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At low excitation energies nitrobenzene photoreleases NO with low translational and rotational
energy,  while  at  higher  excitation  energies  NO  is  photoreleased  with  both  low  and  high
translational and rotational energy. The fast products are formed through a singlet-triplet crossing
(STC) region featuring an oxaziridine ring, while a ground state roaming mechanism was suggested
to  produce  the  slow  molecules.  Computing  translational  and  rotational  energies  performing
CASSCF classical dynamics, we here prove how the same oxaziridine STC can account for both
fast and slow photoproducts, depending on the region of the seam through which the ground state is
populated. A roaming-type STC/CI has also been characterized, from which slow NO molecules can
also be formed through a roaming photodegradation mechanism, here in the excited state. The
higher accessibility of the oxaziridine STC mechanism, 1.53 eV lower in energy than the roaming
path, questions the contribution of roaming in nitrobenzene NO photoproduction.  

Introduction

Nitrobenzene is the smallest nitroaromatic compound, and is consequently the starting point in the
characterization of this class of molecules, whose importance spans the field of energetic materials,1

the drug delivery sector,2 and the study of common urban air pollutants.3 Nitroaromatic compounds
are  also  linked  to  basic  research  since  they  display  properties  that  challenge  fundamental
photophysical/photochemical  concepts,  as  the  possibility  of  ultrafast  intersystem  crossings  in
organic molecules (1 nitronaphthalene is the organic compound with the fastest multiplicity change,
around 100 fs).4–7

Nitrobenzene  is  characterized  by  a  rich  photochemistry.  While  most  nitroaromatic  compounds,
including  nitrobenzene  itself,  are  know  to  photodegradate  into  nitric  oxide  (NO)  and  the
corresponding aryloxy radical,8–10 nitrobenzene also photodegrades along two additional paths: one
leading  to  nitrogen  dioxide,  the  other  resulting  in  atomic  oxygen.11,12 The  photodegradation  of
nitrobenzene to form NO has been proven to occur via two mechanisms.13,14 Employing multimass
ion imaging techniques on nitrobenzene vapor, Lin et al. have determined a bimodal distribution of
the translational energy of the NO molecules, which points to the presence of two different paths
leading to NO photorelease.13 The bimodal distribution was observed exciting the system at 248 and
193 nm (5.00  and 6.42  eV),  while  employing  a  266 nm (4.66  eV)  wavelength  only  the  slow
component  was  observed.  The  fast  component  was  more  pronounced  at  the  highest  excitation
wavelength employed.

This bimodal distribution was later confirmed by Suits and co-workers, who performed a state-
selected direct current slice imaging study after excitation at 226 nm (5.49 eV).14 In their work it
was  determined  that  the  low translational  energy  products  are  characterized  by  low  rotational
energy, while the high translation energy molecules display high rotational energy. The two paths
were theoretically  investigated,  arriving  at  the  hypothesis  that  both processes  pass  through the
photoisomerization of the nitro into a nitrite group followed by a thermally activated release of NO.



For  the  fast  molecule,  however,  the  photoisomerization  is  mediated  by  the  formation  of  an
oxaziridine ring on the triplet states, as previously suggested by Lin et al. and by Zewail and co-
workers  and  documented  for  other  nitroaromatic  systems,13,15–17 while  for  the  slow product  the
photoisomerization is suggested to occur on the ground state according to a roaming mechanism. 

Roaming reactions are a class of mechanisms not described in transition state theory, in which the
molecule undergoes a frustrated dissociation to radicals.  The formed fragments do not separate
completely,  but instead one of the two starts  to "roam" in the field of the other,  eventually re-
orientating  and  re-combining  with  the  other  into  a  different  chemical  entity.18 This  type  of
mechanism has been proved to occur on the ground electronic state in molecules as H2CO and
CH3CHO,19,20 while the possibility of roaming in the excited states has been shown for NO3.21,22

The two mechanisms suggested by Suits  and co-workers nicely match the original  proposal  of
Chapman et al.  on the nitro-to-nitrite photoisomerization process preceding NO photorelease in
nitrated polycyclic aromatic hydrocarbons, in which the photoisomerization occurs according to two
mechanisms:  an intramolecular  rearrangement  mechanism characterized by the  formation  of  an
oxaziridine  ring;  and  a  dissociation-recombination  mechanism  characterized  by  a  frustrated
dissociation of the CN bond, closely resembling a roaming process.8

For nitrobenzene, Suits and co-worker presented what they defined as a roaming transition state,
from which the corresponding photodegradation rates agree much better with the experimental data
than the ones calculated from a tight transition state. Little information is however provided on the
roaming transition state, and on how the molecule would be able to reach it, placed at more than 3
eV above the S0 minima. 

