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1. Introduction

Infrared (IR) spectroscopy certa
recognized among the techniques av
of aromatic compounds [1–3]. For 
Information) the IR spectra of som
lyzed in the CH out-of-plane bending
lays a role long since 
 for the characterization 

Information) reveals that the strong IR signals in this region are 
due to collective CH out-of-plane bending vibrations, delocalized 
over different regions of the molecule and slightly coupled with 
vibrations of the molecular skeleton. Based on empirical correla-
do clearly show markers depending on the molecular structures. As 
expected, the simulation of the IR spectra provided by Density 

collectively involved in the normal modes. The application of this 
spectroscopic assignment has proved useful in the study of 
Functional Theory (DFT) calculations (see Supplementary
 carbon-based materials with controlled nanostructure obtained 
from pyrolysis of selected precursors [6].

Intrigued by the evident success of DFT calculations in repro-
ducing the IR spectral features of variously substituted benzene
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derivatives and even larger PAHs (see Fig. 1), we have decided to 
address the problem of describing the characteristic out-of-plane 
bending vibrations in more complex PAHs, which could be 
produced by combustion or obtained by direct synthesis. One of 
the aims of this investigation is to provide a theoretical back-
ground for the use of IR spectroscopy in the characterization of 
combustion products. In particular, we would like to explore the 
sensitivity of IR spectroscopy to different molecular shapes and 
assess the information that can be retrieved from IR spectra of 
polycyclic aromatic combustion products, which consist of 
mixtures of several compounds with similar nature. Finally, we 
notice that the potential applications of the present investigation 
may go beyond the characterization of combustion products since 
polyaromatic compounds are also of interest in Materials Science 
[7,8] and Astrophysics [9].

2. Experimental and computational details

The set of chemical formulae considered in this study has been
determined from the analysis of mass spectrometry data collected
on products originated from the incomplete combustion of gaseous
fuel under well-controlled conditions. This has allowed to carry out
Fig. 1. (a) The three PAHs used for benchmarking the computational procedure adopted f
rounded molecular mass. (b) Comparison between experimental (thinner line, below) an
the theoretical investigation on a realistic guess of structures, thus 
avoiding as far as possible bias effects caused by arbitrary choices 
of PAHs. A complex mixture of combustion products was isokinet-
ically sampled from a laminar premixed flame burning ethylene 
under fuel-rich conditions (McKenna burner, ethylene/O2, 
50.0/50.0, C/O = 1, Tmax = 1650 K, cold gas velocity = 4 cm/s). A 
stainless steel water-cooled probe was vertically inserted along the 
flame axis at 14 mm of height above the burner, corresponding to 
the end of soot formation region where flame-formed species 
(including soot, tar-like species and PAH) reach their maximum 
concentration [10]. Additional details on the combustion set-up 
and sampling procedure are given in Refs. [10,11]. The combustion 
products, recovered along the sampling line, were extracted with 
dichloromethane (DCM) to remove soluble organic species that 
include light PAH (C < 24). Following DCM extraction, the solid 
sample was re-extracted with the N-methylpyrrolidone (NMP) in 
order to detach strongly adsorbed species, containing large PAH (C 
> 24) [10]. Large PAH were identified in NMP-extract by 
Atmospheric Pressure Laser Desorption Mass Spectrometry (AP-
LDI-MS). The mass spectrum consists of a sequence of high 
intensity signals spaced 24–26 u, identified as PAHs with an even 
number of carbon atoms (even-C-numbered PAHs), superimposed
or the simulation of IR absorption spectra. The informal naming scheme refers to the
d simulated (thicker line, above) IR spectra of the three PAHs reported in panel (a).



