
14 October 2023

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Mechanistic dichotomy in the gas-phase addition of NO3 to polycyclic aromatic hydrocarbons:
Theoretical study

Published version:

DOI:10.1002/qua.25641

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is a pre print version of the following article:

This version is available http://hdl.handle.net/2318/1700609 since 2019-05-02T14:10:36Z



This is the author's final version of the contribution 
published as:

Giovanni Ghigo, Andrea Maranzana, Glauco Tonachini , 
Mechanistic dichotomy in the gas-phase addition of NO 3 to
Polycyclic Aromatic Hydrocarbons. Theoretical study, 
Int J Quantum Chem., 118,16 2018, e25641, 10.1002/qua.25641 

The publisher's version is available at:

https://onlinelibrary.wiley.com/doi/full/10.1002/qua.25641

When citing, please refer to the published version.

This full text was downloaded from iris-Aperto: https://iris.unito.it/ 

iris-AperTO
University of Turin’s Institutional Research Information System and Open Access Institutional

Repository

https://iris.unito.it/
https://onlinelibrary.wiley.com/doi/full/10.1002/qua.25641


1 

 

Mechanistic dichotomy in the gas-phase addition of NO3

.
 to 

Polycyclic Aromatic Hydrocarbons. Theoretical study.  
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Dipartimento di Chimica, Università di Torino, Via Giuria 7, I -10125 Torino, Italy  

 

Abstract.   The gas-phase addition mechanism of the radical  NO 3  (an important 

tropospheric nocturnal oxidizing species) to some selected polycyclic aromatic 

hydrocarbons  (important pollutants of the troposphere)  has been computationally 

analysed.  Scope of this work is to verify whether, along with the simple radical  

addition to the π aromatic system, the reaction can take place through a different 

mechanism.  This alternative pathway consists in an Electron Transfer from the 

aromatics to NO3 ,  thus generating an aromatic radical-cation and a nitrate anion.  

The coulomb attraction should finally bind the two species and generate the 

radical  adduct without any (electronic) energy barrier.   The  CASPT2 results show 

that , while benzene and naphthalene react  with NO 3  through a plain radical  

mechanism, anthracene reacts by a mechanism with a partial Electron Transfer 

character, and pentacene reacts with a sort of inner-sphere  Electron Transfer 

pathway.  These results concur to explain the high reactivity of NO 3  with larger 

PAHs whose ionization energy is below 7 eV and could be important in studies of 

environmental PAH oxidative degradation.    
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Introduction. 

Polycyclic aromatic hydrocarbons (PAHs) and their oxidized derivatives are 

ubiquitous and toxic environmental pollutants present in the troposphere.
1 ,2

 They 

are emitted during incomplete combustion of fossil  fuels
3
 and biomass.

4 -6
  PAHs 

can undergo oxidation, and functionalization in gener al, during both combustion 

and their subsequent transport in the troposphere.  Because some of the oxidized 

PAH derivatives are of concern for human health,
7 -11

 i t  is worthwhile to 

investigate the mechanistic details  of these processes.    The reaction with  the NO3  

radical , known to play in general a significant role in night time tropospheric 

chemistry,
1 2

 have importance in contributing to nocturnal PAH loss pathways.  

Theoretical  investigations as the present one can be complementary to 

experimental  studies, and usefully compared to them.  As examples of papers 

related to the present one,  we report  that  on benzene
1 3

 or naphthalene
1 4

 plus NO3  

by Qu, Zhang, and Wang, that on benzene and naphthalene by Ghigo et al .
1 5

,  on 

anthracene and phenantrene by Maranzana  et al .
1 6

 and on fluoranthene and pyrene 

by Wang et al .
1 7

  All  these studies were mainly focused on the fate of the nitroxy -

aryl radical formed by addition of NO 3  radical  to some selected posit ions of the 

PAHs.  In all cases the details of the formation of  these radical adducts were not 

deeply explored because the transition structures leading to them were not 

identified ( i .e.  the potential energy surface was found attractive at all C -O 

distances
1 3 ,1 4

), or because their energies were found to be lower than that of the 

isolated reactants  because of some complex .
1 5 , 1 7

  A strong dependence of the 

energy barriers on the theoretical method was also observed.
1 5

   

The NO3  radical is  a quite strong oxidizing specie being its Electron Affinity 3.937 

eV
1 8

 while PAHs are species that  can be oxidized to radical  cations.  The 

Ionization Energy (IE) for benzene (not strictly a PAH but that cannot be missing 

in this study because the simplest aromatic hydrocarbon can be seen as a reference 

system) is 9.24.
1 9

  The IE for some selected acene PAHs (Scheme 1) are:   eV for 

benzene C6H6 ,   8.14 eV for naphthalene C 1 0H8 ,
2 0

  7.44 eV for anthracene C 1 4H1 0 ,
2 1

 

and  6.93 eV for pentacene C 2 2H1 4 .
2 2

  These values suggested that the reaction of 

NO3  with some of the larger PAHs may show char acteristics different from simple 

radical  addition to a π system (Scheme 2, “RADICAL PATHWAY”).   



