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The  interaction  of  atomic  hydrogen  with  two linear  polycyclic  aromatic  hydrocarbons  (PAHs),  anthracene
and  polyacene  (the  polymer  of  benzene),  was  studied  within  the density  functional  theory  (DFT).  Using
vailable online 4 February 2016
a  proper  dispersion-corrected  method  (DFT-D)  the preferential  physisorption  sites  were  explored.  The
activation  barrier  for  the  bond  formation  between  a peripheral  C  and the  incoming  H  was  calculated  to
be  58.5  and  34.1 meV  with  pure DFT  on  anthracene  and  polyacene  at its  antiferromagnetic  ground  state,
respectively.  DFT-D,  although  improves  the  description  of  the  physisorbed  state,  tends  to  underestimate
the  chemisorption  barriers  due  an  artifact  arising  from  the  dispersion  correction.
. Introduction

The study of polycyclic aromatic hydrocarbons (PAHs) is of great
nterest in different technological and academic areas. In envi-
onmental sciences, it is attractive because PAH molecules are
ollutant gases present in the air, most of them produced by the
urning of hydrocarbon based fuels [1]; in this context, the forma-
ion of soot particles from clustering and the reactions involving
AH molecules are topics that are receiving increasing attention
2–5]. Furthermore, PAH molecules may  possibly be used for com-
onents in nanoelectronic devices [6]. In astrochemistry, it was
roposed that PAHs could be an important component of interstel-

ar dust, accounting for a series of detected infrared emission bands
7]; in diffuse cloud environments PAHs are thought to exist in the
as phase, while in dense clouds both gas and condensed phase of
AHs are expected [8].

It is generally accepted that molecular hydrogen, H2, the most
bundant molecule in the Universe, is catalytically formed from
tomic hydrogen on the surface of dust grains present in the inter-
tellar medium (ISM) [9]. H atoms can be physisorbed in these
onditions because the temperature is low enough to prevent
esorption (T ≤ 40 K) from the shallow physisorption well. Graphite
nd graphene surfaces have been used in the past to simulate the
 interaction and further H2 formation occurring on dust grains
n the ISM [10–15]. However, new proposals suggest that PAH

olecules could act as catalytic centers for the formation of H2
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[16–23]. According to this model, firstly a H atom coming from gas
phase is captured by a PAH molecule by forming a C H chemical
bond; then, this hydrogen is abstracted by a second H atom, thus
forming the H2 molecule.

Atomic hydrogen binds preferentially at the edges of PAHs
[18,19,24]. Density functional (DFT) calculations indicate that the
addition of the first H atom requires a barrier of about 60 meV  to
the coronene molecule [18]. However, subsequent addition reac-
tions have small or vanishing barrier, indicating that the efficiency
of PAHs to catalyze molecular hydrogen depends on the degree of
hydrogenation. From that, a catalytic cycle of hydrogen addition
and abstraction reactions leading H2 was proposed. In the case of
the coronene molecule, once more than three excess H atoms are
added to the neutral molecule it will act as a catalyst for H2 forma-
tion with vanishing effective reaction barriers [18]. Interestingly,
a barrier of also 60 meV  for the addition of the first H on pyrene
for the most reactive channel was  also obtained using DFT [19]. On
the other hand, it was  experimentally observed that UV radiation
promotes the ejection of H2 from hydrogenated PAHs [17]. Using
coronene films, Mennella et al., [20] have observed the hydrogena-
tion of the outer edge C atoms and the exchange reaction on these
sites, with the formation of H2 via the Eley–Rideal (ER) mechanism.

A type of PAHs that has attracted increasing interest is the so-
called graphene nanoribbons (GNR). They can be considered as
strips of graphene with ultra-thin width. It has been theoretically
shown that the ground state of infinitely extended zigzag-edged

graphene nanoribbons (ZGNR) is the antiferromagnetic (AFM)
phase, with one edge spin up and the other spin down [4,25].
In the less stable ferromagnetic (FM) phase the spins at the two
edges are all up. It has been demonstrated that at its AFM state,
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pin-polarized � electrons are localized on the zigzag C atoms in
uch a way that on average each edge C atom has a local magnetic
oment of about 0.14 �B [4]. Due to this ‘partial radical’ character,

hese edge C atoms have unique chemical reactivity, comparing
ith non-edge C atoms, armchair-edge GNRs, small PAHs, or nano-

ube carbon atoms, which show little or no radical character [4].
ensity functional theory simulations predict that antiferromag-
etic ZGNRs should be stable only at very low pressures [26].

