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Polycyclic aromatic hydrocarbons (PAHs) are organic compounds based on fused aromatic rings, and are
formed in a variety of astrophysical, solar nebula and planetary processes. Polycyclic aromatic hydrocar-
bons are known or suspected to occur in a wide variety of planetary settings including icy satellites,
Titan’s hazes, carbonaceous meteorites, comet nuclei, ring particles; and terrestrial organic-rich litholo-
gies such as coals, asphaltites, and bituminous sands. Relatively few measurements of the visible and
near-infrared spectra of PAHs exist, yet this wavelength region (350–2500 nm) is widely used for remote
sensing. This study presents detailed analyses of the 350–2500 nm reflectance spectra of 47 fine-grained
powders of different high-purity solid-state PAHs. Spectral properties of PAHs change with variations in
the number and connectivity of linked aromatic rings and the presence and type of side-groups and het-
erocycles. PAH spectra are characterized by three strong features near �880 nm, �1145 nm, and
�1687 nm due to overtones of mCH fundamental stretching vibrations. Some PAHs are amenable to
remote detection due to the presence of diagnostic spectral features, including: NAH stretching over-
tones at 1490–1515 nm in NH- and NH2-bearing PAHs, aliphatic or saturated bond CAH overtone vibra-
tions at �1180–1280 nm and �1700–1860 nm; a broad asymmetric feature between �1450 nm and
�1900 nm due to OAH stretching overtones in aromatic alcohols, CAH and C@O combinations near
�2000–2010 nm and �2060–2270 nm in acetyl and carboxyl-bearing PAHs. Other substituents such as
sulphonyl, thioether ether and carboxyl heterocycles, or cyano, nitrate, and aromatic side groups, do
not produce well-resolved diagnostic spectral features but do cause shifts in the positions of the aromatic
CAH vibrational overtone features. Fluorescence is commonly suppressed by the presence of heterocy-
cles, side-groups and in many non-alternant PAHs. The spectral characteristics of PAHs offer the potential,
under suitable circumstances, for remote characterization of the classes of PAH present and in some
cases, identification of particular heterocyclic or side-group substituents.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a cosmochemical-
ly-important class of organic molecules consisting of multiple
linked aromatic rings, possibly including side groups (functional
groups replacing a hydrogen atom attached to an aromatic ring)
and heterocycles (functional groups replacing a carbon atom
within an aromatic ring). Observations of stellar envelopes, nebu-
lae and the interstellar medium, and thermodynamic consider-
ations, demonstrate the ubiquity of PAHs in astrophysical
settings (e.g., Allamandola et al., 1999; Zolotov and Shock, 2001;
Peeters et al., 2012). Most current PAH spectral assignments are
based on spectral fitting and there have been relatively few specific
band assignments. Similarly, the extreme spectral ‘redness’ (i.e.,
much lower reflectance at shorter wavelengths) of many Solar Sys-
tem bodies has commonly been ascribed to organics including
PAHs (e.g., Emery et al., 2005; Hardersen et al., 2006; Filacchione
et al., 2007; Buratti et al., 2008; Ore et al., 2011, 2012; Cloutis
et al., 2012; Pajola et al., 2013).

Direct or circumstantial evidence for the presence of PAHs has
been reported for numerous Solar System environments, including
comet nuclei (Moreels et al., 1994; Lisse et al., 2006), icy satellites
and ring particles of the outer planets (Cuzzi and Estrada, 1998;
Spilker et al., 2003; Cruikshank et al., 2005; Cruikshank, 2006),
the surface and atmosphere of Saturn’s moon Titan (Sagan et al.,
1993; Imanaka et al., 2004; e.g., Bernard et al., 2006; McCord
et al., 2006; Waite et al., 2007; López-Puertas et al., 2013), Pluto
and other Kuiper Belt Objects (KBOs) (Cruikshank and Dalle Ore,
2003), dark asteroids (Sabbah et al., 2010), and planetary regoliths
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(Zolotov and Shock, 1999; McCord et al., 2006). Extraterrestrial
materials including carbonaceous chondrites, ureilites, other mete-
orites, Interplanetary Dust Particles (IDPs) and comet particles also
contain PAHs (e.g., Pering and Ponnamperuma, 1971; Pizzarello
et al., 2001; Clemett et al., 2004; Derenne et al., 2005; Sandford
et al., 2006; Garvie and Buseck, 2007; Stephan et al., 2008;
Sabbah et al., 2010; Herd et al., 2011), some of which likely predate
the formation of our Solar System (e.g., Messenger et al., 1998;
Plows et al., 2003). Because of their relative stability in space envi-
ronments (particularly with respect to ultraviolet photon bom-
bardment and thermal degradation), PAHs may have played an
important role in the delivery of prebiotic organic molecules to
the forming planets (Chyba et al., 1990). Organic synthesis reac-
tions, such as the catalytic hydrogenation of CO gas on mineral
grains, (Fischer–Tropsch type synthesis) can produce both aro-
matic and aliphatic compounds (e.g., Oró, 1965; Anders et al.,
1974; Bradley et al., 1984). Subsequent thermal and radiation-
induced metamorphism favours the conversion of aliphatic organic
compounds to PAHs (e.g., Brearley, 1990).

The chemistry of PAHs allows for an extreme diversity in molec-
ular structure. Both the arrangement of aromatic rings and the
existence of numerous substitutions and side-chains allow for
numerous permutations in PAH structure. In this study, the effects
of changes in PAH molecular structure and composition on solid-
state reflectance spectra (ultraviolet, visible, and near-infrared –
UV–Vis–nIR, 350–2500 nm) have been systematically investigated
using a suite of high-purity synthetic PAHs. While it is possible to
compute the vibrational and rotational spectra of PAHs from first
principles, such theoretical spectra are most comparable to obser-
vations of free ions and molecules. In condensed matter, interac-
tions between neighbouring electrons causes spectral lines to
become broad overlapping bands, and unambiguous assignment
of features to a particular mechanism becomes difficult or impos-
sible. Laboratory measurements of solid-state PAH spectra as a
function of structure and composition therefore provide a valuable
and necessary adjunct to first-principles calculations of PAH spec-
tra. The purpose of the spectroscopic measurements reported here
is the same as that of many studies of mineral and rock powders: to
provide a library of spectra of high-purity, well-understood sam-
ples that can provide a basis for interpreting remote spectra, spec-
tra of more complex mixtures, and measurements collected under
differing physicochemical conditions.

1.1. Relevance to planetary science

The primary objective of this study is to provide a database of
high spectral resolution reflectance spectra of solid PAHs for use
in interpreting both currently available data and measurements
to be made in the near future by en route or soon to be launched
missions. Here we briefly review some current and future observa-
tions for which a database of PAH spectra are of potential use.

Current telescopic observations of Pluto, many KBOs and other
dark, icy objects show that their surfaces contain methane, water
ice, and in some cases CO2, N2 and possibly other condensed mate-
rials. Spectra of such objects also commonly display an extreme
‘red slope’ that is, increasing reflectance with increasing wave-
length. Organic compounds, including PAHs, are commonly
invoked to explain both the low albedo and extreme spectral slope
of many objects, yet, there exist relatively few measurements of
PAH reflectance spectra covering the ultraviolet, visible, and
near-infrared (where most telescopic observations have been
made).