3 

 

 

 

 

 

 

 

 

 

Scheme 1.  The Polycyclic Aromatic Hydrocarbons subject of this study. Arrows indicate 

where NO3 most probably attacks. 

We want to assess whether the thermal reaction, at least in some cases, may take 

place through an Electron Transfer  (ET, hereafter) from the PAH to the NO 3  radical  

forming a PAH radical-cation and a nitrate anion, NO 3
-
 (Scheme 2, “ELECTRON 

TRANSFER PATHWAY”).  The strong coulomb attraction between these two 

species would be at the origin of the lack of an energy barrier.   In any case, the 

resulting adduct Ar-ONO2  (Scheme 2, right structure) (would be the very same 

radical , whichever the mechanism.   

Scheme 2. The “RADICAL” and “ELECTRON-TRANSFER” pathways to the radical 

adduct Ar-ONO2 (right) generated by the attack of NO3 to an aromatics.   

The only study where NO 3  radical has been found to react with aromatics by ET 

are relative to the oxidation of anisole, acetophenone and phenylace tic acid in 

water.
2 3

  In another case the oxidation by NO 3  of toluene, ethylbenzene and 

cumene in water and acetonitrile was not certain.
2 4

  We have not found any case 
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involving larger aromatics.    

Scope of this work is not to calculate accurate energy bar riers but to explore 

whether the reaction between NO 3  and the PAHs listed above (Scheme 1) can take 

place through an ET mechanism as an alternative to the commonly accepted radical  

process.  Clearly the presence of a solvent will strongly affect the choice  between 

the two mechanisms but here we limit the study to the gas -phase reaction because 

we are specifically interested to tropospheric environment.  To verify this 

hypothesis,  we will  calculate the adiabatic
2 5 ,2 6

 CASPT2 energies of the ground 

state and of some excited states as a function of the distance between the C and O 

atoms that will form the bond in the radical adduct Ar -ONO2 .   Indeed, we use the 

same computational approach followed in the study of the heterolytic versus  

homolytic dissociation of LiF
2 7 -2 9

 and NaCl.
3 0 ,3 1

  The energy trends,  the electronic 

natures of all states and the electronic charges of the NO 3  moiety will be analyzed 

in order to collect  indications on the two alternative pathways for the attack of 

NO3  to the PAHs.  Despite the necessary inclusion of some excited states,  we will  

focus our attention on the ground state.   In particular, we will look whether th is 

state assumes an ET character when NO 3  is in proximity of the aromatics; 

character that  is  expected to be found in one excited state when NO3  is  far from 

the PAH.  This is what clearly happens in the cases of LiF
2 7 -2 9

 where when the 

atoms are at large distances   they show almost null  atomic charges (describing two 

radical  atoms) that suddenly raise  to +/- 0.88 as they reduce the distance below 13 

Å.  This is a clear evidence of the formation of two ions through an ET (although 

the atomic charges are not fully unitary) even if the EA of F (or Cl) is smaller than 

the IE of Li (or Na).   

Theoretical method. 

Because the ET is expected to corresponds to an excited state at large C -O 

distances, the study has been performed by a Multi -Configurational Self -

Consistent-Field method (MC-SCF) with the State Average (SA) approach within 

the Complete-Active-Space Self-Consistent-Field (CASSCF) theory.
3 2 -3 4

  This 

method allows the correct description of all  electronic states for which the 

inclusion of the suitable Molecular Orbitals (MOs) in the Active  Space (AS) is 

essential .  The dynamic electron correlation has then been included in the total  

energy through the CASPT2 method.
3 5 -3 7

  This is a second order perturbation 

method based on a multiconfigurational reference wavefunction obtained at  the 
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CASSCF.  CASPT2 has been validated in many different studies on properties,  

reactivity,  photophysics and photochemistry of organic molecules.
3 8 -4 0

    

The number of states to be included in the SA calculations,  the Molecular Orbitals  

to be included in the AS and the Basis Set have been defined as a compromise 

between a reasonable accuracy and the computati onal affordabili ty for the larger 

PAH.   