Regarding its photophysics,17,23,24 different absorption bands have been reported for nitrobenzene in
the gas-phase, ranging from 3.6 up to 7.6 eV.  After UV absorption, nitrobenzene can rapidly decay
into the 1(nAπ*)-S1 state. The 1(nAπ*)-S1 then mainly decays into the triplet manifold, reflected in
the high triplet quantum yield (>0.8),25 populating the  3(πOπ*) triplet state, which is coupled with
1(nAπ*) by a particularly high spin-orbit coupling (> 60 cm-1). The 3(πOπ*) can further relax into its
minimum,  3(πOπ*)min, or the  3(nAπ*) state minimum,  3(nAπ*)min, from which a non-radiative decay
through either a non-reactive (the (3nAπ*/gs)STC2 geometry of ref 17) or a reactive (the (T1/S0)stc-NO

geometry of ref 17) STC region constitutes the most probable final relaxation step, as reflected by
the very low phosphorescence quantum yield (< 10-3).26 

In this contribution the mechanisms leading nitrobenzene to photorelease NO have been studied
both  performing  static  ab-initio  CASSCF  and  CASPT2  computations  and  running  on-the-fly
classical dynamics on CASSCF potential energy surfaces. Three different paths have emerged, two
related to the same STC region characterized by an oxaziridine structure and one ascribable to an
excited state roaming mechanism. Using a simple classical model, the translational, rotational and
vibrational energy of the formed NO have been derived, which in turn provides a tool to associate
the characterized paths with either the formation of the slow or the fast NO molecules. On the basis
of such a comparison and evaluating the probability of each path according to the energetic position
of the corresponding key geometries, we conclude that both slow and fast products can actually
originate from a non-roaming mechanism, consequently raising some doubt on the involvement of
roaming in nitrobenzene NO photoformation.

Methods

Computational details

The static part of the study has been performed employing the well-tested CASPT2 and CASSCF
methods27–29 as  implemented in the OpenMolcas  software.30 Geometry optimizations of minima,



minimum energy path (MEP), and minimum energy crossing points (MECP), have been performed
at the CASSCF level. In all cases, the final energies have been computed at the CASPT2 level to
take into account the dynamic correlation effects. No restrictions to the symmetry of the molecule
have  been  imposed  (C1 symmetry).  The  basis  set  of  atomic  natural  orbital  (ANO)  of  L-type
contracted to C,N [4s,3p,1d]/H[2s1p] has been employed.31,32 An active space composed of 16 active
electrons distributed in 13 active orbitals has been used in all final CASPT2 vertical calculations
(see Figure S1-S6 and Figure S9 of reference 17), while a slightly reduced active space (14,11) has
been  employed  for  all  CASSCF  geometry  optimizations.  The  selected  active  spaces  take  into
account both the π nature of the system and the lone pairs of the oxygen atoms.  The electronic
structure  of  nitrobenzene is  known to  be  challenging,33 but  use  of  these active  spaces  appears
adequate for the problem at hand, as indicated by our previous study on the system.17 All vertical
calculations have been performed using state-averaging over the two roots of the same multiplicity,
while S0 CASSCF dynamics have been performed computing only one root. 