Spectra of the dark regions of Iapetus (Cruikshank et al., 2008;
Ore et al., 2012) have revealed the presence of aromatic com-
pounds. Spectral features near 2150–2170 nm (2.15–2.17 lm)
observed by Cassini VIMS during observations of Iapetus dark
material have been attributed to aromatic CH plus CC combination
modes (Cruikshank et al., 2008; Ore et al., 2012), consistent with
our observation of a strong absorption in the same spectral region
for all the PAHs studied. While it is obviously not yet possible to
ascribe the observed bands to a particular compound, these obser-
vations demonstrate the detectability of PAHs on solid planetary
surfaces and the utility of reference spectral data in the overtone
and combination regions. Signatures of PAHs have recently been
identified in the atmosphere of Titan (López-Puertas et al.,
2013), and PAHs may be concentrated in some Titan surface
deposits.

Several missions are currently en route to targets that may host
PAH-rich deposits including Dawn (arrival at Asteroid 1 Ceres in
2015), New Horizons (flyby of the Pluto system in 2015), and
Rosetta (rendezvous with Comet 67P/Churyumov-Gerasimenko in
2014).

Finally, the soon to be launched OSIRIS-REx (launch 2016,
encountering B-type Asteroid 101955 Bennu in 2018) and Hay-
abusa-2 (launch 2014, encounter with C-type Asteroid 1999 JU3

in 2018) missions to primitive asteroids may encounter PAH-bear-
ing deposits.
2. Materials and methods

2.1. Synthetic PAHs

High-purity samples of PAHs were purchased from Sigma–
Aldrich. The PAH compounds were dry sieved and the <45 lm par-
ticle size fraction was placed in aluminium sample cups with 5 mm
diameter, 2.5 mm depth cylindrical sample wells. Table 1 summa-
rizes the chemical composition, structure, and other characteristics
of the PAHs studied here.
2.2. Reflectance spectroscopy measurements

Reflectance spectra were measured with an Analytical Spectral
Devices FieldSpec Pro HR spectrometer that acquires data from 350
to 2500 nm, with a spectral resolution of between 2 and 7 nm. The
data are internally re-sampled by the instrument to output data at
1 nm intervals. Data below approximately 400 nm may be affected
by low signal levels and hence data in the 350–400 nm region, par-
ticularly abrupt changes in slope, are suspect. Some spectra may
also show small and narrow absorption bands in the 620–
650 nm region, which are attributable to artefacts from the spec-
trometer’s order-sorting filter. Unless otherwise indicated, spectra
were measured at a viewing geometry of i = 30� and e = 0�. Incident
light was provided by an in-house 50 W quartz–tungsten–halogen
collimated light source. Sample spectra were measured relative to
a Spectralon (Labsphere, North Sutton, NH) standard and corrected
for minor (less than �2%) irregularities in its absolute reflectance.
In each case, 500 spectra of the dark current, standard, and sample
were acquired and averaged, to provide sufficient signal-to-noise
for subsequent interpretation. Wavelength positions of absorption
features were determined by finding the local extreme value
within the feature in question (local minima for absorptions, local
maxima for fluorescence features). All measurements were made
at room temperature and pressure. We note that previous studies
of organic spectra over a wide range of temperatures show negligi-
ble changes between room temperature and cryogenic tempera-
tures, likely due to a lack of hydrogen bonding in most
condensed organics (Clark et al., 2009). We expect, therefore, that
solid PAHs will show little spectral variability with temperature,
with the possible exception of compounds containing OH and
NH, which may enable more extensive hydrogen bonding.



Table 1
Composition and molecular structure of synthetic PAHs investigated.

Sample ID Compound name Provenance Formula Structure Purity

ORG001 Naphthalene Aldrich 18,450-0 C10H8 >99

ORG002 Anthracene Aldrich 14,106-2 C14H10 99

ORG003 Phenanthrene Aldrich 26,087-8 C14H10 >99.5
ORG004 Phenanthrene Aldrich P1,140-9 C14H10 98

ORG005 1,2-Benzanthracene Aldrich B220-9 C18H12 99

ORG006 2,3-Benzanthracene Aldrich B240-3 C18H12 98

ORG007 Chrysene Aldrich 42,507-9 C18H12 98
ORG008 Chrysene Aldrich C8,000-8 C18H12 95

ORG010 Pyrene Aldrich 18,551-5 C16H10 98

ORG011 Pentacene Aldrich P180-2 C22H14 99%

ORG012 Benzo[a]pyrene Aldrich B1,008-0 C20H12 97

ORG013 Perylene Aldrich P1,120-4 C20H12 >99

ORG014 Naphtho[2,3-a]pyrene Aldrich 38,094-6 C24H14 98

ORG015 Coronene, sublimed Aldrich 33,535-5 C24H12 99

ORG016 Triphenylene Aldrich T8,260-0 C18H12 98

ORG017 1-Methylanthracene Aldrich 33,357-3 C15H12 97

ORG018 9-Methylanthracene Aldrich M2,960-6 C15H12 98

(continued on next page)
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Table 1 (continued)

Sample ID Compound name Provenance Formula Structure Purity

ORG019 7-Methylbenzo[a]pyrene Aldrich 38,090-3 C21H14 98

ORG020 9,10-Dimethylanthracene Aldrich D14,670-6 C16H14 99

ORG025 2-Ethylanthracene Aldrich 21,466-3 C16H14 98

ORG026 1-Acenaphthenol Aldrich A40-6 C12H10O 99

ORG027 9-Phenanthrol tech. Aldrich 21,128-1 C14H10O Unknown

ORG028 9-Phenylanthracene Aldrich P1,800-4 C20H14 98

ORG029 9,10-Diphenylanthracene Aldrich D20,500-1 C26H18 97

ORG030 Decacyclene Aldrich D20-0 C36H18 Unknown

ORG031 Acenaphthene Aldrich 21,537-6 C12H10 99

ORG032 9,10-Dihydroanthracene Aldrich 12,617-9 C12H14 97

ORG034 Fluorene, zone refined Aldrich 41,819-6 C12H14 99

ORG035 Fluoranthene Aldrich 42,394-7 C16H10 99

ORG036 2-Acetylfluorene Aldrich A1,620-3 C15H12O 98

ORG037 2-Acetylphenanthrene Aldrich A1,920-2 C16H12O 98
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Table 1 (continued)

Sample ID Compound name Provenance Formula Structure Purity

ORG038 Phenanthrene-9-carboxaldehyde Aldrich P1,160-3 C15H10O 97

ORG039 1-Acetylpyrene Aldrich 39,142-5 C18H12O 97

ORG041 Dibenzothiophene Aldrich 34,783-3 C12H8S 99

ORG042 9-Anthracenecarbonitrile Aldrich 15,276-5 C15H9N 97

ORG043 9-Nitroanthracene Aldrich N1,020-9 C14H9NO2 97

ORG044 Carbazole Aldrich C310-3 C12H9N 96

ORG045 9-Cyanophenanthrene Aldrich C9,360-6 C15H9N 97

ORG046 Dibenzothiophene sulphone Aldrich D3,240-7 C12H8O2S 97

ORG047 9(10 H)-Acridone Aldrich 15,021-5 C13H9NO 99

ORG048 2-Aminoanthracene Aldrich A3,880-1 C14H11N 96

ORG049 Phenothiazine Aldrich P1,483-1 C12H9NS >98

ORG050 Phenoxathiin Aldrich 21,882-0 C12H8OS 97

ORG051 Phenoxazine Aldrich P1,485-8 C12H9NO >99

ORG052 Perinaphthenone Aldrich P1,080-1 C13H8O 97

(continued on next page)
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Table 1 (continued)

Sample ID Compound name Provenance Formula Structure Purity

ORG053 Xanthene Aldrich X20-1 C13H10O 99

ORG054 Xanthone Aldrich D60-0 C13H8O2 97

ORG056 Anthrone Aldrich 31,989-9 C14H10O 97

ORG057 Anthraquinone Aldrich A9,000-4 C14H8O2 97
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3. Results

The spectra of all PAH compounds studied here are shown in
Figs. 1–5, along with simple molecular structure models. Locations
of absorptions and fluorescence features are graphically summa-
rized in Fig. 6.