The number of states included in the SA was however the minimum required to 

include the ET state at long C-O distance.   

The basis was chosen considering that  NO 3  must be reasonably well described both 

as radical and as anion, therefore, we used the Aug-cc-pVDZ.
4 1

  For the PAHs the 

same basis set without diffuse functions (cc -pVDZ) was considered to be large 

enough.  This combination of basis sets has been labelled (A)DZ.  

As a general  rule,  the AS should contain all  valence MOs and the minimal must 

contains the HOMO, the LUMO and the SOMO (as in the case of NO 3).
4 2

  Non-

physical CASPT2 energy trends and low Reference Weights are also indications on 

how to extend the AS.
4 3

  In an aromatic system this means the inclusio n of all 

orbitals with π character.   However,  because of the large dimension of the system 

object of our study and despite the us e of symmetry for all  cases but naphthalene 

(see later) this condition cannot be totally fulfilled.  Despite its small dimensions, 

it  is  quite hard to model computationally the NO 3  radical in an accurate way (by 

contrast ,  it  is  easy to model satisfactorily the closed shell  NO 3  anion).
4 4 -4 6

  

Therefore, the construction of the AS first  started performing some tests on the 

electron affinity and on the lowest excited states of NO 3 .   These tests suggested 

that  a reasonable compromise between accuracy and computational affordability 

was defined as 9 electrons in 6 MOs ( denoted as 9,6).  When possible, this AS will  

be enlarged to (11,7).   The active space for the PAHs was initially defined as 4 

electron in 4 MOs including the two highest  occupied and the two lowest 

unoccupied π orbitals (4,4).  This choice defines a (13,10)  AS.  Following the 

indications reported in the Warning section of t he CASPT2 output ,  this active 

space will  be enlarged by different extent and type of MOs for each cas e as much 

as computationally affordable .  Pictures of the active MOs for each species are 

reported in the Supplementary Material .  

The dimensions of the systems require to limit the study to single point  

CASPT2/(A)DZ calculations.  These have been performed on geometries obtained 

by DFT
4 7 -4 9

 with the functional B3LYP
5 0 ,5 1

 and (A)DZ basis set.  This approach 
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has been chosen because known to give good geometrie s and because used in the 

CBS-Q3
5 2

 composed method which we used for some selected key structures  for 

sake of comparison with the DFT and CASPT2 values.  In  order to be able to 

afford the calculations for the larger PAHs we took advantage of the C s  symmetry 

whenever possible, i .e.  for all  systems but naphthalene (see the positions of the 

NO3  attacks in Scheme 1).  Actually keeping this constraint while the two moieties 

come closer leads to a radical  adduct which is a conformational transition structure 

connecting two enantiomeric C 1  adducts.   However,  the energy differences  resulted 

to be small  (see Tables) and not relevant for the purpose of our study.  Some 

geometrical constraints were also adopted in order to avoid the formation of 

complexes that  are not relevant for our study and that lead to discontinuities in the 

potential energy curve (see the preliminary DFT scan in Figure 3 in the  

Supplementary Material )  

Scheme 3. The general structure: symmetry and geometric constraints (see text).  

Scheme 3 shows the symmetry and geometrical  constraints: C
2
,  C

1
,  O

1
,  N, O

2
,  and 

O
3
 lie all on the plane that  cuts the PAH molecule in two equivalent parts;  angles α 

and β are kept fixed to the value optimized in the adduct.  Rco is the C
1
-O

1
 

distance subject  to scan from 10.0 Å (7.0 Å for Naphthalene) to the bond distance 

in the adducts.    

CASSCF/CASPT2 calculations have been performed with the program MolCAS 

7.4.
5 3

  The Cholesky decomposition has been used to speed up the calculation of 

two-electron integrals.
5 4

  CBS-QB3 and DFT geometry optimizations have been 

performed with Gaussian 09.
5 5  
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Results and Discussion. 

Benzene.   As for all  other species subject  of the present study, preliminary CBS -

QB3, B3LYP/(A)DZ and single points CASPT2/(A)DZ calculations have been 

performed.  For the latter  only relevant C s  structures within the constraints  

described above are presented  both in the Table and Figures .   The active space was 

defined as (17,12),  a combination of (6,5) for benzene and (11,7) for NO 3 .   Table 1 

collects the data.   More data can be found in the  Supplementary Material .   