Within the CASPT2 calculations, an imaginary level-shift correction of 0.2 au has been used to
minimize the effects of possible intruder states. The CASPT2 standard zeroth-order Hamiltonian
has been used as originally  implemented.28 The core orbitals  have been frozen in the CASPT2
calculations. Such a CASPT2 approach has been validated in many different studies on organic
molecules,  providing  a  correct  prediction,  description,  and  interpretation  of  photophysical
experimental  data.29,34,35 In  order  to  connect  some  important  regions  of  the  potential  energy
hypersurface  (PEH),  linear  interpolation  of  internal  coordinate  (LIIC)  calculations  have  been
performed.36 CASSCF MECPs have been optimized using the projected constrained optimization
method  as  recently  implemented  in  OpenMolcas.37 Transition  state  (TS)  structures  have  been
optimized using the saddle method as implemented in the OpenMolcas code.38 IRCs were run in
order to verify the connection of the obtained TSs.  The character of the obtained minima and TS
structures has been confirmed by computing the corresponding CASSCF(14,11) frequencies. In the
regions of the potential energy hypersurfaces where two or more states of different spin multiplicity
are degenerate, the spin orbit coupling (SOC) has been calculated as described elsewhere.39 The
Cholesky decomposition has been used to speed up the calculation of two-electron integrals.40

In order to evaluate the ground state dynamics of the characterized static paths, CASSCF(14,11)
classical dynamics on the ground state PEH have been performed with initial zero velocity. The
nuclei are moved according to the classical Newton’s equations which are solved numerically using
the velocity Verlet algorithm. A time step of either 1 or 10 a.u. (0.024 or 0.242 fs, respectively) has
been used. In each case only a single trajectory has been performed. This approach is of incapable
of providing averaged energies derived from a distribution of geometries describing a particular
path and can consequently be better framed as an "improved minimum energy path" able to provide
also velocities. All dynamics were performed using the OpenMolcas code.30

Model for computing the NO translational, vibrational and rotational energy 

Using the data provided by the performed CASSCF(14,11) classical dynamics, the following model
was adopted in order to evaluate the kinetic, translational, vibrational and rotational energy of the
NO molecule. Employing the computed velocities provided in the dynamics for each atom, the NO
kinetic energy, Ekin, has been computed as follow:

Ekin=
1
2
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+

1
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2

The NO translational energy, Etr, has been calculated as the kinetic energy of the center of mass of
the NO fragment:



Etr=
1
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The NO vibrational  energy,  Evib,  has  been computed  assuming that  the  NO bond is  oscillating
according to a harmonic oscillator, for which its energy results equal to

Evib=
1
2
∗μ∗ω

2
∗A2 ; ω=

2π

T
; μ=

mO∗mN
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where μ is the reduced mass, A is the maximum of the oscillation, and ω is the period. For each
dynamics leading to NO formation, both A and T were derived from the graph obtained by plotting
the NO bond distance as a function of time (Figure S15, S16, S17). 

The  NO  rotational  energy,  Erot,  has  finally  been  obtained  after  subtracting  all  other  energy
contributions to the NO kinetic energy:

Erot=E kin−Etr−Evib

Such an analysis has been performed for all structures obtained along the first 145 fs after NO
formation, which in turn is here considered starting from the structure in which the NO fragment is
separated from the rest of the system by a distance equal or greater than 4  Å. The final energies
reported in Table 2 have been computed averaging over all energies obtained at all the computed
structures.

Results and discussion

Paths leading to NO formation

Starting from our previously obtained CASPT2(16,13) T1/S0 STC,17 41 hereafter (T1/S0)stc-NO, from
which the computation of the corresponding S0 minimum energy path (MEP) evolves toward NO
formation, classical dynamics on the S0 potential surface at the CASSCF(14,11) level has been
performed.  In  agreement  with  the  static  MEP  result,  the  dynamics  simulation  leads  to  NO
formation.  As  shown in  Figure  1  the  (T1/S0)stc-NO geometry  is  characterized  by  an  oxaziridine
structure.  As  previously  documented,17 (T1/S0)stc-NO  can  be  reached  on  the  triplet  manifold  by
surmounting a significant energy barrier of 1.32 eV, although the presence of more favorable decay
paths yet to be determined are not excluded. It should be noted that the geometry is placed at 3.83
eV (Table 1) with respect to the energy of the ground state at its minimum,1(gs)min. This corresponds
to a lower energy than any of the excitation frequencies employed in experimental works  (which
have been greater than 3.87 eV).11 The T1 and S0 states are coupled by a low value of the spin-orbit
coupling (SOC), of around 5 cm-1, ascribable to the similar nature of the states (Figure S7). Despite
the unfavorable energy barrier  and the relatively low SOC, we consider  the decay through the
(T1/S0)stc-NO structure as a possible path leading to NO photorelease, hereafter path1 (Figure 2),
expected to be accessible at higher excitation energies.    