As a first step towards quantification of the strengths of the
absorption features observed in this study, we have applied the
Kubelka–Munk (K–M) transform (Kubelka and Munk, 1931) to all
the measured spectra (Supplemental material). Although the K–
M theory is not strictly valid for the type of measurements made
here (i.e., the spectra are not bihemispherical), and the theory itself
has many shortcomings (e.g., Clark and Roush, 1984; Hapke, 1993),
it provides a means to relate the measured reflectance spectra to a
quantity that is proportional to the absorbance. More specifically,
the K–M transformed spectra are in terms of a ratio, conventionally
denoted K/S, which is the ratio of K, an absorbance coefficient, to S,
a scattering coefficient (K and S are generally not separable (e.g.,
Hapke, 1981)). The K–M transformed spectra can provide a base-
line for future work with mixtures of PAHs in geological substrates
(e.g., regolith simulants or ices), incorporating more rigorous radi-
ative-transfer based treatment of the spectra.

In order to facilitate comparison between the prominent 1st
and 2nd mCH overtone features in spectra of different PAH com-
pounds, we have carried out continuum removal by dividing the
measured spectra by straight line segments anchored at 1568 nm
and 1812 nm (1st overtone); and at 1078 nm and 1206 nm (2nd
overtone). The positions and continuum-removed depths of the
1st and 2nd overtone features and the continuum-removed spec-
tral data are provided in the Supplemental material.

4. Discussion

The spectral region investigated in this study is dominated by
overtones and combination bands due to fundamental molecular
vibrations. The molecular mechanisms responsible for the spectral
features observed here are based on theoretical investigations of
the fundamental modes (e.g., Bauschlicher et al., 2010) and on lab-
oratory-based investigations (e.g., Workman and Weyer, 2012).
Some level of uncertainty is unavoidable in adapting theoretical
predictions based on free molecules, or laboratory measurements
in dilute or weakly-interacting solutions to interpret spectra of
condensed matter. Nevertheless, the band assignments made here
are in agreement with a large body of theoretical and experimental
data, and are therefore likely to be accurate with respect to the
dominant vibrational mechanisms responsible for particular
absorption features.

As stated in Section 2, all the spectra measured here are of solid
state powders with <45 lm nominal particle size, at room pressure
and temperature. Conditions on most planetary surfaces likely to
contain abundant PAHs are very different from those of our exper-
iments. Nevertheless, there are strong reasons to expect that the
locations and general structure of PAH spectra under ambient con-
ditions are not very different from those at cryogenic tempera-
tures. Results of similar measurements of aliphatic hydrocarbons
by Clark et al. (2009) showed negligible variations in spectra of
paraffin between 290 K and 85 K. This was ascribed to the general
lack of intermolecular hydrogen bonding, and similar arguments
will apply to aromatic compounds. It is possible that OH and NH
bearing PAHs will be exceptions, and further investigations of the
temperature-dependant spectral properties of individual PAHs
(and mixtures, both with other organics and with geological sub-
strates such as ice and minerals) are among the most important
directions for future studies to enable the interpretation of remote
sensing spectra of organic-rich targets. These room-temperature
measurements of single, high-purity PAHs will provide a baseline
that will be useful in studies of mixed PAHs in geological substrates
and at different temperature and pressure conditions.

4.1. Spectral features intrinsic to aromatic compounds

Features near�880 nm,�1145 nm, and�1687 nm, due primar-
ily to 3rd, 2nd and 1st-order overtones of mCH stretching funda-
mental vibrations appear in the spectra of all PAH samples, albeit
weakly in some, particularly the 880 nm feature. The mCH stretch-
ing overtone features are dominated by the CAH stretching modes
of the aromatic rings, but are modified by coupling between the
dominant CH mode and other modes such as C@C stretching, C@C
and CAH bending, ring-puckering, breathing or other deformation
modes. The 1st-order mCH overtone at �1687 nm is almost invari-
ably accompanied by a small shoulder peak on the short-wave-
length side, near �1645–1650 nm (Fig. 6). The wavelength region
from �2100 to 2500 nm, the first combination range, is complex
in spectra of all PAHs investigated here, and contains numerous
overprinting spectral features due predominantly to combinations
of pairs of fundamental vibrations (Fig. 6). Within the first



Fig. 1. Spectra of naphthalene, anthracence, penanthrene (>99.5% and 98% purity), 1,2-benzanthracene, 2,3-benzanthracene, chrysene (98% and 95% purity), pyrene, and
pentacene. Reflectance values >1 are possible for compounds displaying strong fluorescence such as anthracene, 1,2-benzanthracene, and 98% pure chrysene. Spectra are in
absolute reflectance from 350 to 2500 nm (1 nm spacing).
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Fig. 2. Spectra of benzo[a]pyrene, perylene, naptho[2,3-a]pyrene, coronene, triphenylene, 1-methylanthracene, 9-methylanthracene, 7-methybenzo[a]pyrene, 9,10-
dimethylanthracene, and 1-ethylanthracene. Spectra are in absolute reflectance from 350 to 2500 nm (1 nm spacing).
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Fig. 3. Spectra of 1-acenaphthenol, 9-phenathrol, 9-phenylanthracene, 9,10-diphenylanthracene, decacyclene, acenaphthene, 9,10-dihydroanthracene, fluorene, fluoran-
thane, and 2-acetylfluorene. Spectra are in absolute reflectance from 350 to 2500 nm (1 nm spacing).
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Fig. 4. Spectra of 2-acetylphenanthrene, phenanthrene-9-carboxaldehyde, 1-acetylpyrene, dibenzothiophene, 9-anthracenecarbonitrile, 9-nitroanthracene, carbazole, 9-
cyanophenanthrene, dibenzothiophene sulphone, and 9(10 H)-acridone. Spectra are in absolute reflectance from 350 to 2500 nm (1 nm spacing).