Table 1.  Benzene + nitrate radical: electronic energies (eV).  

 Ionization
a
  Vertical  Adduct

c
  TS

d
 

 Vert. Adiab.  E. T.
b
  CS C1  CS C1 

CBS-QB3 9.54 9.41  5.57  -0.34 -0.41  0.01 -0.04 

DFT 9.15 9.01  5.26  -0.09 -0.12  0.06  0.04 

CASPT2 9.21 -
e
  6.23   0.03 -

e
  -

e
 -

e
 

a
 Vertical and adiabatic ionization energies of benzene; 

b
 Vertical Electron Transfer 

energies from benzene to nitrate; 
c
 Radical adduct energies with (Cs) and without (C1) 

symmetry constraint; 
d
 Addition Transition Structure energies with (C s) and without (C1) 

symmetry constraint; 
e
 Not calculated (see text).   

The calculated ionization energies can be compared with the experimental  value of 

9.24 eV.  More interesting are the values  of the “Vertical  Electron-Transfer”, i .e.  

the energies required to ionize benzene generating the radical cation and the 

nitrate anion at their initial geometries.   These range from 5.3 to 6.2 eV.  The 

formation of the radical adduct is calculated to be sl ightly exoergic.  The energy 

barriers are also quite low.  From the free energies barriers at 298 K (see 

Supplementary Material ) the following rate constants for the addition of NO 3  to 

benzene are calculated: CBS-QB3  5.4 x 10
-1 4

 cm
3
 molecule

-1
 s

-1
,  DFT  3.1 x 10

-1 5
 

cm
3
 molecule

-1
 s

-1
   Both rate constants are overestimated with respect to the 

experimental value of 2.7 ÷ 6.2 x 10
-1 7

 cm
3
 molecule

-1
 s

-1
 suggested by Atkinson.

5 6
  

Figure 1a shows the potential  energy curves of the lowest four electronic states as 

a function of the CO distance.  S 0  is the ground state; its  energy at 10 Å is set  to 0 

eV and used as a reference for al l other states and distances.  S 1  and S2  correspond 

to the excited state 
2
E'  of NO3  (it  is deduced by the occupation numbers of the 

active MOs); their energies at 10 Å are 2.07 and 2.14 eV and can be compared with 

the experimental value of 1.87 eV.
4 5

  S3  at 10 Å is the ET state.  This can be 

deduced by the charge of the NO 3  group (~ -1.0) reported in Figure 1b while the 
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other states do not present any charge on NO 3 .   The dominant electronic 

configuration, describing an electron transition from a π orbital localized on 

benzene to the semi-occupied σ orbital localized on NO 3 ,  confirms the ET nature 

of S3 .   As expected, the energy of the ET state lowers as benzene (a radical cation 

in this state) and the NO 3  (as anion) get  closer because of the coulomb attraction.  

This trend is very clear between 10 and 3.2 Å where the ET state keeps the 

negative charge on NO3 .   The other states keep almost constant energies and null  

charges on NO3 .   Around 3.1 Å the ET state and the two 
2
E'NO3  states give rise to 

avoided-crossings between the CASPT2 curves.  The CASSCF energy curves also 

come close (see Figure 1, Supplementary Material ).   The Electron Transfer 

character is transferred to the S 1  state.   This behaviour is illustrated in Figure 1b:  

between 3.1 and 2.25 Å the charge of NO3  drops from 0 to -0.3 in S1  while i t  rises 

to the same value from ~-1 in S3  (trace of this exchange also involve S 2).  At 2.13 

Å, where the ground state S 0  presents a maximum, the charges of the NO 3  group in 

the states S1  and S3  are around -0.2.   At this point  S 1 ,  S2  and S3  have substantially 

changed their nature:  they now correspond to excited states of the incipient radical  

adducts.   This change  generates serious convergence problems in the CASPT2 

calculation known as “intruder states” problem that  cannot be solved by techniques 

like imaginary shift .
3 8 ,3 9

  These problems prevent the study of the excited states at  

shorter CO distances without extension of the active space beyond the 

computational feasibility.   The maximum at 2.13 Å on the  S0  curve indicates the 

presence of the transition structure  (whose exact localization is not the object of 

this study).   The group charge of NO 3  in S0 ,  initially 0 e
-
 at 10 Å, starts to become 