on a sequence of ions spaced at 12 u relatively to the higher inten-
sity signals, ascribed to odd-C-numbered PAHs (Fig. 2). The PAH 
pattern extends up to 600 u that is the higher mass detectable. The 
large PAHs selected for this study arise from the even-C-numbered 
sequence, which is the most abundant in the analyzed combustion 
products. For a given mass number many structural isomers do 
exist and their number increases with the number of carbon atoms, 
as the molecules get larger. PAHs differ-entiation by mass 
spectrometry is difficult since mass spectra of isomeric PAHs are 
virtually identical. In the case of PAH from combustion sources, 
their structures are deduced by considering specific addition 
pathways. A pool of structural isomers (Table 1) were hypothesized 
by taking into account two mechanisms mainly responsible for PAH 
formation and growing in combustion flames:(i) pure acetylene 
based pathway (hydrogen abstraction acetylene addition, HACA) 
accounting for a mass increment of 24 u [12,13]) and (ii) 
intramolecular rearrangements (acetylene addition followed by 
isomerization, resulting in a mass increment of 26 u [14–17]). The 
intramolecular rearrangement is responsible of the interconversion 
of the PAH isomers leading to more stable PAHs.

Micro FT-IR measurements reported in Fig. 1 were carried out 
with Nicolet Nexus equipment coupled with a Thermo-Nicolet 
Continulm infrared microscope and a cooled MCT detector 
(77 K). The spectra of the samples (as powders) were acquired by 
using the diamond anvil cell technique with a 15� infrared objec-
tive (64 scans, 1 cm�1 resolution, 650–4000 cm�1 spectral range). 
Compared with the KBr pellet technique, the micro FT-IR setup 
allows recording spectra with a minimal sample amount.

DFT calculations on the set of PAHs reported in Table 1 have 
been carried out with Gaussian09 [18] with the B3LYP functional 
and 6-311G(d,p) basis set. Geometry optimization was followed 
by a frequency calculation aiming at simulating the infrared 
absorption. The main results of our DFT calculations can be found 
in Supplementary Information (optimized geometries, vibrational 
frequencies and IR intensities). The computed band positions 
(cm�1) and intensities (km/mol) have been directly used to repro-
duce infrared absorption spectra of individual PAHs by summing 
Lorentzian line shapes (10 cm�1 FWHM) corresponding to the 
computed bands.

The ‘‘R’’ statistical package [19] has been used for hierarchical 
cluster analysis [20] of the simulated IR spectra in the 200-1800 
cm�1 wavenumber range. For the sake of simplicity, we have 
adopted classical and well-established data clustering tools, 
choosing the popular Ward’s hierarchical algorithm [20]. Details 
of this procedure are reported in Supplementary Information. The 
dendrogram produced by hierarchical cluster analysis has been 
represented by using the APE library available within R [21]. 
OpenBabel tools [22] have been employed to obtain ring counts
Fig. 2. AP-LDI-MS spectrum of large PAH (C > 24) sampled in ethylene flame
(adapted from [10]).
and help with data processing of the optimized molecular
structures.
3. Data analysis

Detailed results of the clustering analysis carried out on our DFT 
simulations of the IR spectra of the selected PAHs are listed in 
Supplementary Information. Here below we highlight the main 
outcomes that emerged from the careful inspection of the correla-
tions among the molecules, which we think are also relevant to IR 
spectroscopy. It is worth mentioning that this data mining work 
would have been prohibitive without the help coming from hierar-
chical cluster analysis and data representation, both offered by ‘‘R’’ 
environment [19]. As it is apparent from the inspection of Figs. 3 
and 4, Ward’s clustering algorithm proceeds to group the different 
PAHs in such a way that the strong IR signals (almost ever corre-
sponding to CH-out-of-plane vibrations – see Fig. 5) of each cluster 
are very close, so that a representative wavenumber (i.e., a marker 
peak) can be associated with the majority of the clusters. This is for 
instance the case of cluster #1 (875 cm�1), #2 (760 cm�1), #3 (863 
cm�1), #4 (900 cm�1), #5 (851 cm�1), #7 (829 cm�1), #9 (783 
cm�1), #10 (857 cm�1) (in parenthesis the unscaled average 
vibrational wavenumber determined from DFT calculations). The 
situation for clusters #6, #8 and #11 appears somewhat more 
scattered and no clear marker can be found, even though the 
clustering algorithm correctly identifies groups with clearly similar 
IR spectra overall (see Supplementary Information for the cluster-
wise detailed representation of the simulated IR spectra). A 
summary of the outcomes of the present cluster analysis is 
reported in tabular form in Table 2 as a collection of the stronger IR 
modes in the 200–1800 cm�1 region.