168 M.R.M. Izawa et al. / Icarus 237 (2014) 159–181



Fig. 5. Spectra of 2-aminoathracene, phenothiazine, phenoxathiin, phenoxazine, perinaphthenone, xanthene, xanthone, anthrone, and anthraquinone. Spectra are in absolute
reflectance from 350 to 2500 nm (1 nm spacing).
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Fig. 6. Summary of spectral feature locations observed in this study. Grey circles indicate the wavelength positions of absorption features (identified by minimum location).
Annotations along the top indicate the regions dominated by overtones (3rd overtone = 4mCH, 2nd = overtone 3mCH, 1st = overtone 2mCH), and combinations (first
combination region dominated by combinations of two fundamental vibrational modes, second combination region by triples of fundamental vibrational modes). Triangles
mark the locations of fluorescence features. Larger triangles indicate a strong, unambiguous fluorescence peak, small triangles small and ambiguous fluorescence peaks. The
presence of mCH overtone features in nearly the same wavelength locations in almost all compounds studied is apparent.
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combination range, consistent and strong features (in reality,
envelopes containing many superimposed absorptions) appear
near�2150–2170 nm (attributable to combinations of CH stretches
with normally IR inactive C@C deformation modes), and between
�2425 and 2435 nm attributable to combinations of aromatic
CAH stretching and CAH bending modes (Fig. 6). A second
combination region occurs between the first and second overtone
vibrations, from �1300 to �1600 nm, these weak absorptions are
predominantly due to combinations of three fundamental vibra-
tions, and generally appear as a broad envelope of indistinguishable
absorptions (Fig. 6). Higher-order (4th and above) overtones and
combinations appear shortward of the 3rd overtone region near
�880 nm, such high-order features are typically very weak.

The mCH stretching overtone features are perturbed by the pres-
ence of side-groups and heterocycles. In general, the presence of
electronegative (electron-withdrawing) side-groups leads to a
decrease in the wavelength of the mCH overtone features, and the
presence of electropositive (electron donating) side-groups leads
to increased mCH overtone wavelength. The presence of heterocy-
cles causes splitting of mCH overtone features, but due to band
overlap effects, this splitting is manifested in the spectra of solid-
state PAHs as a shift in wavelength position of the entire envelope
of mCH features. The magnitude of the shifts in mCH overtone
features due to side-groups and heterocycles are generally small,
typically of the order of �10 nm or less.

Most non-substituted PAHs have a rather sharp absorption edge
(typically rising from absolute reflectance of <0.1 to >0.9 over
�200–300 nm). In some (e.g., 2,3-benzanthracene, benzo[a]pyrene,
perylene), there appear to be multiple overprinting absorption edges.
There is a general trend of decreasing absorption edge energy
(increasing wavelength) with increasing PAH size, with the absorp-
tion edge of naphthalene occurring at �400 nm, compared to
�412 nm for anthracene, and 716 nm for pentacene (Fig. 7A). The
relation between absorption edge location and number of aromatic
rings is not linear, however, and is complicated by the presence of
multiple absorption edges in several PAHs such as 2,3-benzanthra-
cene and benzo[a]pyrene (Fig. 7A). More condensed PAHs such as cor-
onene and benzo[a]pyrene have absorption edges at lower energies
than linear PAHs with the same numbers of aromatic rings (Fig. 7B).
The highly embayed structures of chrysene and 1,2-benzanthracene
display more complex absorption edge structures compared to
straight-chain 2,3-benzanthracene or compact pyrene or triphenyl-
ene (Fig. 7C). Absorption edges are also greatly modified by the pres-
ence of any heterocyclic or side group substituents. Compounds
containing heterocycles or side groups commonly display a more
gradual rise in reflectance with increasing wavelength, leading to a
‘red’ spectral slope rather than a sharp absorption edge, exemplified
by the changes to the absorption edge of anthracene with the substi-
tution of methyl, phenyl, cyano or amine side-groups (Fig. 7D).

4.2. Fluorescence features

Anthracene, phenanthrene, 1,2-benzanthracene, chrysene,
fluorene, fluoranthene, carbazole, and 9-cyanophenanthrene show
unambiguous fluorescence features. Several other compounds
including perylene and 2,3-benzanthracene show possible



Fig. 7. Changes in position and nature of absorption edges and fluorescence features with changes in PAH structure and composition. (A) There is a general trend of increasing
absorption edge wavelength with increasing PAH size, which is most clearly illustrated for the straight-chain compounds naphthalene, anthracene, 2,3-benzanthracene,
benzo[a]pyrene and pentacene. (B) Spectra of larger linear (pentacene) and compact (coronene) PAHs show the competing influences of additional aromatic rings (which
tends to increase the absorption edge wavelength), compactedness (which tends to decrease absorption edge wavelength), extent of embayment and existence of non-
aromatic moieties (which lead to complex absorption edges and may contribute to increasing the spectral range over which the absorption edge occurs, leading to a ‘red
sloped’ appearance, for example as in perylene, where the central ring is non-aromatic). (C) PAHs with four aromatic rings illustrate the variability due to PAH structure, with
a general trend of increasing absorption edge wavelength for less-compact structures (c.f. 2,3-benzanthracene and pyrene). The highly embayed structures of chrysene and
1,2-benzanthracene display more complex absorption edge structures compared to straight-chain 2,3-benzanthracene or compact pyrene or triphenylene. (D) Effect of side-
group substituents on the absorption edge of anthracene, with a general correlation between the position of the absorption edge and the perturbative effect of the substituent
groups, where methyl and phenyl groups are weakly perturbing and amine groups strongly perturbing. (E) Variations in fluorescence feature intensity and position with PAH
composition and structure. The wavelength of the fluorescence features generally increases with larger PAHs. More compact PAHs (c.f. structure of chrysene and (1,2)-
benzanthracene, or anthracene and phenanthrene) tend to have shorter wavelength fluorescence features. (F) Variation in fluorescence behaviour with PAH sample purity.
Higher-purity PAH samples generally display greater magnitude of the fluorescence features. This may be due to quenching via de-excitation through interaction with
impurity molecules. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fluorescence features that are difficult to unambiguously identify
due to their low magnitude (Figs. 6 and 7E, F). There is a general
trend of increasing wavelength of the fluorescence features with
increasing number of aromatic rings, and 5-ring and larger PAHs
do not appear to show unambiguous fluorescence features in the
wavelength range studied here. The presence of side groups
suppresses fluorescence in almost all instances, even in the case
of phenyl side groups, with 9-cyanophenanthrene being the only



Fig. 8. Spectra of PAHs containing NH, NH2, CN and NO2. (A) Spectra of 2-aminoanthracene, phenothiazine, and phenoxazine may be compared to the parent compound
anthracene; similarly, carbazole may be compared with its parent compound fluorene. Regions within boxes labelled B, C, and D are expanded in the corresponding figure
panels. (B) Detail of the NAH stretching first overtone region. (C) Detail of the NAH stretching third overtone region. (D) Detail of the first combination region showing
additional strong peaks due to combinations involving NAH modes near 1982 nm and 2037 nm (carbazole), 2003 nm and 2041 nm (phenoxazine), and 2024 nm and 2060 nm
(phenothiazine). (E) Spectra of 9-nitroanthracene, 9-anthracenecarbonitrile, and 9-cyanophenanthrene may be compared to the parent compounds anthracene and
phenanthrene. Regions within boxes labelled F, G, and H are expanded in the corresponding figure panels. The presence of CN and NO2 side groups suppresses fluorescence
and leads to a significant red slope, particularly evident in the spectrum of 9-anthracenecarbonitrile, but do not produce diagnostic absorption features. The presence of CN
and NO2 side groups does lead to small shifts in the positions of the CAH stretching overtones, with these features moving to slightly shorter wavelengths in the CN and NO2

