric absorption spectra over specific locations.
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2. Computational Methods

A total of 19 PAHs were computed—naphthalene (NAP), acenaphthylene (ACY), ace-
naphthene (ACE), fluorene (FLO), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLT),
pyrene (PYR), p-terphenyl (pTP), retene (RET), benzo[a]anthracene (BaA), chrysene (CHR),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), perylene
(PER), indeno[1,2,3-cd]pyrene (InP), dibenzo[a,h]anthracene (DahA), and benzo[g,h,i]perylene
(BghiP)—and then corrected with their experimental atmospheric levels over the city of Porto
(Portugal), which were extracted from the work of Alves et al. [38]. These values correspond
to those found in PM10 road dust samples, which were obtained during a sampling campaign
that took place between the 9 May and the 1 July 2014 at five main roads of the city of
Porto [38]. More specifically, these samples were collected at five main roads in the city of
Porto: Fernão Magalhães Avenue; Constituição Street; Boavista Avenue; Campo Alegre Street;
and Campo Mártires da Pátria [38].

The present calculations were performed with the Gaussian 09 program package [39]
at two different levels of theory. All calculations were made in the gas phase. First, the
geometries of each PAH were optimized by using the PBE0 density functional [40] and the
6-31G(d,p) basis set, while vibrational calculations were made at the same level of theory
to ensure that the obtained structures were minima in their potential energy surfaces. This
functional was chosen because it usually provides accurate geometry optimizations of
organic molecules [41–44].

The absorption properties (oscillator strengths and absorption wavelengths) were
calculated by performing single-point vertical excitation calculations with a TD-DFT ap-
proach, by computing 10 singlet excited states on top of the structures obtained at the
PBE0/6-31G(d,p) level of theory. These single-point calculations were performed with a
6-31+G(d,p) basis set and two different density functionals: BP86 and PBE0. BP86 is a gen-
eralized gradient approximation (GGA) functional composed of the Becke 1988 exchange
functional and the Perdew 86 correlation functional [45]. BP86 was used previously in
the study of the “real-world” absorption spectra of PAHs (and derivatives) over different
locations of the globe, including Porto [34–36]. PBE0 is used here because in a previous
study it was found that, while different density functionals present qualitatively identical
results, the position of the peaks can undergo blue/red shifts depending on the employed
functional [36]. So, to mitigate possible functional-dependent errors, we calculated the ab-
sorption spectra with two different functionals: PBE0 and BP86. In fact, it is widely known
that there is not an overall “best-performing density functional”, as distinct functionals can
present different performances regarding the different class of molecules and electronic
states under study [46–48].

The absorption spectrum for each PAH species was plotted with SpecDis software (ver-
sion 1.71) [49] based on the 10 singlet excited state transitions calculated at the TD-DFT/
6-31+G(d,p) level of theory. The curves were generated with a Gaussian band shape and a
peak broadening of 0.16 eV. The combined theoretical absorption spectrum of all PAHs was
obtained by adding the individual spectra, without considering the experimentally obtained
concentrations, resulting in absorption intensities only composed of ε (mol−1 cm−1) [49]. The
next step was to correct the intensity values of the spectrum by considering the experimentally
obtained concentrations of each PAH over Porto, which was achieved by multiplying the
theoretical absorption intensity (ε) of each PAH by its measured amount over Porto (deter-
mined as µg g−1 PM10) [38]. This resulted in absorption intensities composed by absorption
per amount (ε × µg g−1 PM10). The global spectrum was then obtained as the sum of the
individual spectra.

3. Discussion and Results

This study started with the analysis of the combined absorption spectra of the PAHs
found over the city of Porto, within PM10 particles, when calculated with the BP86 func-
tional and corrected for their experimentally determined amount [38]. These amounts
are the average quantities found for each PAH in the sampling campaign performed by
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Alves et al. [38]. Using the same density functional (BP86) used in our previous evaluation
of the absorption spectra of PAHs over Porto [34], in which PM2.5 particulate-related data
was used [37], should enable comparisons that help us to understand if there are relevant
differences in terms of light absorption from chemical components of different particulate
matter. The BP86-derived combined absorption spectrum can be found in Figure 1. It
should be noted that both in Figures 1 and 2, absorption becomes zero below 200 nm. This
should not be taken as an indication that the absorption of PAHs is really zero at those
wavelengths, which is not the case. Those absorption intensities result simply from our
choice of calculating 10 excited states for each molecule, which account for light absorption
in the relevant UV–visible range.