Encouraged by the good performance of Ward’s hierarchical 
clustering in analyzing and correctly retrieving the similarities 
among the simulated IR spectra, we have decided to dwell more 
into the molecular origin of the IR signals hoping to find a connec-
tion between the marker bands found by the statistical analysis and 
the molecular structure of the many PAHs considered. For this 
reason we have also analyzed the vibrational nuclear displace-
ments associated with the strong IR features reported in Table 2. In 
all cases these have been found to be CH-out-of-plane bend-ing 
vibrations, localized in different ways along the periphery (edge) of 
the PAHs. We report in Table 2 a sketch of these cluster-specific 
displacement patterns, while in Fig. 5 we report a selection of 
relevant out-of-plane normal modes for the 8 clusters (#1–#5, #7, 
#9, #10) where markers can be more easily found. The inspection 
of Table 2 and Fig. 5 suggests two observations:

(i) The strong IR peaks of the PAHs considered are usually asso-
ciated with collective CH out-of-plane bending vibrations.

(ii) The nuclear displacements associated with intense IR peaks
possess peculiar patterns that are dependent on the topol-
ogy of the molecular edge and differ from cluster to cluster.

Point (i) is expected, based on the chemical structure of the mole-
cules considered and well-established spectroscopic correlations 
[1–3,6]. Point (ii) is more interesting and it reveals information on 
molecular structure that could be retrieved from IR spectra.

Even though the markers found can be nicely traced back to IR 
signals well-known in the literature (named SOLO, DUO, TRIO and 
QUATRO according to the number of CH bonds involved in the 
vibration along the edge of the polyaromatic system [6]), the 
inspection of the results from DFT calculations (Fig. 5) reveals that 
for complex edge topologies the nuclear displacement patterns are 
more involved and usually imply the simultaneous motion of more 
than one (SOLO, DUO, TRIO, QUATRO) moiety. This happens for



Table 1
The set of 51 PAHs considered in this work sorted by increasing molecular weight. The naming scheme (label) refers to the rounded molecular mass, followed by a one-letter code
for distinguishing among different isomers.

Label Mass Formula Number of rings Sketch

1 300 300.352 C24H12 7

2 302a 302.368 C24H14 6

3 302b 302.368 C24H14 6

4 326a 326.389 C26H14 7

5 326b 326.389 C26H14 7

6 350a 350.411 C28H14 8

7 374 374.432 C30H14 9

8 398 398.454 C32H14 10

9 400 400.469 C32H16 9

10 424a 424.491 C34H16 10

11 424b 424.491 C34H16 10

12 424c 424.491 C34H16 10

(continued on next page)



Table 1 (continued)

Label Mass Formula Number of rings Sketch

13 424d 424.491 C34H16 10

14 424e 424.491 C34H16 10

15 448a 448.512 C36H16 11

16 448b 448.512 C36H16 11

17 448c 448.512 C36H16 11

18 448d 448.512 C36H16 11

19 448e 448.512 C36H16 11

20 472a 472.534 C38H16 12

21 472b 472.534 C38H16 12

22 472c 472.534 C38H16 12

23 472d 472.534 C38H16 12

24 474 474.55 C38H18 11

25 496a 496.555 C40H16 13



Table 1 (continued)

Label Mass Formula Number of rings Sketch

26 496b 496.555 C40H16 13

27 498 498.571 C40H18 12

28 522a 522.592 C42H18 13

29 522b 522.592 C42H18 13

30 522c 522.592 C42H18 13

31 546a 546.614 C44H18 14

32 546b 546.614 C44H18 14

33 546c 546.614 C44H18 14

34 546d 546.614 C44H18 14

35 570a 570.635 C46H18 15

36 570b 570.635 C46H18 15

37 570c 570.635 C46H18 15

38 570d 570.635 C46H18 15

39 570e 570.635 C46H18 15

(continued on next page)



Table 1 (continued)