substituted PAHs. The second CAH stretching overtone region is enlarged in (F), the first overtone region in (G). (H) A very weak feature in the cyanide-bearing PAHs
anthracenecarbonitrile (1888 nm) and 9-cyanophenanthrene (1896 nm) may be due to high-order combinations involving C@N modes. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effects of aliphatic and aromatic side-groups on PAH spectra. (A) Spectra of 1-methylanthracene, 9-methylanthracene, and (9,10)-dimethylanthracene may be
compared with that of the parent compound anthracene; similarly, the spectrum of 7-methylbenzo[a]pyrene may be compared to that of the parent compound
benzo[a]pyrene. Regions within boxes labelled B, C, and D are expanded in the corresponding figure panels. (B and C) Detail of the first (B) and second (C) CAH stretching
overtone regions showing the additional peaks on the long-wavelength side of the aromatic CAH stretching overtone features due to CH stretching modes in the methyl side
groups. (D) Detail of the second combination region. Aliphatic side-groups lead to asymmetry in the envelope of features in this region. Regions within boxes labelled F, G, and
H are expanded in the corresponding figure panels. (E) Spectra of 9-phenylanthracene and (9,10)-diphenylanthracene may be compared with that of anthracene, the parent
compound. Apart from suppression of fluorescence, there are few changes in the spectra with the addition of phenyl side-groups. (F–H) Details of the first (G), second (F) and
third (H), CAH stretching overtone regions showing slight shifts to shorter wavelengths with increasing phenylation.
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Fig. 10. Spectra of PAHs containing CH2 heterocycles (‘saturated bonds’), and of decacyclene-related compounds. Regions within boxes labelled B and C are expanded in the
corresponding figure panels. (A) Spectra of xanthone, anthrone, and (9,10)-dihydroanthracene may be compared to that of anthracene, the parent compound. (B and C) Details
of the regions near the first (B) and second (C) CAH stretching overtones showing additional features ascribable to overtones of CAH in the CH2 heterocycles. (D) Comparison
of the spectrum of decacyclene with the most closely-related compounds in this study, naphthalene and fluoranthene, shows mCH stretching first overtone features at
�1685 nm with a shoulder at �1654 nm, similar to other PAHs in this study. Decacyclene spectra also show a strong combination feature near �2146 nm, again similar to
other PAHs in this study. Decacyclene produces a substantial red slope as well as darkening at shorter wavelengths, suppressing the second and higher overtones of mCH
stretching. (E) Spectra of acenaphthene, fluorene, xanthene, anthrone, (9,10)-dihydroanthraene shown to further illustrate the presence of additional strong, sharp features
due to the presence of CH2 heterocycles and in isolated ethylene bridges. (F) Detail of the first combination region showing a strong, sharp absorption between �2290 and
�2400 nm that appears to be unique to compounds with CH2 heterocycles and in isolated ethylene bridges. This feature is likely a combination involving CH2 vibrations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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exception among the PAHs studied here (Fig. 7E). 9-cyanophe-
nanthrene has a broad fluorescence feature centred near 494 nm,
and two very weak possible fluorescence features 419 and
436 nm; in contrast, phenanthrene has a sharp fluorescence peak
at 413 nm and a weak possible fluorescence feature at 445 nm
(Fig. 7E). The presence of heterocycles, saturated bonds or ethylene
bridges also suppresses fluorescence, with carbazole being the only
exception among the PAHs studied here. Fluorescence suppression
by side groups and heterocycles may be related to decreased aro-
maticity and concomitant loss of electron delocalization in substi-
tuted PAHs. Contamination with traces of other compounds also
appears to suppress fluorescence in some cases. For example, the
fluorescence of 98% purity phenanthrene is much weaker than that
of >99.5% purity phenanthrene (Fig. 7F). Similarly, the fluorescence



Fig. 11. Spectra of PAH compounds containing ethylene bridges, and hydroxylated PAHs. Regions within boxes labelled B, C, and D are expanded in the corresponding figure
panels. (A) Spectra of fluorene, fluoranthene, and acenaphthene, with that of naphthalene for comparison. (B) Detail of the region near the second overtone of CAH stretching,
showing additional peaks in the spectra of acenaphthene and fluorene, both of which contain CH2 moieties within either an ‘ethylene bridge to nowhere’ (acenaphthene) or in
the linking 5-membered non-alternant ring (fluorene). (C) Detail of the region near the first overtone of CAH stretching, showing the additional CH overtones in the CH2

moieties in acenaphthene and fluorene. (D) Detail of the first combination region showing additional strong, sharp peaks in the range between �2290 and �2400 nm. In
contrast, the spectrum of fluoranthene (containing ethylene bridges but no CH2 moieties) is very similar to that of naphthalene. (E) Hydroxyl-bearing PAHs (1-acenaphthenol
and 9-phenathrol) display spectral features due to hydrogen-bonded OH groups. The OH features are combinations involving mOH stretching and overtones of dOH bending
(in-plane and out-of-plane) modes. Comparison of the spectrum of 1-acenaphthenol with those of the related compounds naphthalene and acenaphthalene showing a
prominent OH feature between�1440 nm and�2000 nm (the long-wavelength side is difficult to unambiguously assign due to the overlapping mCH stretching overtones and
combinations). (F) Detail of the region of the OH overtone plus combination feature. (G) Spectrum of 9-phenathrol with that of the parent compound phenathrene for
comparison. (H) Detail of the region of the OH overtone plus combination feature. The spectral features related to aromatic alcohols are at least qualitatively similar to those
of other OH-bearing compounds including many hydrous or hydroxylated minerals, and water.
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Fig. 12. Spectra of PAHs containing acetyl, carboxyl, carbonyl, and ether side-groups. (A) Spectra of phenanthrene-9-carboxaldehyde and 2-acetylphenanthrene with that of
the parent compound, phenanthrene, for comparison. Regions within boxes labelled B and C are expanded in the corresponding figure panels. (B) Detail showing small
features �1990–2010 nm related to combinations including mC@O overtones, and features near �2262 nm ascribable to combinations involving C@O and CAH stretching in
the acetyl and carboxyl side groups. (C) Spectra of 2-acetylfluorene and 1-acetylpyrene with those of their respective parent compounds fluorene and pyrene for comparison.
(D) Detail showing the presence of small features near �2000–2040 nm due to combinations including mC@O overtones, and near �2267 nm in 1-acetylpyrene due to
combinations involving C@O and CAH stretching in the acetyl side group. The �2267 nm combination feature is not apparent in the spectrum of 1-acetylpyrene, but a feature
near �2010 nm with a smaller subdued peak at �2038 nm are present, and are likely due to combinations including mC@O overtones. (E) Spectra of carbonyl- and ether-
bearing PAHs with anthracene (parent compound of all but perinaphthenone) for comparison. Regions within boxes labelled F, G and H are expanded in the corresponding
figure panels. (F and G) Detail of the first (F) and second (G) mCH overtone regions, showing the general shifts to shorter wavelengths with the introduction of highly-
electronegative oxygen as ether and carbonyl groups. The wavelength shifts are complicated by the presence of other substituents in some cases ((9,10H)-acridone,
phenoxathiin, phenoxazine, xanthene and anthrone), but the general trend is apparent. H) Detail showing small, sharp features at �2017 and �2044 nm in anthraquinone
which are ascribable to attributable to C@O stretching overtones combined with normally IR-inactive CAH and CAC modes.
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of 95% purity chrysene is weaker than that of 98% chrysene
(Fig. 7F). This may be due to fluorescence quenching via
interactions between the excited states of the primary constituent
with contaminant species.