negative at 3.2 Å and reaches the value of -0.44 in the radical adduct as a 

consequence of the electronegativity of the group.  Therefore, from the 

observation of Figure 1 we can deduce that the attack of the NO 3  radical to 

benzene essentially follows a “radical  pathway” (Scheme 2).    
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Figure 1.  Benzene + NO3: Four states CASPT2 potential energy curves (a) and electronic 
group charges of NO3 (b) as a function of the CO distance (Rco, in Å).  
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Naphthalene.   This molecule, the smallest PAH, is one of the most abundant 

environmental  pollutants present in the troposphere .   It  can ionize more easily than 

benzene because its  experimental IP is  8.14 eV, which can be compared with the 

values reported in Table 2.   The Vertical  Electron Transfer is calculated around 4 ÷ 

4.6 eV, i .e.  more than 1 eV lower than the value calculated for benzene.  For the 

CASPT2 calculations, the active space was defined as (19,13),  a combination of a 

(8,6) for napththalene and (11,7) for NO 3 .  

Table 2.  Naphthalene + nitrate radical: electronic energies (eV).  

 Ionization
a
  Vertical  Adduct

c
  TS

d
 

 Vert. Adiab.  E. T.
b
  

  
 

  

CBS-QB3 8.28 8.18  4.30  -0.69  -0.21 

DFT 7.84 7.75  3.95  -0.42  -0.23 

CASPT2 7.96 -e
  4.62  -0.48  -

e
 

a
 Vertical and adiabatic ionization energies of naphthalene; 

b
 Vertical Electron Transfer 

energies from naphthalene to nitrate; 
c
 Radical adduct energies; 

d
 Addition Transition 

Structure energies; 
e
 Not calculated (see text).    

The following rate constants for the addition of NO 3  to naphthalene are calculated: 

CBS-QB3  5.4 x 10
-1 2

 cm
3
 molecule

-1
 s

-1
,  DFT  8.7 x 10

-1 2
 cm

3
 molecule

-1
 s

-1
.   

Both rate constants slightly overestimate the experimental value of 1.2 x 10
-1 3

 cm
3
 

molecule
-1

 s
-1

 reported by Kwok et al . ,
5 7

 hence in better agreement than in the 

benzene case.   In the reaction of NO 3  with naphthalene the lack of any symmetry 

forced us to include six electronic states in the CASPT2 study.  Convergence 

problems due to intruder states  prevented the study at  very long CO distances: 

therefore, the potential energy and NO 3  group charge curves where calculated only  

up to 7 Å (Figure 2).  S0  is the ground state.  The states S 1  and S2  (calculated at  

1.39 and 1.41 eV above S 0  at  7 Å) correspond to electronic excitations in the NO 3 

group (
2
ANO3 ,  hereafter).   States S 3  and S4  correspond to the 

2
E'NO3  states (as in the 

Figure 1 for Benzene) .   S5  is  the ET state,  as can be deduced from the NO 3  group 

charge (~ -1.0) reported in Figure 2b and by the dominant electronic configuration .  

For all other states the charge of NO 3  is zero.  As naphthalene and NO 3  get  closer, 

S5  lowers its energy while the other states keep their energy almost constant and 

retain null charges on NO 3 .     
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Figure 2.  Naphthalene +  NO3: Six states CASPT2 potential energy curves (a) and 
electronic group charges of NO3 (b)  as a function of the CO distance (Rco, in Å).  
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Between 4.6 and 4.8 Å the ET state goes below the 
2
E'NO3  states,  so becoming the 

new S3 .   This is  evident by the energy trend shown in Figure 2a and by the 

negative charge on NO3  which moves from S 5  to S3  (Figure 2b).  The null extra-

diagonal elements
5 8

 in the MultiState CASPT2 matrix (and the fact that the 

CASSCF curves do not cross being well separated, ∆E  > 1 eV, see Figure 2,  

Supplementary Material ) suggest that these are real crossings.  A crossing seam of 

two potential energy surfaces of the same symmetry involving ET states have 

already been observed since 1992.
5 9

  Because of the lack of symmetry, deviations 

from the geometrical constraints should not change the nature of the crossing .  