Interestingly, ‘rectangular’ molecules of PAHs containing only
1 aromatic rings already present magnetism with AFM state more
table than FM [27]. More specifically, as the PAH increases the side
f the rectangle greater than 3 rings, a stable AFM phase appears.
lso here, the AFM phase arises from the zigzag edges. These find-

ngs firstly predicted by density functional theory were recently
upported by more sophisticated multireference methods [28].

Among the different types of quasi-one-dimensional PAHs,
cenes (linearly fused benzene rings) have aroused particular atten-
ion [25,29,30]. It was shown from DFT that the ground state of
igher acenes (from eight benzene rings) is the AFM phase as well.
onversely, for shorter acenes the ground state is predicted to be
he non-magnetic phase (NM) [25].

The main objectives of this work are: (i) studying by means of
n appropriate DFT approach the physical interaction of atomic H
ith anthracene and polyacene. (ii) Analyzing the activation bar-

ier on a prototype zigzag-ended PAHs which present partial radical
haracter, i.e., some degree of local magnetism. This kind of active
ite is expected to be present in relatively large PAHs, molecules
hat, as previously mentioned, can show a particular chemical reac-
ivity. For this purpose, an infinitely extended chain of aromatic
ings (polyacene) was modeled. For comparison, the simple PAH
olecule of anthracene was used as a model of molecule in which
agnetism is absent. It is interesting to mention that anthracene

nd long acenes have been investigated in relation to their possi-
le existence in the ISM [22,31,32]. We  have chosen the polyacene
olecule because it is simple to model using a periodic approach,

n comparison with long n-acenes or rectangular PAHs with multi-
adical character which are formed at least by around 10 aromatic
ings [27]. We focus our attention particularly on the ‘physisorp-
ion’ state, since it is expected that this weak interaction can take
lace at low temperature conditions than those present in the ISM.
urthermore, it is interesting to know if it is possible to obtain,
rom the general perspective of DFT, a sufficiently accurate descrip-
ion of the whole process for the H interaction with PAHs, i.e.,
hysisorption, activation barrier and chemisorption. Notice that we
dopt a surface science terminology, whereby ‘physisorption’ and

chemisorption’ are used interchangeably with ‘chemical binding’
nd ‘physical binding’ to the molecule, respectively.

. Method

A precise description of dispersion interactions is in general a
hallenging task for quantum-chemical methods. Nowadays, den-
ity functional theory (DFT) has becomes a widely used method
o study complex molecular systems because of its accuracy, com-
utational feasibility and versatility. However, currently available
FT functionals fail in describing non-covalent interactions such as
ispersion or van der Waals (vdW) forces. Since H physisorption
n PAHs is dominated by dispersion forces, the method employed
n the present study requires a very good description to this type
f long-range interactions. Here we have used an empirical correc-
ion to account for vdW interactions. As we shall see below this

pproach resulted to be more appropriate than others in which
ispersion forces are treated from first-principles.

DFT calculations were performed using the Vienna Ab Initio
imulation Package (VASP) [33–35]. In this code, the Kohn-Sham
cs Letters 648 (2016) 25–30

equations are solved employing plane wave bases and periodic
boundary conditions. For benzene and anthracene, a large box of
25 × 25 × 25 Å3 was adopted and only the Gamma point was used
to sample the Brillouin zone. For polyacene, the unit cell is shown
in Fig. 1. This ideal infinite polymer is separated by its periodic
images by a 20-Å vacuum layer along y- and z-directions, and 7 k-
points were employed to sample the one-dimensional irreducible
Brillouin zone. A kinetic energy cutoff of 500 eV was used. All the
atoms were allowed to relax until forces on them were smaller than
10−4 eV/Å.

Preliminary tests for the H physisorption on benzene and
anthracene at hollow sites were performed using second-order
Møller-Plesset (MP2) calculations using the Gaussian-03 code [36].
Dunning-type correlation-consistent polarized valence triple basis
sets augmented with one diffuse function (aug-cc-pVTZ) was used.
The MP2  results have been used as a reference to test the perfor-
mance of the different DFT functionals.