4.3. Nitrogenated PAHs

A feature near 1490–1515 nm due predominantly to the first
overtone of mNH stretching is generally diagnostic of nitrogenous
PAHs containing NH heterocycles and NH2 side groups (Fig. 8A
and C). A weak feature that is probably dominated by the second
overtone of mNH stretching appears near 1125–1150 nm in carba-
zole, phenoxazine, and phenothiazine, all of which contain NH as a
heterocyclic substituent (Fig. 8B). Spectra of carbazole, phenoxa-
zine, and phenothiazine show a pair of sharp features at
1982 nm and 2037 nm (carbazole), 2003 nm and 2041 nm (phen-
oxazine), and 2024 nm and 2060 nm (phenothiazine); these fea-
tures are ascribed primarily to combinations of dNAH in-plane
and out-of-plane bending with NAH stretching (Fig. 8D). In NH2-
bearing aminoanthracene, the first mNAH overtone feature is broad
and highly asymmetric, due to the combination of symmetric and
asymmetric stretching modes of the NH2 group (Fig. 8A and C). Not
all NH-bearing PAHs show features ascribable to NAH vibrations,
however; as 9(10 H)-acridone, which contains an NH heterocycle
does not display any apparent NH overtones (Fig. 8). The reasons
Fig. 13. Spectra of sulphonyl- and thioether-bearing PAHs, with parent compounds. Regi
The positions of the mCAH overtones move to slightly shorter wavelengths compared to t
overtone region in (C), and the first overtone region in (D). Neither the compounds relat
from anthracene (phenoxathiin and phenothiazine) show features that can be unambig
vibrations). The shifts in mCAH overtones in phenoxathiin and phenothiazine also reflec
for the anomalous behaviour of acridone are unclear. Other N-
bearing PAHs containing CN (9-cyanophenanthrene and 9-anthra-
cenecarbonitrile) and NO2 (nitroanthracene) side chains are not as
easily distinguished, but do cause a small downward shift in the
wavelength of the overtone bands, most clearly visible in the sec-
ond overtone region near �1690 nm, likely due to the high elecro-
negativities of the cyanide and nitrate side groups (Fig. 8E–G).
There are also very weak features at �1896 nm in 9-anthracene-
carbonitrile and at �1888 nm in 9-cyanophenanthrene that appear
to be unique to CN-bearing PAHs, these features are tentatively
ascribed to the 2nd overtone of mCAN stretching, possibly with
contributions from aromatic CAC or CAH modes (Fig. 8H).

4.4. Aliphatic side-groups

Additional CAH combination features appear in the first combi-
nation regions in the spectra of PAHs with aliphatic side-groups,
due to additional vibrational modes allowed by the lowered sym-
metry of the molecules, but individual absorptions are not readily
distinguishable due to the number of superimposed features
(Fig. 9). Spectra of methylated and ethylated PAHs do show small
but distinctive features at at �1690 nm, longward of the first aro-
matic mCH overtone (Fig. 9B), and �1200 nm, just longward of the
second aromatic mCH overtone (Fig. 9C), which are attributable pri-
marily to the second and first overtones of CH stretching vibrations
ons within boxes labelled B and C are expanded in the corresponding figure panels.
he parent compounds. Detail of the third overtone region is shown in (B), the second
ed to fluorene (dibenzthiophene and dibenzthiophene sulphone) nor those derived
uously attributed to bonds involving S (e.g., overtones of CAS or S@O fundamental
t the influence of the NAH and ether heterocycles.
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in the methyl or ethyl side groups. In some cases, (e.g., 9,10-dim-
ethylanthracene, 7-methylbenzo[a]pyrene), the aliphatic mCH
overtone vibrations are not clearly resolved from the aromatic
mCH overtones, and instead produce a broad asymmetric envelope
of vibrations on the long-wavelength side of the aromatic mCH
overtone features (Fig. 9A–C). The presence of methyl and ethyl
side groups also causes subtle changes in the first and second com-
bination regions (�2100–2500 nm and �1300–1600 nm respec-
tively). The second combination envelope in methylated and
ethylated PAHs is commonly asymmetric with greater intensity
at lower wavelength (Fig. 9D).

4.5. Aromatic side groups

Apart from the suppression of fluorescence features, phenyl side
groups produce very minor spectral changes. Comparison of the
mCH overtone positions in spectra of anthracene, 9-phenylanthra-
cene, and (9,10)-diphenylanthracene reveals minor shifts to
shorter wavelength with increasing phenylation (Fig. 9). The sec-
ond overtone shifts from 1144 nm in anthracene to 1141 nm in
9-phenylanthracene to 1139 nm in (9,10)-diphenylanthracene
(Fig. 9F). Similarly, the first mCH overtone feature at 1678 nm in
anthacene shifts to 1679 nm in 9-phenylanthracene and to
1676 nm in (9,10)-diphenylanthracene (Fig. 9G); and the third
overtone feature shifts from 876 nm in anthracene to 873 nm in
9-phenylanthracene and 870 nm in (9,10)-diphenylanthracence
(Fig. 9H). These small wavelength shifts are likely due to the elec-
tron-withdrawing nature of the phenyl side groups.

4.6. Saturated bonds, ethylene bridges, and non-alternant PAHs

The term saturated bond is here used to refer to the situation in
molecules such as fluorene or anthrone where a carbon atom not
Fig. 14. Variations in the locations of the first three overtones of the mCH features. In gen
decrease in the wavelength of the mCH overtone features, and the presence of electropo
wavelengths. The presence of heterocycles causes splitting of mCH overtone features, but
PAHs as a shift in wavelength position of the entire envelope of mCH features. Again, the p
shift to lower wavelength, and conversely electropositive heterocycles are correlated w
associated with a side group is bonded to two carbon and two
hydrogen atoms. Non-alternant PAHs are those containing rings
other than those with six carbon atoms (e.g., fluoranthene and
decacyclene which contain five-membered carbon rings). Spectra
of PAHs containing saturated bonds show distinctive additional
peaks near �1215–1245 nm and �1700–1850 nm due to over-
tones of CH vibrations in the substituent groups (Fig. 10A–C). Dihy-
droanthracene, containing a pair of CH2 groups in para
configuration, has two mCH second overtone features at 1188 and
1242 nm, as well as features near 1811, 1770 and 1726 nm due
to first overtones of mCH stretching (Fig. 10B and C). A feature near
1218 in anthrone and xanthene is primarily attributable to the sec-
ond overtones of mCH stretching (Fig. 10C). The spectrum of deca-
cyclene (containing three equivalent 5-membered non-alternant
5-membered rings, or alternatively six ethylene bridges linking a
central benzene molecule to three naphthyl side groups) is highly
distinctive, displaying a very strong red slope from 350 nm to the
edge of the first combination region at �2100 nm. Some similari-
ties between the spectrum of decacyclene with those of the closest
related PAHs in this study (naphthalene and fluoranthene) are
apparent, notably in the positions of the first CAH stretching over-
tone near �1690 nm (Fig. 10D). The spectrum of decacyclene dis-
plays mCH first overtone features at �1685 nm, with a shoulder
at �1654 nm, and numerous combination features (due to mix-
tures of CAH and C-C modes) from �2100 to 2500 nm, with prom-
inent combination feature absorptions at 2147, 2240, 2268, 2344,
and 2419 nm (Fig. 10D). The apparent simplicity of the decacyclene
spectrum belies the complexity of the possible absorption features
in decacyclene. The decacyclene molecule has 156 vibrational
degrees of freedom and therefore 12,090 possible pairwise combi-
nations (and 620,620 three-component combinations), the vast
majority of which would be degenerate in a free molecule but
which may be made non-degenerate by the effects of the solid
eral, the presence of electronegative (electron-withdrawing) side-groups leads to a
sitive (electron donating) side-groups are correlated with increased mCH overtone
due to band overlap effects, this splitting is manifested in the spectra of solid-state