To characterize the seam of intersection of the (T1/S0)stc-NO point, a T1/S0 minimum energy crossing
point (MECP) computation has been performed starting from this structure at the CASSCF(14,11)
level. The CASSCF(14,11) MECP structure reported in Figure 1, hereafter called (T1/S0)mecp, has
been  obtained,  for  which  the  degeneracy  between  T1  and  S0  has  been  confirmed  at  the
CASPT2(16,13) level (Table 1). Similar to the (T1/S0)stc-NO geometry, a  oxaziridine-like structure is
recognizable in the (T1/S0)mecp structure, although the N7O9 distance has increased from the value
of 1.662 Å to 2.320 Å. A significant SOC value of 53 cm-1 now couples the states. This increased



SOC value is probably associated with the increased closed shell character acquired here by the S0
but  not  the  T1  state.  From  this  new  point,  both  a  CASSCF(14,11)  ground  state  MEP and  a
CASSCF(14,11) ground state classical dynamics simulation have been performed, both resulting in
the  formation  of  the  same photoproduct,  hereafter  1(S0)ep,  characterized  by  the  presence  of  an
epoxide ring (Figure 1). The same path was also described in our previous work from a similar
structure,  (T1/S0)stc-ep, whose CASSCF MECP nature was not confirmed.17 At the CASPT2(16,13)
level,  the  (T1/S0)stc-ep  is  actually  0.21 eV lower  in  energy  than  the  (T1/S0)mecp,  reflecting  the
importance  of  dynamic  correlation  in  geometry  optimizations.  For  the  sake  of  completeness,
dynamics from the (T1/S0)stc-ep geometry has been performed, again resulting in the 1(S0)ep structure.
A 1.12 eV energy barrier was estimated in order to reach (T1/S0)stc-ep. 

As reported in the introduction, the final step in nitrobenzene NO photorelease is assumed to be a
thermally activated ON bond breaking from the nitrite isomer. Another possibility, evaluated here,
would be a thermally activated NO release from the 1(S0)ep minimum. A transition state structure,
hereafter  1(TS)ep,  connecting  the  1(S0)ep  geometry with  the  photorelease  of  NO  has  been
characterized.  The nature of the  1(TS)ep point  has been confirmed computing the corresponding
CASSCF(14,11) ground state frequencies (displaying one imaginary frequency related to the NO
release) and the corresponding IRC path (Figure S8 and S9). The 1(TS)ep is placed energetically 1.56
eV above the  1(S0)ep minimum,  corresponding  to  the  energy barrier  needed  to  be  surmounted.
Despite  the  significant  barrier,  the  1(TS)ep  structure  is  placed  0.31  eV  below  the (T1/S0)mecp

geometry, for which a decay from the latter structure would provide enough energy to reach the
1(TS)ep transition state. From the 1(TS)ep geometry the corresponding ground state CASSCF(14,11)
classical dynamics evolves toward the  1(S0)ep minimum, consequently highlighting that at  1(TS)ep

the gradient points toward the epoxide product. Only from the second IRC converged point toward
the  formation  of  NO,  the  dynamics  simulation  proceeds  toward  NO  formation.  Globally,  we
consider  the  decay  from the  (T1/S0)mecp STC toward  the  1(S0)ep minimum and  the  subsequent
reaction on the ground state PEH passing through the  1(TS)ep transition state as a possible path
towards NO photorelease, hereafter referred to as path2 (Figure 2).   