Three dispersion-corrected DFT were employed. The first one
is an R−6 empirical correction, usually denoted as DFT-D. In this
approach, the total energy is given by

EDFT-D = EDFT + Edisp (1)

where EDFT is the Kohn–Sham total energy as obtained from gen-
uine PBE and Edisp is an empirical dispersion correction given by

Edisp = −s6

∑

i,j

f (Rij)C
ij
6 (Rij)

−6 (2)

where f(Rij) represents a damping function and the Cij
6 coefficients

are obtained from atomic polarizabilities and ionization potentials.
On the other hand, s6 is a scaling factor which was optimized in
0.75 for PBE [37].

The second method is based on the nonlocal functional proposed
by Dion et al. [38] (vdW-DF) where the dispersion term is calcu-
lated self-consistently. Klimeš  et al. [39] have developed several
new functionals based from the one originally proposed by Dion
et al. [38]. Among these, we have chosen the optPBE functional,
which has shown that improves the interaction energies of disper-
sion and hydrogen bonded complexes. Hereafter, we  will call ‘pure’
or ‘standard’ DFT to the generalized gradient approximation (GGA)
method. Here, the calculations of this type were performed using
the PBE functional.

Transition states and activation barriers (Eact) were calculated
using the Climbing-image Nudged Elastic Band (CI-NEB) method
[40] implemented in VASP. This technique allows finding the min-
imal energy pathway between each initial and final state pair and
the corresponding transition state. The saddle points were vali-
dated as transition states with vibrational analysis by the presence
of a single imaginary frequency.

The physisorption (chemisorption) energy of H atom was  calcu-
lated as the following energy difference:

Ephys(chem) = −E(H/molecule) + [E(molecule) + E(H)] (3)

For MP2  calculations, basis set superposition error (BSSE) was
corrected by the counterpoise procedure (CP) [41].

3. Results

As mentioned, before attacking the problem of computing the
physisorption energy of atomic hydrogen on anthracene and poly-
acene we  have performed preliminary tests on H-benzene and
H-anthracene systems with the MP2  method in order to check the

performance of the different vdW-corrected DFT. All these com-
plementary calculations were carried out with the H atom above
the center of the benzene molecule (hollow site) and in the same
position on the central ring of anthracene (see Fig. 1).
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Fig. 1. Top view geometries of: (a) anthracene and (b) polyacene (h: hollow; t: top; Cgraph: ‘graphitic’ C atoms). The supercell used for polyacene is enclosed in brackets. The
analyzed adsorption sites are shown. On anthracene, non-equivalent top positions are labeled with numbers.

Table 1
Physisorption energy (Ephys, in meV) of atomic hydrogen on the hollow site of ben-
zene; z (in Å) is the optimized perpendicular distance from the center of the benzene
molecule.

Method Ephys z

DFT-Da 22.5 2.89
vdW-DFa 44.4 3.12
vdW-DFb 43 3.14
optPBEa 57.5 2.91
MP2c 23.6 3.02
MP2d 25.3 —

CCSD(T)d 24.8 —

DMCb 26 2.95
DFT (PBE)b 7 3.44

a This work. VASP calculations.
b Ma et al. [43].
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Table 2
Physisorption energies (Ephys, in meV) of atomic hydrogen on anthracene at the
hollow site of the central ring using different methods; z (in Å) is the optimized
perpendicular distance.

Method Ephys(meV) z

MP2  29.1 2.94
DFT-D 24.7 2.88
vdW-DF 62.2 3.02
c This work. Gaussian calculations using aug-cc-pVTZ and BSSE-corrected.
d Bonfanti et al. [42], at a z fixed distance of 3.11 ´̊A.

Our results for the H-benzene system are presented in Table 1,
ogether with other calculations reported in the literature. Our