Label Mass Formula Number of rings Sketch

40 570f 570.635 C46H18 15

41 572d 572.651 C46H20 14

42 572e 572.651 C46H20 14

43 572f 572.651 C46H20 14

44 572a 596.672 C48H20 15

45 572c 596.672 C48H20 15

46 596b 596.672 C48H20 15

47 596c 596.672 C48H20 15

48 596e 596.672 C48H20 15

49 596f 596.672 C48H20 15

50 596g 596.672 C48H20 15

51 596h 596.672 C48H20 15
instance in cluster #1. The vibrational motion of a CH solo bond 
placed within a (symmetric) bay topology of the edge is signifi-
cantly coupled with the motion of the duo moieties along the 
molecular edge (see Fig. 5 and Table 2). The marker resulting from 
this coupling (duo + bay-solo) appears at a lower frequency (875 
cm�1) with respect to the solo marker of a straight edge, found in 
cluster #4 at 900 cm�1. The latter cluster also features the case of 
molecule 472d whose classification is difficult. Even though its 
simulated spectrum can be accepted within cluster #4 (see Fig. 4) 
the strongest IR peaks of 472d are associated with
rather different displacements with respect to the rest of cluster #4 
(see Fig. 5). This kind of situation, to a worse degree, is also found in 
those clusters for which a straightforward IR marker can-not be 
found (i.e. clusters #6, #8, #11). The simulated spectra can be 
certainly grouped based on overall similarity, but the strongest IR 
features of the molecules within each cluster appear rather scat-
tered in frequency, thus making the search for common nuclear 
displacement patterns more difficult. Furthermore, the case of 
molecule 474 belonging to cluster #5 reveals that the common 
nuclear displacement pattern found within the cluster also couples
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Fig. 3. Outcome of Ward’s hierarchical cluster analysis carried out on the DFT 
simulated IR spectra of the set of 51 selected PAHs. This is shown as a phylogram 
[21] representing the clustering hierarchy. The color scheme of the phylogram is 
given for the optimal choice of 11 clusters (see Supplementary Information). (For 
interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
to other CH out-of-plane bending coordinates that are characteris-
tic of the specific molecule. Even if a single IR marker cannot be 
found in clusters #6, #8 and #11, still Ward’s algorithm performs
well and it is able to group similar PAHs based on their similar IR 
spectra. The members of the three latter clusters are reported in
Supplementary Information and the common structures which still 
can be identified are discussed there.
 
 
 
 
 
 
 

 

 

 
 

 
 

 

 
 
 
 

4. Analysis of PAH edges through CH bonds

The discussion above has shown that the IR signals in the out-of-
plane CH bending region carry significant information about the
molecular edge of PAHs. This was the direct result of the statistical
analysis carried out on the spectral features simu-lated with DFT
methods. We strive to address now a more funda-mental question,
i.e. the connection existing between the wavenumber of the
characteristic signals (SOLO, DUO, TRIO, QUATRO) and the edge
topology. To this aim it is convenient to introduce two descriptors of
the edge hydrogen atoms.

The first descriptor is the topological index sk which, for a given
k-th hydrogen (bonded to carbon Ck), counts the number of hydro-
gens which are bonded to the two carbons directly bonded to Ck. In
the set of PAHs here considered (all formed uniquely by sp2-hybri-
dized carbons) sk can assume just the values of 0, 1 and 2. In par-
ticular, s ¼ 0 corresponds to SOLO hydrogens, s ¼ 1 is found in DUO
moieties, while s ¼ 2 characterizes the central hydrogens of TRIO
and QUATRO moieties.