Therefore, the ET state and the 
2
E'NO 3  states give rise to "extended surface 

touching".
6 0

  Clearly, improvements of the wave-function (more MOs in the AS) 

and of the Hamiltonian (spin -orbit coupling
6 1

) will  probably remove the 

degeneracies.  However, the real nature of these crossings  is  not relevant for our 

study because we are mainly interested on the role of the ET state when NO 3  

approaches to the PAH and i ts possible interaction with the ground state .   The 

states labelling continue to follow their energy order.  At CO distances below 3.3 

Å several  CASPT2 avoided-crossings take place with a transfer of the ET character 

to the lower excited states.  At 2.4 Å, S 1  is now the state with the largest share of 

negative charge on NO3 .   However,  most of the ET nature is lost:  the charge on 

NO3  in now only -0.39.  As in the case of benzene, at  shorter CO distances all  

states have changed their initial nature and they now correspond to internal 

excitation on the incipient radical adduct.  A maximum at 2.26 Å on the S 0  curve 

hints to the presence of a transition structure.   The charges on NO3  are now -0.13 

on S0  and -0.33 on S1 .   The clear indications about the lack of any role for an 

Electron Transfer pathway for the attack on NO 3  to napththalene (and convergence 

problems) convinced us not to investigate this system any further.  
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Anthracene.   After naphthalene, anthracene is one of the most important 

environmental PAH pollutants.
6 2 ,6 3

  The oxidation pathways of the radical adduct 

formed by it  upon attack by NO 3  has been recently subject of study of our group.
1 6

 

The dimensions of the adduct prevented the CBS-QB3 calculations without 

symmetry constraint .  No transition structures for the addition of NO 3  were 

localized on the potential energy surfaces.  This suggested the possibility of an 

alternative mechanism for the attack of NO 3 ,  i .e. ,  the Electron Transfer pathway.  

The Vertical E.T. is calculated between 3.2 ÷ 3.9 eV.  This value is more than 2 eV 

lower than that calculated for benzene and almost 1 eV lower than that calculated 

for naphthalene.  

Table 3.   Anthracene + nitrate radical: electronic energies (eV).  

 Ionization
a
  Vertical  Adduct

c
  TS

d
 

 Vert. Adiab.  E. T.
b
  CS C1  CS C1 

CBS-QB3 7.54 7.42  3.56  -1.09 -
f
  -

f
 -

f
 

DFT 7.04 6.97  3.15  -0.87 -0.87  -
f
 -

f
 

CASPT2 7.22 -
e
  3.90  -0.95 -

e
  -

e
 -

e
 

a
 Vertical and adiabatic ionization energies of anthracene; 

b
 Vertical Electron Transfer 

energies from anthracene to nitrate; 
c
 Radical adduct energies with (Cs) and without (C1) 

symmetry constraint; 
d
 Addition Transition Structure energies with (C s) and without (C1) 

symmetry constraint; 
e
 Not calculated (see text); 

f
 Not found.    
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Figure 3.  Anthracene  + NO3: Four states CASPT2 potential energy curves (a) and 
electronic group charges of NO3 (b) as a function of the CO distance (Rco, in Å).  
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The attack to the central part  of the PAH (see Scheme 1) allowed the use of the C s  

symmetry constraint (as in benzene).   Four states where sufficient for the CASPT2 

calculations, the active space was defined as (19,13),  a combination of a (8,6) for 

anthracene and (11,7) for NO 3 .   Figure 3 shows the energy curves (a) and the 

charges on NO3  group (b) for all the states as function of the CO distance from 1.5 

to 10 Å.  As in the previous cases,  S 0  is the ground state,  whose energy at  10 Å is 

taken as a reference.  The two states (S 1  and S2) at  2.04 and 2.12 eV correspond to 

the excited state 
2
E'  of NO3 .   S3  is the ET state which is located at 2.49 eV.  

Around 7.2 Å, the ET state crosses the 
2
E'NO3  states becoming the new S 1  state.  

Because these state already belong to the same  irreducible representations A',  

breaking the symmetry should not change the nature of the crossing .  Therefore, as 

for naphthalene, the ET state and the 
2
E'NO3  s tates give rise to "extended surface 

touching".   Between 3.7 and 4.1 Å, avoided crossings involving CASPT2 curves 

(see also Figure 4,  Supplementary Material  for the analogous CASSCF curves)  

take place as can be deduced by the energy curves and by the charge trends on 

NO3 .   The state S1  keeps its  ET character.   At 2.55 Å, where the S 1  and S0  reach 

their minimal energy gap (0.48 eV), the former presents a charge on NO 3  of -0.65, 

while in S0  the charge on NO3  is only -0.09.  At shorter distances,  S 1  loses its ET 

character and its  energy rapidly rises while the negative charge on NO 3  in S0 

becomes larger.  As the CO distance gets closer, the S 0  curve declines without 

passing through any energy maximum.  Therefore, we have a clear indication that  

the addition of NO 3  to anthracene takes place without a transition structure.   