P2/aug-cc-pVTZ results agree well with those obtained under
P2  and CCSD(T) using a more extended basis set [42], and even
ith Quantum Monte Carlo simulations within the Diffusion Monte
arlo (DMC) scheme [43]. As expected, PBE largely underestimates
he binding energy. Regarding the DFT-based methods, DFT-D pre-
icts a physisorption energy which agrees fairly well with the
bove mentioned high-level calculations. In fact, the results are
uch better than in principle more refined vdW-DF and optPBE

pproaches. For H-anthracene, the tendencies are similar than on
enzene, i.e., DFT-D performs better than using those function-
ls in which the dispersion term is treated self-consistently in
omparison with our calculations at MP2  level (see Table 2). The
FT-D method was employed previously to study the H physisorp-
ion on coronene [10,43–45] giving values of Ephys in the range
f 30–43 meV  (according to the type of empirical approximation),
n satisfactory agreement with MP2  (39.5 meV) [42] and Quantum

onte Carlo (43 meV) [43] calculations. Also in this case, when the
optPBE 77.9 2.83
DFT  6.7 3.53

dispersion interaction is obtained directly from electron density the
predicted physisorption energies are overestimated [43]. The good
performance of DFT-D was recently observed for H2 physisorption
on coronene [46]. Considering these results, we have carried out all
the calculations of physisorption using DFT-D. Results using pure
DFT are also reported for comparison.

Results for the H physisorption on anthracene on top and hollow
positions are presented in Table 3. Following IUPAC rules, we have
labeled the non-equivalent C sites as C1, C2 and C9. The ‘graphitic’
C atoms, i.e., those C atoms bonded to other three C atoms are
indicated as Cgraph (Fig. 1). DFT-D results indicate that, among the
on-top geometries, the preferred physisorption sites are Cgraph and
C9 with similar Ephys values (20.3 and 18.1 meV, respectively). The
hollow site remains as the global minimum. Conversely, under DFT
the physisorption energies are very low for all the studied sites, in
the range of 4.5–6.7 meV.

Apart from the above-mentioned ER mechanism, H2 can be cat-
alytically formed in the ISM following the Langmuir–Hinshelwood
(LH) mechanism, where two mobile H atoms meet and react on
a surface. It is thus interesting to estimate the diffusion barriers
on these PAH molecules. In Table 3 the differences of physisorption
energies (�Ephys) between hollow and top sites are also shown. The

�Ephys value can be considered as the minimal diffusion barrier for
the mobility from hollow site to a different nearby site. The results
using DFT-D for the diffusion from the hollow site to C9 or Cgraph
are 6.6 and 4.4 meV, respectively. These values are very similar than
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Table  3
Physisorption energies (Ephys, in meV) of atomic hydrogen on different sites of anthracene and polyacene (see Fig. 1). �Ephys values are calculated as
�Ephys = Ephys(hollow) − Ephys(site); dHC (in Å) is the distance between the incoming H and the nearest C atom.

DFT DFT-D

Ephys(meV) �Ephys(meV) dHC Ephys(meV) �Ephys(meV) dHC

H-Anthracene
Hollow 6.7 0.0 3.53 24.7 0.0 3.21
Cgraph 5.5 1.2 3.59 20.3 4.4 3.13
C9  5.0 1.7 3.55 18.1 6.6 3.02
C1  4.8 1.9 3.57 15.5 9.2 3.10
C2  4.5 2.2 3.60 12.2 12.5 3.18

H-Polyacene (AFM)
Hollow 5.9 0.0 3.90 25.1 0.0 3.21
Cgraph 5.1 0.8 3.76 19.4 5.7 3.09
Top  5.6 0.3

a A barrierless chemisorption is predicted.

Fig. 2. Local magnetic moments (in �B): (a) for antiferromagnetic (AFM) and (b)
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ations, we conclude that DFT-D seems to predict worse results for
erromagnetic (FM) phases of polyacene. Atomic magnetic moments not shown in
he  figure are null or nearly null (magnitudes smaller than 0.01 �B).

he barriers for the migration from hollow to top sites on inner C
toms of coronene calculated at MP2  level (5 meV) [42], indicating
he extremely high mobility of physisorbed H atoms.

Concerning the polyacene electronic structure, we  firstly
resent the results of their different magnetic phases. In line with
revious theoretical calculations [25], two electronic structures
ith multiradical character were obtained, the antiferromagnetic

AFM) and the ferromagnetic (FM) states. Our DFT calculations pre-
ict that the AFM phase is more stable than at the FM one by
bout 70 meV/cell. Edge C atoms of polyacene present values of
.11/−0.11 �B, and of 0.06 �B at AFM and FM phases, respectively
Note that we call ‘edge’ or ‘peripheral’ C atoms of polyacene to
hose atoms linked to two C atoms and to one H atom). From the
ifferent possibilities of spin arrays with antiferromagnetism, we
ave considered that one in which one edge presents spin up and
he other spin down (Fig. 2), although in principle, other arrange-

ents are possible. In our model to study the H interaction with an
dge C atom with partial radical character we have only used the
olyacene chain in this AFM array.