resence of electronegative heterocycles tends to cause the mCH overtone envelope to
ith an increase in mCH overtone envelope wavelength.
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state (e.g., perturbations due to the electrons bound to neighbour-
ing molecules, lowered symmetry in the amorphous or poorly-
crystalline solid phase). Fluoranthene may be regarded as
naphthalene connected to benzene through two ethylene bridges
(containing no CH bonds), or as naphthalene and benzene linked
by a non-alternant 5-membered ring. The spectrum of fluoranth-
ene is very similar to that of naphthalene apart from subtle shifts
in the weak combination absorptions in the first combination
region (Fig. 11).

Ethylene bridges produce sharp features due primarily to the
second overtones of mCH stretching vibrations in the ethylene
bridge at �1200 nm (Fig. 11A–D). The spectrum of acenapthene
also shows a sharp absorption near 1756 nm attributable to the
first overtones of mCH vibrations in the CH2 groups in the ethylene
bridge (Fig. 11B). Both saturated bonds and ethylene bridges also
produce additional features in the combination regions (Figs. 10
and 11A–D). A strong, sharp absorption between �2290 and
�2400 nm (within the first combination region) is observed in
the spectra of acenapthene (�2305 nm), fluorene (�2326 nm),
xanthene (�2324 nm), anthrone (�2349 nm), and (9,10)-dihydro-
anthracene (�2293 nm) (Fig. 10F); this absorption is ascribable
to a combination of CH stretching in the substituent groups with
deformation and bending modes. The spectral features due to CH
vibrations in ethylene bridges and in non-alternant PAHs such as
fluorene are somewhat similar to those produced by CH vibrations
in aliphatic side chains, but features due to ethylene bridges appear
to be sharper (c.f. Figs. 10E, F and 11 with Fig. 9).

4.7. Hydroxyl side chains (aromatic alcohols)

Spectra of the hydroxyl-bearing PAHs 1-acenapthol and 9-
phenathrol contain broad asymmetric features between �1430
and 1950 nm due to overtones and combinations involving mix-
tures of OH stretching and bending vibrations of hydrogen-bonded
OH groups in numerous coordination environments. The hydroxyl
overtone vibration partially overlaps the second overtone of CH
stretching, but is rather easily distinguished (Fig. 11E). Spectra of
1-acenaphthenol show an additional superimposed feature near
�1572 nm due to less strongly hydrogen bonded OH (Fig. 11F).
The broad OH stretching overtone envelope is less intense in 9-
phenathrol, but the spectrum of this compound does show a stron-
ger sharp feature at �1475 nm attributable to weakly hydrogen
bonded OH groups (Fig. 11G and H). Hydroxylated PAHs produce
spectral features which bear some similarity to both water and
structural hydroxyl in inorganic phases; therefore remote discrim-
ination of these compounds will be complicated. Conversely,
because of the spectral similarity between hydroxylated PAHs, par-
ticularly those with strong intramolecular and intermolecular
hydrogen bonding, and inorganic OH and H2O bearing phases
points to an additional (though likely minor) mechanism responsi-
ble for ‘hydration’ features in remote spectra.

4.8. Acetyl and carboxyl side groups

Comparison of the spectra of phenanthrene with phenathrene-
9-carboxaldehyde (Fig. 12A) reveals that the effects of adding a
carboxyl (aldehyde) side group are minor apart from the suppres-
sion of fluorescence features. The presence of a carboxyl side group
results in additional small features in the first combination region,
including a sharp feature at 2262 nm possibly due to a combina-
tion involving C@O fundamental vibrations (Fig. 12B). Carboxyl-
bearing phenanthrene-9-carboxaldehyde also shows an additional
small sharp feature at �1995 nm which may be a combination
involving the second overtone of mC@O stretching, possibly with
contributions from CAH, C@C or C@O modes (Fig. 12B), and a likely
doublet feature with absorption minima at �1284 nm and
�1266 nm that is probably a combination of higher-order C@O
and O@CAH vibrational overtones (Fig. 12A). Comparison of 2-ace-
tylphenanthrene with phenanthrene shows that the acetyl side
chain suppresses fluorescence and produces sharp features at
�2006 nm (ascribable to C@O stretching overtones) and
�2267 nm (ascribable to a combination involving C@O and CAH
stretching) similar to those observed for the carboxyl side group
(Fig. 12B). The 2267 nm feature is likely attributable to a combina-
tion involving C@O and CAH stretching fundamentals, and the
2006 nm feature is probably a combination involving the second
C@O stretching overtone (Fig. 12B). Similarly, comparison of the
spectra of 2-acetylfluorene and fluorene (Fig. 12C and D) shows
features near �2010 nm and �2267 nm attributable to overtones
and combinations due to the acetyl side group (C@O and CAH
combinations and mC@O second overtone plus combination
respectively). Carboxyl and acetyl side groups therefore produce
very similar and rather subtle changes in the spectra of PAHs,
but acetyl groups do not appear to produce high-order overtone
features near �1275 nm. Spectra of 1-acetylpyrene and pyrene
are very similar, but 1-acetylpyrene spectra contain a pair of small
sharp features near �2014 nm and 2038 nm (Fig. 12D). 1-acetylpy-
rene has a more pronounced red slope from 350 to �1000 nm, but
does not display any sharp features near �1270 nm relatable to
C@O fundamental combinations and overtones (Fig. 12C).

4.9. Carbonyl and ether heterocycles

Carbonyl and ether heterocycles produce shifts to shorter wave-
lengths in the mCH overtone vibrations (Fig. 12E–H). The magni-
tude of the wavelength shifts due to ether and carbonyl is
smallest for PAHs containing a single oxygen as an ether linkage
or carbonyl ((9,10H)-acridone, phenoxathiin, phenoxazine, perin-
apthone, xanthene, anthrone), followed by xanthone, which con-
tains an ether linkage and a carbonyl group, and largest for
anthraquinone, which contains a pair of carbonyl heterocycles in
para configuration in the central ring (Fig. 12E–H). Perinapthone
is not as easily comparable to the other carbonyl- and ether-bear-
ing PAHs in this study because it has a highly compact structure.
Shifts in CH overtone features are attributable to the large pertur-
bations of the CH bonds due to the high electronegativity of the
ether and carbonyl heterocycles. In anthraquinone and xanthone,
the first mCH overtones (near �1680 nm) are observably split into
doublets (Fig. 12F), and the second overtones near �1140 nm are
considerably broader and asymmetric (Fig. 12G). The magnitude
of the shifts in the mCH overtone features is small in all cases, of
the order of �10 nm or less. Anthraquinone also shows two very
small and sharp features at 2017 and 2044 nm attributable to
C@O stretching overtones combined with normally IR-inactive
CAH and CAC modes (Fig. 12H).