Through  a  thorough  exploration  of  the  system PEHs,  performing  a  series  of  CASSCF MECP
optimizations imposing restrictions in the C1N7 bond distance and re-evaluating the energies at the
CASPT2 level, a new T1/S0 STC region  featuring  a  detachment  of  the  nitro  group,  hereafter
(T1/S0)roam,  has been characterized.  The   structure is also a S0/S1 conical intersection (CI) and
T1/S1 STC, since the three states (S0, S1, and T1) are degenerate (Table 1). At the  (T1/S0)roam

region  the  CASSCF(16,13)  S0  wave-function  is  mainly  described  by  a  single  closed-shell
configuration state function, while both S1 and T1 are mostly described by a single one-electron
promotion from what can be recognized as the b2 orbital of the NO2 molecule to the  σ* orbital
associated with the original CN bond in nitrobenzene (Figure S10).42 The SOC between S0 and T1
at the (T1/S0)roam geometry is 48 cm-1. To evaluate the evolution on the S0 PEH, a CASSCF(14,11)
classical  dynamics  simulation  on  S0  starting  from  the  (T1/S0)roam region  has  been  performed,
resulting  in  the  formation  of  benzonitrite,  which  subsequently  dissociates  into  NO  and  the
corresponding aryloxy radical. This however cannot be taken as a reliable result, since along the
dynamics  a  loss  of  the  total  energy  greater  than  0.1  eV was  observed.  Additional  simulations
performed decreasing the integration time step still present the same problem, probably ascribable
to the significant chemical change undertaken by the molecule. 

From the (T1/S0)roam structure, a CASSCF(14,11) S0 MEP has been performed, which terminates in
the minima of the nitrite isomer, hereafter 1(S0)nitrite (Figure 1), which can then been considered as
the most probable product of the S0 evolution from the (T1/S0)roam structure. In order to evaluate the
ability of the system to reach the (T1/S0)roam  geometry, CASPT2(16,13) LIIC computations have
been performed between the (T1/S0)roam point and the previously published 1(nAπ*)min and 3(nAπ*)min

minima.17 Apart from the energy barrier derived from the energy difference between 1(nAπ*)min and



(T1/S0)roam, an additional 0.35 eV barrier is observed along the corresponding S1 LIIC (Figure S11),
determining a global  barrier  separating the regions  of 2.39 eV. No additional  barrier  is  present
between 3(nAπ*)min and (T1/S0)roam (Figure S12), and the structures are separated by 2.44 eV. Despite
such significant  barriers,  the computed LIICs show that  the energetic  requirement  to  reach the
(T1/S0)roam region is mainly determined by its energetic position. 

As explained in the introduction,  the generally  accepted hypothesis  regarding nitrobenzene NO
formation  is  that  the  final  step  involves  a  ground state  release  of  NO from the  nitrite  isomer.
Although this reaction has been the subject of different theoretical works, as far as the authors know
a proper transition state describing the process has been elusive up to now. Such a transition state,
hereafter  1(TS)nitrite, has been here identified at the CASSCF(14,11) level, proving its connection
with the reaction through the computation of the corresponding frequencies and IRC path (Figure
S13 and S14). It is significant to note that re-computing the energies of the structures along the
forward CASSCF(14,11) IRC path at the CASPT2(16,13) level, a slight increase in the energy of
around 0.2 eV instead of a descending path is obtained. The source of such a discrepancy could be
due to the different description that the two methods provide of intermolecular interactions,43 as the
1(TS)nitrite structure is characterized by an already significant separation of the NO fragment. Such a
different description, although suggesting a possible source of errors in the present protocol, has not
been observed for the preceding paths (see Figure S9, and Figure S11 of reference 17) leading
toward NO formation. A full CASPT2 description has not here been obtained. The transition state
can be  considered  energetically  accessible,  being  placed 0.46 eV above the  1(S0)nitrite  minimum
(Table 1). Both CASSCF(14,11) MEP and classical dynamics from 1(TS)nitrite have evolved toward
NO formation. We then consider the decay from the (T1/S0)roam structure to the 1(S0)nitrite  minimum
and the subsequent evolution through the 1(TS)nitrite transition state, as an additional path leading to
NO photorelease, hereafter referred to as path3 (Figure 2), characterized by an initial roaming-like
mechanism.

Despite not having elucidated the complete mechanism starting from light absorption, we have thus
presented  three  different  possible  mechanisms leading to  NO formation  in  nitrobenzene.  These
paths are summarized in Figure 2, and the energies of the relative critical points are reported in
Table 1.