In Table 3, the H physisorption energies on AFM polyacene are
lso reported. In our simulations, we have analyzed the physisorp-
ion taking as initial configuration that one in which the edge C
tom and the incoming H atom have opposite spin orientations.
ur DFT-D calculations indicate that no physisorption minimum is
redicted on the edge C atom. Instead, we have observed that the

nergetic profile presented a plateau at around 20 meV  without
he formation of a defined physisorption well. As we  will discuss
ater, this phenomenon may  be caused by a spurious effect of the
3.56 –a – –

dispersion correction. With respect to the other possible sites that
have well defined physisorption minima, hollow resulted to be the
preferred one. The minimal diffusion barrier from hollow to Cgraph
was calculated in 5.7 meV, a similar value than on anthracene.

On PAHs, it is well established [18,19] that edge C atoms
are much more reactive than Cgraph atoms. In fact, DFT calcu-
lated activation barriers are in the range of 60–120 meV  for the
formers and 200–270 meV  for the latters (with chemisorption
energies of 1.1–1.6 eV and 0.6 eV, respectively) [18,19]. In Table 4
the chemisorption (Echem) and activation (Eact) energies of AFM
polyacene and anthracene are shown, together with the already
reported physisorption energies. We  have only considered the posi-
tion 9 of anthracene for the calculation of the entire adsorption
reaction.

At DFT level the activation barrier was calculated to be 58.5 meV
on anthracene, essentially the same than that obtained for pyrene
and coronene [18,19]. However, when dispersion effects are explic-
itly included, the barrier decreases to 24.5 meV. A similar effect of
the dispersion correction was  previously observed on graphene and
on inner C atoms of coronene [10,47]; for example, on coronene the
chemisorpion barrier decreases from 0.25 (DFT) to 0.19 eV (DFT-D)
[10].

The schematic reaction profiles are shown in Fig. 3. The acti-
vation barrier (Eact) for polyacene at the AFM state results to be
34.1 meV  with DFT, and vanishes completely using DFT-D. On both
anthracene and polyacene, chemisorption energies are strongly
exothermic, being nearly 0.6 eV more stable on the latter.

Using DFT and high-level coupled clusters methods, Wang et al.
[48] have carried out a comparative study of H chemisorption barri-
ers on inner C atoms of pyrene and coronene as models of graphite
surfaces. They observed that PBE underestimates the activation
barrier with respect to the high-level calculations. Indeed, it is well-
known that pure DFT approaches typically at too low energies for
reaction barriers due to the self-interaction error [49].

In the DFT-D approach, as mentioned above, the incorporation
of empirical corrections for dispersion forces causes a decrease of
Eact values with respect to pure DFT results. We  have to bear in
mind that the empirical term (Eq. (2)) is constructed to describe
correctly the asymptotic behavior of long-range dispersion inter-
actions between two separated molecular fragments, and therefore
it should be valid only in this regime. However, it is clear that
it affects the whole energy profile, from the physisorption well
down to the chemisorption well. At the transition state, this term
provides an additional attractive energy between H and PAH,
thus yielding even lower activation barriers. From these consider-
chemisorption barriers than pure DFT due to an artifact arising from
the used damping function. However, it remains to be seen how
close standard DFT approximates to the ‘exact’ potential energy
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Table  4
On top physisorption (in meV) and chemisorption (in eV) energies for H interaction with anthracene (on C9 site) and AFM polyacene. In parentheses, the distance between
the  incoming H and the C atom to which it is bonded (dHC, in Å).

DFT DFT-D

Ephys

(meV)
Eact (meV) Echem (eV) Ephys

(meV)
Eact (meV) Echem (eV)

Anthracene 5.0 (3.55) 58.5 (2.24) 1.94 (1.11) 18.1 (3.02) 24.5 (2.15) 1.98 (1.11)
Polyacene (AFM) 5.6 (3.56) 34.1 (2.25) 2.52 (1.11) –a 0.00a 2.56 (1.11)

a A barrierless chemisorption is predicted.