Interestingly,  the negative charge on NO 3  presents a minimum around 1.9 Å.   In 

other words, along the approximate reaction coordinate (the CO distance) we 

found a point  where the ground state presents a charge transfer character being the 

negative charge on NO3  greater than that found in the radical adduct.  F or this 

reason, we decided to better explore the two lowest states (energy and NO 3  charge 

curves are shown in Figure 4) below 3.5 Å where S 1  is  well separated from the 

other states and shows a clear ET character.    
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Figure 4.  Anthracene + NO3: Two states CASPT2 potential energy curves (a) and 
electronic group charges of NO3 (b) as a function of the CO distance (Rco, in Å).  
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Figure 4 substantially confirms what we observed in the previous picture.   The 

ground state curve does not show a clear maximum (some s ort  of bump appears but 

we must remember that  these are CASPT2 calculations on DFT geometries).   More 

interesting is the minimum ( -0.45, Figure 4b) of the charge on NO3  reached at  1.8 

÷ 2.2 Å that can be compared with value found for the radical  adduct  ( -0.34).   On 

the basis of these data, we can assess that the ground state NO 3  addition pathway  

to anthracene is endowed with partial ET character.  This fact,  along with the 

exoergicity of the reaction (the radical adduct is ca 1 eV i .e.  23 kcal mol
-1

 below 

the reactants) can explain the lack of a clear transition structure.   

Pentacene.   Proceeding along the acene family,  the extension of the chain of 

fused benzene rings would lead to modelling the reaction of NO3  with tetracene.  

However,  the dimension of this system, and the lack of any exploitable symmetry 

for the attack of NO3 ,  prevent CASPT2 calculations.  Therefore, the study was 

extended to pentacene, where the attack of NO 3  to the central position (see Figure 

1) allows the use of the C s  symmetry constraint (as in the reaction with 

anthracene).   The electronic properties are reported in  Table 4. 

Table 4.   Pentacene + Nitrate radical: electronic energies (eV).  

 Ionization
a
  Vertical  Adduct

c
  TS

d
 

 Vert. Adiab.  E. T.
b
  CS C1  CS C1 

CBS-QB3 6.54 6.48  2.56  -
e
 -

e
  -

e
 -

e
 

DFT 6.11 6.06  2.21  -1.41 -1.43  -
f
 -

f
 

CASPT2 6.41 -
e
  3.15  -1.38 -

e
  -

e
 -

e
 

a
 Vertical and adiabatic ionization energies of Pentacene; 

b
 Vertical Electron Transfer 

energies from pentacene to Nitrate; 
c
 Radical adduct energies with (Cs) and without (C1) 

symmetry constraint; 
d
 Addition Transition Structure energies with (C s) and without (C1) 

symmetry constraint; 
e
 Not calculated (see text); 

f
 Not found.    

Due to the dimensions of the adduct, the CBS -QB3 calculations where not feasible  

even with the C s  symmetry constraint.   Only DFT optimizations were possible  and, 

as for anthracene,  no transition structure for the addition of NO 3  to pentacene was 

localized.  These facts explain why the last two columns of the table, reported for 

sake of homogeneity with the previous ones,  are empty.  
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Figure 5.  Pentacene + NO3: Five states CASPT2 potential energy curves (a) and 
electronic group charges of NO3 (b) as a function of the CO distance (Rco, in Å).  
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Despite the symmetry constraints, five states  where required in the State Average 

calculation because of the presence of a ππ* excited state localized on the 

aromatics and encountered just  above the g round state.   The active space was 

defined as (19,13), a combination of a (10,7) for pentacene and (9 ,6) for NO3 .   

Energy curves and the charges on the NO 3  group for all states as function of the 

CO distance from 1.5 to 10 Å are shown in Figure 5.   S0  is  the ground state whose 

energy at 10 Å used again as a reference.  S 1  corresponds to the ππ* excited s tate 

localized on the aromatics.   S 2  is  the ET state which is located at  1.68 eV.  The 

two states (S3  and S4) at 2.08 and 2.11 eV correspond to the excited state 
2
E'  of 

NO3 .   We must stress that the inclusion of these two states in the calculations is 

compulsory because at the CASSCF level the ET state is  above these states.   As for 

all  other cases,  the ET state lowers its energy as the pentacene and NO 3  get  closer.   