Evaluation of the NO translational, vibrational and rotational energy 

For each of the three described paths, a CASSCF(14,11) ground state classical trajectories from the
critical points leading to NO formation have been performed. Such computations have proven the
ability of the starting geometry to mediate NO production, and in addition have provided valuable
data though which, using the model described in the Methods section, it was possible to evaluate
both the total  kinetic  energy of the formed NO molecules,  and the corresponding translational,
vibrational and rotational contributions. The computed values are reported in Table 2, together with
the available experimental data. 

From the work of Lin et al.13 at the reported NO translational energy distribution after excitation at
266, 248 and 193 nm (4.66, 5.00, and 6.42 eV), see Figure  2, 4 and 6 in reference 13, it is possible
to estimate that  the NO translational  energy peak is  around 10 kcal/mol (0.43 eV) for the low
translational energy products and at around 30 kcal/mol (1.30 eV) for the high translational energy
molecules, although a continuum is actually visible between 5-40 kcal/mol (0.22-1.73 eV). These
two peaks  for  the  low and high NO translational  energy nicely  match  the  computed  averaged
translational energy of NO formed through path 2 and 1, equal to 0.53 and 1.24 eV, respectively
(Table 2). Moreover the difference in their energy, 0.71 eV, is in reasonable agreement with the
difference  reported  by  Lin  et  al.  in  the  peaks  of  slow  and  fast  components  from  the
photodissociation at 193 nm, equal to 22 kcal/mol (0.95 eV). It is then plausible to associate the



high and low translational energy NO detected by Lin et al. to the mechanism described by path 1
and 2, respectively, without a substantial involvement of a roaming process.

Table 1. CASPT2(16,13) energies (eV) for the low-lying singlet and triplet states of nitrobenzene at
a number of characterized critical points.a

State
Geometry

S0 S1 T1 T2

geometries related to the main decay pathb

1(gs)min
b 0.00 3.61 3.25 3.38

1(nAπ*)min
b 0.85 2.79 2.72 3.04

3(nAπ*)min
b 0.86 2.66 2.69 3.11

3(πOπ*)min
b 0.52 2.93 2.94 3.04

geometries characterizing PATH 1, see Figure 2

(T1/S0)stc-NO 3.78 5.11 3.83 5.13

geometries characterizing PATH 2, see Figure 2

(T1/S0)mecp 3.60 3.75 3.68 3.89
1(S0)ep 1.81 3.55 2.70 4.74
1(TS)ep 3.37 3.98 3.82 3.93

geometries characterizing PATH 3, see Figure 2

(T1/S0)roam 5.14 5.18 5.13 6.27
1(S0)nitrite 0.19 3.53 2.87 4.54
1(TS)nitrite 0.65 1.29 1.21 1.48

a All reported energies are referred with respect to the S0 energy at its minimum, 1(gs)min.
b Geometry taken from reference 17.

Figure  1. Geometries  of  nitrobenzene  at  the  characterized  critical  points.  Bonds  lengths  are
reported in Å. In the inset is displayed the nitrobenzene structure and the atom labeling.



Figure  2. Schematic  representation  of  the  three  characterized  paths  leading  from  excited
nitrobenzene to the release of NO. Upper panel: path 1; Middle panel: path 2; Lower panel: path 3. 

Suits and co-workers obtained a binomial distribution in the NO translational energy after excitation
at 226 nm (5.49 eV),14 moreover determining a low and high rotational energy for the low and high
translational  NO products,  respectively.  Two peaks in the translational  energy distribution were
characterized, one at around 0.25 eV and the other at around 1 eV (Figure 3 in reference 14).  The
later peak can be associated with path 1, while the former peak has a value equally close to both the
computed averaged translational energy for path 2 and 3. In this case consequently, the involvement
of a roaming mechanism as path 3 is not excluded, which is in agreement with the computed energy
of the  (T1/S0)roam structure, 5.13 eV, placed 0.36 eV below the employed wavelength. A roaming
mechanism seems then to be possible, but only at relatively high excitation energies. 