The second descriptor is inspired by McKean’s work on isolated
CH stretching frequencies [23,24]. However, instead of considering
CH stretching vibrations (which are not directly related to the pre-
sent analysis of bending vibrations) we take into consideration iso-
lated CH out-of-plane (opla) bending vibrations. The concept is the
same as in McKean works: all hydrogens except one under consid-
eration are isotopically substituted with deuterium. This effec-
tively decouples hydrogen vibrations and one can analyze each
CH bond individually, independently from the others. A summary
of the two CH descriptors for the full set of PAHs considered here
is graphically reported in the plots of Fig. 6. As expected [23,24]
a linear correlation is found between the isolated CH stretching
wavenumber and the CH bond length (left panel of Fig. 6). More 
interestingly, the right panel of Fig. 6 clearly shows that the values 
of the isolated CH opla wavenumber group into six distinct clus-
ters. The topological index s is a fairly robust cluster marker. It is 
constant within the same cluster, even though for s ¼ 0 we find 
two clusters and for s ¼ 1 we find three clusters. To help rational-
ize these data, we have directly reported in Fig. 7 a representative 
selection of PAH structures with the classification of edge hydro-
gen atoms, as deduced from the right panel of Fig. 6 (see 
Supplementary Information for the representation over the full set 
of PAHs). Fig. 7 adopts the same color scheme of Fig. 6. Inspection of 
Fig. 7 straightforwardly reveals the description of the six clusters:

� (#1; s ¼ 0) red: SOLO hydrogen atoms with no nearby 
hydrogens
� (#2; s ¼ 1) green: DUO hydrogen atoms with no nearby 

hydrogens
� (#3; s ¼ 2) blue: TRIO/QUATRO hydrogen atoms with no 

nearby hydrogens
� (#4; s ¼ 0) magenta: SOLO hydrogen atoms with nearby 

hydrogens (bay)
� (#5; s ¼ 1) dark green: DUO hydrogen atoms with nearby 

hydrogens

� (#6; s ¼ 1) cyan: DUO hydrogen atoms in crowded non-planar 

geometry (helicene-like, found in 326b; see also 572d and 596b 
in Supplementary Information)

Hence, we deduce that the topological index s plays the main 
role in determining the isolated CH opla wavenumber. However, a 
secondary influence is caused by the hydrogen–hydrogen dis-tance 
along the PAH edge. We name ‘‘crowded’’ those edge hydro-gens 
characterized by short non-interacting H–H distances (see for 
instance the case of 326b in Fig. 7). Crowded SOLO and DUO hydro-
gen atoms find their own clusters (#4, #5, #6), well separated from 
that of free SOLO (#1) and free DUO (#2). Since there are no 
crowded TRIO/QUATRO (s ¼ 2) hydrogen atoms in our PAH set,
cluster #3 has no counterpart. These findings constitute the molec-
ular basis of the empirical correlations previously described and 
available in the literature [4–6].

Isolated CH frequencies are not an easily measurable quantity, 
since they require selective isotopic substitutions that are difficult 
to achieve in a controlled way. However, they can be quickly eval-
uated based on available vibrational force fields (for instance, those 
computed in this work with DFT). Furthermore, they form a well-
defined basis set of localized oscillators whose linear combi-nations 
could be used to describe the normal modes of interest in 
isotopically un-substituted PAHs, leading to an effective vibra-
tional Hamiltonian for the description of opla modes. Hence, apart 
from the couplings existing among these localized oscillators, the 
fact that the diagonal part of this effective Hamiltonian (i.e., 
isolated CH OPLA frequencies) shows definite trends related to 
molecular topology is a clear indication of the fundamental con-
nection existing between PAH edges and the associated signatures 
in the IR out-of-plane bending region. However, developing such an 
effective Hamiltonian based on present results is not a straight-
forward task and it would require further efforts beyond the scope 
of this work. An alternative much simpler way to relate edge topol-
ogy to opla modes in PAHs is to introduce the average topology 
index hsii for a given i-th normal mode of interest, as follows:

hsii ¼
P

kL2
kisk

P
kL2

ki

ð1Þ

where sk is the topological index of the k-th edge hydrogen and
Lki is the out-of-plane displacement of k-th hydrogen in a given
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Fig. 5. The nuclear displacements associated with the intense IR signals of the clusters for which a marker band can be identified (see text). The average wavenumber of the
marker band is given for each cluster. The displacements are all associated with CH out-of-plane bending. The size of the circle is proportional to the amplitude of the z-
displacement of each atom within the normal mode; the color of the circle is indicative of the relative sign of the displacement. Data from unscaled DFT calculations. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
i-th normal mode. Hence, the average topology index provides 
the indication of which kind of edge hydrogen atoms participate 
to a given opla mode. The analysis which follows has been car-
ried out on the selected CH out-of-plane modes with large IR 
absorbance within the full set of PAHs of Table 1. In this way, 
by making use of the results from DFT calculations, we can 
explore the relationship existing between the peak position of
opla modes and the average topology of the hydrogen atoms 
involved in the associated normal modes. The summary of this 
evaluation is reported in Fig. 8. The correlation existing between hsi 
and opla peak position mop (cm�1) is evident. The quadratic fitting 
function obtained using wavenumber (mop;i) and nuclear dis-
placement data (Lki) from DFT calculations has the following 
equation:



Table 2
Description of the local patterns of CH out-of-plane bending displacements associated with the unscaled IR marker bands identified by the hierarchical clustering algorithm 
(compare with Fig. 5). These findings of the clustering analysis are compatible with the known experimental markers of CH out-of-plane bending reported in the literature [6].

Cluster Marker
(cm�1)

Sketch description

#1 875

and

SOLO
(bay), DUO

#2 760 QUATRO

#3 863 DUO

#4 900

and

SOLO

#5 851 DUO

#7 829 DUO

#9 783 TRIO

#10 857 DUO

SOLO 860–910
DUO 800–810 810–860
TRIO 750–770 770–800 800–810
QUATRO 730–750 750–770
hsi ¼ �4:483� 10�5m2
op þ 6:634� 10�2mop � 23:13 ð2Þ

The data do show some spread, but almost all points are found
within a distance of just 0.26 (units of hsi) from the fitting function. 
SOLO, DUO, TRIO and QUATRO signals distribute along the trend,
from low to high s values. Nuclear displacements of selected 
modes are also reported in the top panel of Fig. 8 to help appreci-
ating the link existing between the topological index, the peak 
location and the molecular structure. In the present analysis we 
also consider two additional model molecules with ribbon shape 
(denoted zig and arm, originally not included in the set of PAHs
reported in Table 1) which offer examples of extended armchair 
and zigzag edge structures. As expected, their characteristic opla 
signals follow the general trend. Additionally, the arm model also 
presents a well-defined QUATRO feature, due to a normal vibration 
localized at the end of the ribbon.

The horizontal spread of DUO signals found in Fig. 8 can be 
interpreted based on McKean isolated CH opla vibrations. In fact, 
while passing from (572c, arm) to 498 and finally 300 we observe a 
progressive increase of mop that corresponds to a transition from 
crowded DUO hydrogens (572c, arm) to uncrowded ones, as in cor-
onene (i.e., molecule 300). Consistently to the data reported in
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adopted in the left panel. All reported data have been obtained from DFT calculations (B3LYP/6-311G(d,p)).
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Fig. 7. Representation of the topological index for a selection of the PAHs considered in this work (see Supplementary Information for the representation of the complete set
of PAHs). Open circles denote s ¼ 0, full circles s ¼ 1, full squares s ¼ 2. The colors are given in accordance to the data clustering scheme of isolated opla wavenumber / CH 
bond length reported in Fig. 6.
Fig. 8, Fig. 6 shows that the majority of uncrowded DUO hydrogens
(cluster #2) have a higher isolated mop than crowded DUO hydro-
gens (cluster #5).
The fitting function (2) could be used to analyze experimental 
data in order to characterize the average edge topology of polyaro-
matic samples. Under this regard, it is useful to consider two issues:
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Fig. 8. Correlation between the average topological index hsi and the opla modes with largest IR absorption found in the range 400–1000 cm�1. For each PAH we have
considered only those opla modes whose intensity is at least 0.75 times that of the strongest mode in the given range. The modes of selected PAHs are reported to help
illustrate the dispersion of values over the SOLO, DUO, TRIO and QUATRO regions.
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Fig. 9. Comparison between the experimental IR spectrum of a soot sample (dark 
red line) and the classification of CH bonds introduced in this work (wavenumbers 
from DFT have been scaled by 0.98 with respect to the data reported in Fig. 8). The 
soot sample was obtained from premixed ethylene/O2 flame and was collected at 
14 mm above the burner.
(i) Vibrational wavenumber obtained from DFT calculations in 
this work (B3LYP/6-311G(d,p)) should be scaled [25] when 
making comparison with experimental data (hence the fit-
ting coefficients of Eq. (2) should be changed accordingly). 
Our experience with opla modes of PAHs is that a factor of 
0.98 provides a fair match against experimental data. For 
instance, this can be appreciated in Fig. 2 and comparing in 
Fig. 9 the wavenumber-scaled distribution of CH out-of-
plane peaks (from DFT) with the experimental IR spectrum 
collected on a soot sample obtained from a pre-mixed 
ethylene/O2 flame.