This absorption spectrum (Figure 1) is characterized by stronger absorption in the
UVB region, with the most intense peak with a maximum at ~287 nm. There are then two
almost merged peaks, with identical intensity, at ~309 and ~323 nm. We can also observe
two sharp peaks with moderate absorption in the UVC region (~217 and ~263 nm), as well
as a relevantly weaker band (~240 nm). The absorption in the UVA region is characterized
by the tail of the peak at ~323 nm and a weaker band at ~380 nm, while in the visible region
there are two broader and somewhat moderate (in intensity) peaks at ~433 and ~482 nm.

There are some relevant differences regarding the BP86-derived absorption spectrum
obtained previously by us for PM2.5-derived PAHs over Porto [33,37]. One of them is that
the spectrum obtained previously was only composed of four peaks (~240, ~280, ~330, and
~420 nm) and one tail (~470 nm) instead of the nine peaks of variable relative intensity
observed in Figure 1. Furthermore, the more intense peak found before was present in the
UVA region, instead of the UVB one. These differences can be attributed to the different
chemical compositions and respective amounts of the groups of particulate matter. That is,
for the PM2.5 samples collected over Porto, 55 PAHs were identified and quantified [36].
As for the PM10 samples, only 19 PAHs were detected [38]. Nevertheless, in general, some
similarities can also be found, as both spectra (Figure 1 and in [34]) have more intense
absorption in the UVB/UVA regions, followed by more moderate absorption in the UVC
region and weaker absorption in the visible region. Thus, irrespective of possible differences
in chemical composition, the absorption spectra associated with PAHs found in different
groupings of particulate matter should present qualitatively similar shapes.
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The combined absorption spectrum was also obtained at the TD-PBE0/6-31+G(d,p)
level of theory and can be found in Figure 2. Quantitatively, this spectrum (Figure 2) is differ-
ent from the one obtained at the TD-BP86/6-3+G(d,p) level of theory (Figure 1), as it is only
composed of six peaks. However, qualitatively, the results are indeed quite similar, with
the main difference being that the PBE0-related spectrum is blue-shifted when comparing
with that obtained with the BP86 functional. That is, the stronger peak found in Figure 2
(~254 nm) corresponds to the stronger peak at ~287 nm in the BP86-derived spectrum
(Figure 1). The second strongest peak in the PBE0-derived spectrum (~285 nm, Figure 2)
can also be linked to the almost merged peaks at ~309/323 nm found in the BP86-based
spectrum (Figure 1). The more moderate peak (~208 nm) in Figure 2 can also be corre-
lated with that at ~217 nm and observed in Figure 1. Finally, the more moderate/weaker
PBE0-based peaks found at ~337, ~377, and ~431 nm (Figure 2) appear to correspond to
the BP86-related peaks found at ~380, ~433, and ~482 nm (Figure 1), respectively. Thus,
and consistent with previous studies [35], the use of different density functionals result in
absorption spectra with similar shape but quantitatively different results, with relevant
blue-/red shifts in the position of the peaks, according to specific functionals.

After describing the atmospheric absorption spectra of PAHs over Porto, when derived
from PM10 particles, it should be noted that UVC radiation is completely filtered by
the atmosphere. Furthermore, there is not expected much ground-level solar insolation
at ~290–300 nm due to ozone absorption [50]. Thus, the absorption peaks that should
contribute the most for PAH-related radiative forcing should be those with wavelengths
higher than ~300 nm. For the PBE0-related spectrum (Figure 2), those peaks are those with
wavelength maxima at ~337, ~377, and ~431 nm. For the BP86-based spectrum (Figure 1),
those should be the ones with maxima at ~323, ~380, ~433, and ~482 nm. However, as
we have attributed the ~323 nm peak to that at ~285 nm (in the PBE0-related spectrum),
we have excluded it from further analysis. Thus, the PM10-related PAHs, over Porto,
should only contribute to radiative forcing by relatively moderate/weaker absorption
at the UVA region and at short (sub)visible wavelengths. This is in line with reports
that ~20–40% of aerosol absorption is at 350 nm and 27% at 404 nm, while absorption at
higher wavelengths is not relevant [6–8]. Interestingly, the previous results obtained by
us for the light absorption of PM2.5-related PAHs over Porto (at the BP86 level of theory)
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indicated that the most relevant absorption peaks for radiative forcing should have maxima
at ~330 and ~420 nm (and an absorption tail at ~470 nm) [34]. These data are qualitatively
in line with those obtained here with the same functional, indicating that overall, the
combined absorption spectra of PAHs are similar, irrespective of the considered groupings
of particulate matter.