In agreement with Suits and co-workers, the here computed averaged rotational energy is higher for
path 1, associated with the high translational NO products, than for path 2 and 3, associated with the
low  translational  NO  molecules,  although  the  difference  is  not  very  remarkable.  The  higher
rotational energy difference is here reported for path 1 and 2 (0.07 eV difference), further proving
that the same STC seam can mediate the formation of NO products with different internal energy
distributions.  

Finally, in agreement with both works and with the data obtained by Galloway at al.11,12 performing
laser induced fluorescence experiments, in all cases the computed averaged NO vibrational energy
is lower than 0.1 eV. 



Table  2.  Theoretical  kinetic  (<Ekin>),  translational  (<Etr>),  rotational  (<Erot>),  and  vibrational
energies of the NO molecules computed using CASSCF(14,11) ground state classical dynamics
starting  from (T1/S0)stc-NO,  1(TS)ep, and  1(TS)nitrite structure, corresponding to the simulation of the
NO formation accordingly to path1, path2, and path3, respectively. Experimental energies obtained
at different excitation energies are also reported. 

theoretical energies

Starting geometry
for the dynamic

<Ekin> <Etr> <Erot> <Evib> 

(T1/S0)stc-NO

(PATH 1)
1.39 eV

(32.51 kcal/mol)
1.24 eV

(28.59 kcal/mol)
0.13 eV

(3.00 kcal/mol)
0.02 eV

(0.46 kcal/mol)
1(TS)ep

(PATH 2)
0.66 eV 

(15.22 kcal/mol)
0.53 eV

(12.22 kcal/mol)
0.06 eV

(1.38 kcal/mol)
0.07 eV

(1.61 kcal/mol)
1(TS)nitrite

(PATH 3)
0.13 eV

(kcal/mol)
10-6 eV

(10-5 kcal/mol)
0.10 eV

(2.31 kcal/mol)
0.03 eV

(0.69 kcal/mol)

experimental energies

Ekin (eV) Etr (eV) Erot (eV) Evib (eV)

Excitation at 226
nm (5.49 eV)11,12

- 1.1 ± 0.2 0.32 ± 0.03 <0.1

Excitation at 280
nm (4.43 eV)11,12

- 0.56 ± 0.12 0.20 ± 0.03 <0.1

Excitation at 266
nm (4.66 eV)44

- 14.4%a 6.1%a <2.5%a

Excitation at 226
nm (5.49 eV)14

- 0.025-1.1 0.19-0.76 -

a Percentage of the total available energy

Conclusions

Three pathways that lead to the formation of NO from NB have been determined using high-level
quantum chemistry  calculations.  All  start  on  the  S0 state  after  crossing  from T1.  Two involve
isomerization of the nitro group to bond an oxygen to the aromatic ring,  with one forming an
epoxide. The third path is a roaming mechanism that also leads to isomerization from the nitro to a
nitrite  group.  According  to  the  accepted  thinking  up  to  now,  roaming  is  responsible  for  the
formation of low translational and rotational NO photoproducts. As low translational NO molecules
are always detected for all excitation energies which result in NO formation, it can be inferred that
roaming plays a pivotal role in the NO photoproduction. According to the here present results based
on ab-initio CASPT2//CASSCF static and CASSCF classical dynamics calculations, this picture is
challenged. Despite confirming the presence of a roaming type mechanism, here characterized in
the excited state, which leads to NO with low translational and rotational energy (path 3), the results
suggest that this mechanism is operating only at relatively high excitation energies (greater than
5.13 eV, 242 nm). This consequently determines that the roaming mechanism is not responsible for
the low translational and rotational NO formation detected between 4.66 and 5.00 eV (266 and 248
nm) excitation as reported by Lin et al., so putting into perspective the contribution of roaming in
NO production. First, the key geometry leading to roaming, (T1/S0)roam, is placed at 5.13 eV (242
nm) with respect to the S0 minimum.  Second, a more favorable mechanism also leading to low
translational and rotational energy NO photoproducts has been here described (path 2), whose key
geometry, (T1/S0)mecp, is placed at 3.60 eV with respect to the S0 minimum, i.e. 1.53 eV below the
(T1/S0)roam. This of course does not exclude the presence of a lower-lying point also promoting the



roaming mechanism, whose existence, despite the thorough PEH exploration made here, has yet to
be determined.
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