Fig. 3. Schematic potential energy curves showing physisorption energies and acti-
vation barriers as a function of the C–H increasing distance for H interaction with
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Fig. 4. Local magnetic moments (in �B): (a) for singly hydrogenated (one additional
H atom per cell) polyacene and, (b) doubly hydrogenated (two additional H atoms
per cell) polyacene. For the first structure, the atomic magnetic moments not shown

barrier. Therefore, an even more pronounced reduction is expected
nthracene (on C9 site) and AFM polyacene. The energy values are referred to iso-
ated species (PAH + free H atom).

arrier for H chemisorption on edge C atoms of PAHs. It is impor-
ant to observe that the accuracy of reaction barriers are in general
mproved when the exact Hartree–Fock exchange is mixed into the
xchange-correlation energy through the hybrid-DFT functionals
48,49]; however, they also fail in the correct description of the
hysisorption states.

The corresponding array of atomic magnetic moments of singly
ydrogenated polyacene (with one additional H atom per cell) is
resented in Fig. 4. As we can see, the opposite C edge atoms present
elatively large local magnetic moments, while are essentially null
t the edge on which the hydrogenation is produced. In particu-
ar, the para position relative to the firstly hydrogenated C atom
resents the highest magnetic moment. Our calculations show that

 second incoming H atom interacts barrierless with this edge C
ielding a non-magnetic structure (Fig. 4); in this case, the Echem
alue resulted to be 3.14 eV, i.e., 0.6 eV stronger than the chemisorp-
ion of the first H atom. On the other hand, on singly hydrogenated
nthracene, the para position is the only activated site. As expected,

 atoms with local magnetic moment are also present at PAHs with
ifferent degree of hydrogenation; indeed, in studying the sequen-
ial hydrogenation of some PAHs it was recently observed that

ctivated C atoms appear on hydrogenated PAHs presenting an odd
umber of extra H atoms [50], which result to be strongly reactive
ites for subsequent hydrogenation reactions.
in  the figure are null or nearly null. For doubly hydrogenated polyacene, all the
atomic magnetic moments are null (non-magnetic state).

4. Conclusions

In this work, an infinite chain of polyacene was  used as a model
to analyze the electronic structure and reactivity of a zigzag edge
of a relatively large PAH. In line with previous DFT calculations, we
have found that the antiferromagnetic (AFM) phase of polyacene
is more stable than the ferromagnetic (FM) one. A partial radical
character on the edge C atoms appears in both cases, with higher
spin values at the AFM phase (0.11/−0.11 �B).

The physisorption of atomic H on anthracene and polyacene
was studied using a dispersion-corrected density functional theory
(DFT-D) approximation, which is shown to perform satisfactorily
in describing physisorption states. The minimal diffusion barriers
from hollow to top sites were calculated in approximately 4 and
6 meV  for anthracene and polyacene, respectively, for the most
preferential channels.

In the sequential hydrogenation of PAHs, it was previously
established from DFT calculations [18] that the addition of the first
H atom to a peripheral C atom requires the highest barrier of all
the process, calculated to be of about 60 meV on coronene. Our
DFT results give essentially the same value for anthracene. On AFM
polyacene, due to the partial radical character of their edge C atoms,
the activation barrier is reduced to 34 meV. With DFT-D, the explicit
incorporation of dispersion effects causes a reduction of the activa-
tion barrier with respect to the corresponding values with pure DFT.
On the other hand, previous calculations performed using high-
level ab initio methods [48] have demonstrated that on inner C
atoms of PAHs, standard DFT tends to underestimate the activation
with DFT-D. Thus, although pure DFT fails in describing properly the
physisorption state, it seems to predict better results than DFT-D
for the calculation of chemisorption barriers. In choosing the more
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rofile, one faces a dilemma because DFT-D improves appreciably
he physisorption well but predicts too low values for chemisorp-
ion barriers (at least with the original fitting of the parameters in
he dispersion correction term).

The present results are of interest in the reaction of atomic
ydrogen with PAHs at very low temperature conditions as the
nes present in the cold interstellar medium. It was suggested that
ydrogenated PAHs could act as efficient catalysts toward H2 pro-
uction in the interstellar medium. In this sense, we  have found
hat relatively large PAHs with zigzag edges presenting partial rad-
cal character could be even more efficient reservoirs of atomic
ydrogen than standard PAHs.
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