Besides determining the absorption spectra, it is also of importance to determine
the relative contribution of each individual absorption to the relevant absorption peaks.
Thus, the next step of this study was then to decompose the absorption intensity of the
bands referred above in the relative contribution of individual PAHs (Table 1). To better
compare with the results previously obtained by us toward Porto [34], we performed this
decomposition relative only to BP86-related results.

Table 1. Contribution (in %) of PAH molecules to the absorption intensity at different wavelengths
(in nm) over Porto. Only molecules with contributions higher or equal than 5% are presented.

PAH ~380 nm ~433 nm ~482 nm

FLT 5%

CHR 8%

BbF 63%

DahA 5%

InP 9% 7%

BkF 41%

BaP 40%

BghiP 10%

PER 89%

Analysis of Table 1 indicates that the absorption peak at ~380 nm is explained in large
part by BbF, followed (with large differences) by InP, CHR, and FLT/DahA. As for the
peak at ~433 nm, it is explained mostly by identical contributions from BkF and BaP, and
by smaller contributions from BghiP. Lastly, the absorption in the (sub)visible region is
explained almost exclusively by PER, with some quite smaller contributions by InP.

Interestingly, relevant differences can be found between the results presented here
(Table 1) and those found before for the same city but with PM2.5-derived data [34]. That
is, while in this study, absorption at ~433 nm (the peak with the most similar wavelength
maxima between studies) is explained by BkF (41%), BaP (40%), and PER (10%), the
absorption at ~420 nm was previously mainly explained by contributions from BghiP
(32.8%), InP (20.6%), BaP (19.3%), benzo[j]fluoranthene (9.3%), and BkF (7.0%) [34]. Thus,
only BaP and BkF are the same relevant contributors between the different studies and
with quite different contribution magnitudes. By their turn, PER is only relevant at this
wavelength when found in PM10-based samples, while BghiP, InP, and benzo[j]fluoranthene
are only important contributors when considering their PM2.5-based concentration. Thus,
this data demonstrates that the chemical components of different groupings of particulate
matter can present relevant differences regarding light absorption over the same location,
even if we compare the same molecular class. These differences, at least over the city of
Porto, appear to be more related with individual contributions from PAH-based species,
instead of being related with the general shape of the combined absorption spectra.

4. Conclusions

Herein, we have revisited the study of the “real-world” light absorption spectra of
PAHs over the Portuguese city of Porto by using a TD-DFT-based computational chemistry
approach with corrections from experimental studies regarding the chemical composition
of PM10 samples (which detected and quantified 19 PAH species). These results were
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subsequently compared with those previously obtained for PAHs detected in PM2.5 samples
over the same city, in a similar period. With this approach, our goal was then to try to
determine if the contribution of PAHs toward light absorption is dependent on their
presence in different groupings of particulate matter.

Our results allowed the determination that PAH-induced radiative forcing over the
city of Porto should be more limited to light absorption at both UVA and (sub)visible
wavelengths. Moreover, BbF, BkF, BaP, and PER were found to be the most relevant
contributors to the different absorption peaks of the combined absorption spectra. Thus,
these PAHs should be targeted to address PAH-induced radiative forcing over Porto.
Interestingly, while the general combined absorption spectra of PAHs detected in both
PM2.5 and PM10 samples have similar shape, the contribution of individual species appear
to be quite different. Thus, different groupings of particulate matter appear to provide
distinct contributions to light absorption and radiative forcing over the same location, even
when considering the same class of molecular compounds.
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