Around 6.0 Å, the ET state crosses the ππ* state becoming the new S 1  state 

("extended surface touching" as in the case of anthracene) .   Around 3.0 Å S0  and 

S1  show an avoided crossing: the ground state suddenly starts to stabilize and the 

NO3  group gets the negative charge; the first  excited state energy rapidly rises and 

NO3  group loses its charge.  At shorter CO distances, convergence problems due to 

intruder states  give raise to discontinuities on the curves.    

As for anthracene, the main role of the two first  electronic states allowed us to 

repeat the calculation with this smaller number of s tate in the State-Average 

calculations.   Figure 6 shows the energy curves (a) and the charges on NO 3  group 

(b) for S0  and S1  as function of the CO distance from 1.5 to 4.5 Å.  The result  is 

clear: between 3.4 and 3.8 Å (0.2 – 0.6 Å more than the sum of the van der Waals 

radius) a sort of electron transfer  from pentacene to NO3  takes place; in the ground 

state the NO3  starts to become an anion while in the first  excited state NO 3  loses 

its negative charge.  At 3.0 Å (0.2 Å below the sum of the van der Waals radius but  

1.5 Å longer than the bond distance ) the group NO3  in S0  shows a charge of  -0.84, 

i .e.  the ground state is essentially constituted by a pentacene radical cation plus a 

nitrate anion.  This electronic structure is  a consequence of the high weight (83%) 

of the charge-transfer configurations in the electronic ground state .   This 

behaviour is quite similar to that observed in the case of LiF
2 7

.   As the CO bond is 

formed, the negative charge on NO 3  declines until  it  reaches the smaller value 

assumed in the radical  adduct ( -0.33), which is due to the electronegativity of the 

group.  Therefore,  although the NO3  moiety never reaches a unitary negative 

charge, this is in any case  significantly greater than that assumed in the final 
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adduct.  Because the phenomenon takes place at a relatively short CO distance, we 

can assess that pentacene reacts with NO 3  radical following a sort of inner-sphere  

Electron Transfer pathway.   
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Figure 6.  Pentacene  + NO3: Two states CASPT2 potential energy curves (a) and 
electronic group charges of NO3 (b) as a function of the CO distance (Rco, in Å).  
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Conclusions. 

The addition of the radical NO 3  (electron affinity 3.94 eV) to some selected 

acenes,  (Scheme 1) follows different mechanisms dependi ng on the dimension of 

the PAH, hence on i ts ionization potential,  IP.   Benzene and naphthalene, whose 

ionization potentials are at  least 8 eV, react  with a “normal” radical  mechanism.  

Anthracene (IP ~7.4 eV) also seems to react  mainly in this way.  However,  the 

addition pathway is characterized by some electron transfer trait.   By contrast, 

pentacene (IP ~6.9 eV) reacts with a sort of inner-sphere  Electron Transfer 

mechanism: when the two approaching species reach a distance of ca.  3.5 Å, the 

system assumes a strong character of ET, generating the couple “pentacene radical  

cation plus nitrate anion”.  As soon as this occurs, the coulomb attraction is 

effective in binding the two species.   As a consequence, i t  generate the radical  

adduct without any (electronic) energy barrier.  These resul ts indicate that PAHs 

with 4/5 or more fused benzene rings and whose ionization potential  is  below ca. 7 

eV, will react following the Electron Transfer mechanism entailing high rate 

constants.  This result could be important in the study of the degradation  of PAH 

in the gas-phase environment.  The presence of a polar solvent could favour the 

formation of the two ions,  thus leading to an extension of the role of the Electron 

Transfer pathway to smaller PAHs.   

Supplementary Material .   It  includes tables with  electronic energies of cri t ical  points at  

DFT, CBS-QB3 and CASPT2 level;  tables of electronic energies and reference weights  

for al l  SA-CASSCF and CASPT2 states as  a function of the CO distance; f igures  of  the 

electronic energies for al l  SA-CASSCF and CASPT2 states as  a function of  the CO 

distance; f igures of  the MOs in the AS for  NO 3  at  10 Å.  
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Graphical  Abstract  

 

Mechanistic dichotomy in the addition of 

NO3  to  PAHs: The gas-phase reaction of  

radical  NO3  proceeds with radical  

mechanism with PAHs up to 3/4 fused 

rings while with the PAHs with 5 or more 

fused benzene rings the reaction follows an 

inner-phase  Electron Transfer mechanism 

entail ing high rate constants.  

 

 

 