(ii) The average hsi depends on how the modes are localized on 
hydrogen atoms with different topological index. As a first 
approximation, which turns out to be reasonable based on 
the examples reported in Fig. 8, one could just assume uni-
form distribution of the opla mode of interest over the 
hydrogen atoms with the same topological index (SOLO, 
DUO) or within the triplet/quadruplet of hydrogen atoms 
forming a TRIO/QUATRO moiety. 

This leads to the following ‘‘ideal’’ values of the average topo-
logical index:

– SOLO 0
– DUO 1
– TRIO (1 + 2 + 1)/3 = 1.33
– QUATRO (1 + 2 + 2 + 1)/4 = 1.5

It is worth realizing that these four ideal values nicely corre-
spond to the correct regions of the plot reported in Fig. 8.
Conclusions

By considering the case of acenaphthylene, acenaphthene and 
benzofluoranthene, we have shown that B3LYP/6-311G(d,p) DFT 
calculations can reproduce with good accuracy the IR spectra. 
Secondary effects on peak positions and relative intensities, most
likely due to aggregation, of course cannot be modeled by calcula-
tions on isolated molecules. The systematic theoretical analysis of 
a set of 51 PAHs, whose chemical structures have been deduced 
from mass-spectrometry data on combustion products, has shown 
that IR spectra in the CH out-of-plane bending region (600–
900 cm�1) are dependent upon the structure of the molecules. 
This is in accordance with previous spectroscopic assignments 
[1–3,5,6]. In particular, complex molecular topologies show IR 
markers that are due to linear combinations of four fundamental



vibrational patterns which are named SOLO, DUO, TRIO, QUATRO in 
the literature [5]. From the point of view of data analysis 
approaches, we have shown that Ward’s hierarchical cluster anal-
ysis [20] can nicely handle the set of IR spectra simulated by DFT 
and allows one quickly to group PAHs based on the similarity 
among their spectra. Furthermore, the optimal clustering balance 
concept [26], allows to unambiguously fixing the best number of 
clusters to be considered in the representation of the data (see 
Supplementary Information).

The link existing in PAHs between edge topology and opla IR 
signals has been further investigated by introducing the concept 
of isolated CH opla vibration (after McKean [23,24]) and a topolog-
ical index (s) which differentiates hydrogen atoms based on the 
connectivity of the carbon to which they are bonded. We have dis-
covered a correlation involving CH bond length, s-index and iso-
lated opla wavenumber. Furthermore, by introducing the average 
s-index of a collection of different CH oscillators, we have shown 
that this correlation is the molecular origin of the characteristic 
SOLO, DUO, TRIO, QUATRO signals.

Among the outcomes of the present investigation, it is worth 
mentioning that the IR features of PAHs in the 600–900 cm�1 range 
are highly dependent on the chemical structure and topology of the 
molecule at the edge and little influence from the bulk is observed. 
Hence, for modeling the IR response of graphene edges in this 
wavenumber range, one could consider rather small models that 
are computationally more appealing. For instance, this is the case of 
ribbon models denoted zig and arm in Fig. 8. This fact is
remarkable because even if the system is p-conjugated (thus in 
principle affected by long range interactions) CH opla bending 
vibrations mainly involve atoms at the molecular edge and the 
polarization of the vibrational displacements is orthogonal to the
plane where p-conjugation occurs. The situation for the simulation 
of Raman spectra is opposite, since the G and D features involve the 
whole molecular structure and are thus highly dependent on 
p-conjugation [27].
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