4.10. Sulphur-bearing heterocycles (thioether and sulphonyl)

Comparison of the positions of the mCH overtones in the S-bear-
ing heterocycles dibenzthiophene and dibenzthiophene sulphone
with structurally related fluorene reveals a small shift to shorter
wavelengths (Fig. 13). The third overtone also displays a minor
wavelength shift from 875 nm in fluorene to 872 nm in dibenzthi-
ophene to 867 nm in dibenzthophene sulphone (Fig. 13B). The sec-
ond mCH overtone moves from 1143 nm in fluorene to 1140 nm in
dibenzthiophene and 1134 nm in dibenzthiophene sulphone
(Fig. 13C). The first overtone moves from 1680 nm in fluorene to
�1673 nm in dibenzthiophene and �1669 nm in dibenzthiophene
sulphone (Fig. 13D). Combination features with contributions from
CAS and S@O fundamentals may contribute to the complex
envelopes of features in the first and second combination regions,
but cannot be unambiguously assigned due to band overlaps.
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Comparison of the spectra of phenothiazine and phenoxathiin with
that of anthracene reveals no features that can be related to the
presence of the thioether side group, but the wavelengths of the
mCH stretching overtones move to slightly lower values (Fig. 13).
Interpretation of the mCH stretching overtone wavelength shifts
with thioether substitution is complicated by the simultaneous
presence of ether (phenoxathiin) or NH (phenothiazine)
heterocycles.
5. Summary and conclusions

Spectra of solid PAHs consistently display mCH stretching over-
tone features near �880, �1145, and �1687 nm. In some specific
cases, strong broadband absorption masks some of these features
(e.g., decacyclene). The positions of the mCH stretching overtones
is shifted slightly for some heterocycles and side groups, typically
shifting to higher energy (shorter wavelength) with the inclusion
of electronegative moieties such as carbonyl, sulphonyl or ether
heterocycles; and shift to lower energy (lower wavelengths) with
electropositive moieties including acetyl or CH2 heterocycles
(Fig. 14).

Fluorescence features are most clearly observable in non-
substituted PAHs. There is a general migration of maximum fluo-
rescence intensity to longer wavelength with increasing PAH mol-
ecule size, but the behaviour is not straightforward or linear.
Fluorescence features are suppressed or absent in almost all side-
group and heterocyclic compounds, and appear to be suppressed
by small amounts of contamination. Because fluorescence behav-
iour is strongly dependent on the nature of excitation, it is possible
that the magnitudes of the fluorescence features detected here will
be different under different irradiation conditions. The positions of
the fluorescence features, however, should be consistent.

Nitrogenous PAHs containing NH or NH2 commonly (though not
universally) show features near 1490–1515 nm due to overtones of
NH vibrational modes, dominantly mNAH stretching. Other N-bear-
ing PAHs containing cyanide and nitrate side groups do not display
strong diagnostic spectral features.

Aliphatic side-groups produce additional features due to mCHar

overtones of the CAH bonds within the substituent groups. These
features typically appear on the long-wavelength side of the aro-
matic mCH stretching overtones (typical ranges �1180–1280 nm
for second overtones and �1700–1860 nm for first overtones), and
may be clearly resolved (e.g., ethylanthracene) or appear as an asym-
metric envelope of features (e.g., 7-methylbenzo[a]pyrene).

Spectra of PAHs containing aromatic side groups are difficult to
distinguish from their parent compounds. The presence of aro-
matic side groups causes only suppression of fluorescence and very
slight shifts in the positions of the aromatic mCH overtones, which
move to slightly lower wavelength with increasing phenylation.
These very subtle changes are unlikely to be discernable in remote
sensing data sets.

Saturated bonds and ethylene bridges produce strong and sharp
additional spectral features on the long-wavelength side of the aro-
matic mCH stretching overtone features (typical ranges �1180–
1280 nm for second overtones and �1700–1860 nm for first over-
tones). Most non-alternant PAHs have spectra that are broadly sim-
ilar to related PAHs, e.g., the spectrum of fluoranthene (naphthalene
linked to benzene through a 5-membered ring) is very similar to
that of naphthalene. Decacyclene stands apart and has an extremely
red spectral slope and only a few distinct spectral bands ascribable
to multiple overlapping overtone and combination modes.

Aromatic alcohols generally display a broad asymmetric feature
from �1450 nm to �1900 nm due to OAH stretching overtones
(the longwave side is overprinted by CAH stretching overtones
and therefore difficult to unambiguously measure). The aromatic
mOH overtone feature demonstrates that hydroxyl incorporated
into PAHs as hydroxyl side groups can produce spectral features
similar to those due to bound hydroxyl, and could make some
(likely minor) contribution to features generally interpreted to be
due to water ice, adsorbed water, and structurally-bound water
or hydroxyl.

Acetyl and carboxyl side groups produce spectral features near
�2000–2010 nm and �2060–2270 nm due to combinations of
C@O and CAH fundamental vibrations. Acetyl groups also cause a
small overtone feature (involving combinations and overtones of
C@O and CAOAH) near �1275 nm.

The presence of carbonyl and ether heterocycles causes the mCH
vibrational overtones to shift to shorter wavelengths due to the
high electronegativities of the substituents. In the case of anthra-
quinone, two very small and sharp features at 2017 and 2044 nm
attributable to combinations involving mC@O stretching overtones
were also observed.

Sulphur-bearing heterocycles produce a shift to shorter wave-
length in the mCH vibrational overtones, similar to the effects of
carbonyl, ether, and aromatic substituents. A shift in the position
of the mCH overtones could be indicative of the presence of substi-
tuent group(s), but unambiguous identification of the particular
substituent may not be possible in all cases. Possible contributions
from CAS and S@O overtones or combinations are either too weak
to identify or are so overlapped by other combination features that
they cannot be unambiguously assigned.

Spectra of many of the PAHs studied here, for example the con-
densed PAHs decacyclene, coronene, and perylene, as well as many
PAHs containing side-groups, show that PAHs could contribute a
considerable red slope. Organic mixtures including multiple PAHs
could therefore be among the (nearly) spectrally-neutral darkening
and reddening materials contributing to the reflectance spectra of
carbonaceous asteroids, comet nuclei, and other Solar System
bodies. Suppression of fluorescence and shifts in the positions of
mCH vibrational overtones relative to non-substituted PAHs can
be indicative of the presence of heterocyclic and side-group-bear-
ing compounds, but unambiguous remote spectral identification
will be difficult in some cases. Compounds containing aliphatic
side-groups, ethylene bridges, saturated bonds, NH and NH2 sub-
stituents, and aromatic alcohols commonly display diagnostic spec-
tral features that may be detected under favourable circumstances.
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