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Abstract

Nitroaromatics compounds can photorelease NO after UV absorption. The efficiency of the
photoreaction depends on the molecular structure and two features have been pointed out as
particularly important for the yield of the process: the presence of methyl groups at the ortho position
with respect to the nitro group and the degree of conjugation of the molecule. In the present
contribution we provide a theoretical characterization at the CASPT2//CASSCEF level of thoery of the
photorelease of NO for four molecules derived from nitrobenzene through the addition of ortho methyl
groups and/or the elongation of the conjugation. Our previously described mechanism obtained for the
photorelease of NO in nitrobenzene has been adopted as a model for the process. According to this
model, the process proceeds through a reactive singlet-triplet crossing (STC) region that the system can
reach from the triplet *(mon*) minimum. The energy barrier that must be surmounted in order to
populate the reactive STC can be associated with the efficiency of the photoreaction. The here obtained
results display clear differences for the efficiency of the photoreaction in the studied systems, and can
be correlated with experimental results. The model thus proves its ability to highlight differences in the
photoreaction efficiency for the nitroaromatic compounds studied here.

1. INTRODUCTION

Among the various fields in which nitroaromatic compounds play an important role, which include the
study of atmospheric pollutants and energetic materials,!® a particular interest is found in the drug
delivery sector.’ Nitroaromatics compounds are employed here due to their ability to photorelease nitric
oxide (NO), which has various physiological effects useful for the treatment of pathological
conditions.* The ability to deliver NO as a result of the interaction of light is particularly attractive
since it makes it possible to control the release of NO with a precise spatiotemporal resolution.’

In order to design the most suitable nitroaromatic compounds for their applications in the drug delivery
sector, it is fundamental to understand the molecular basis behind the photodegradation mechanism
leading to the formation of NO. The mechanism has been the subject of various experimental and
theoretical works,*'® from which a scenario has emerged. It is in general accepted that the
photoreaction occurs via a photoisomerization of the nitro into a nitrite group, from which NO is
subsequently formed. Following the original nomenclature proposed by Chapman et al.,!” the
photoisomerization occurs according to a so-called "intramolecular rearrangement mechanism", in
which the key step is the formation of an intermediate in which an oxaziridine ring structure is formed.
Such an oxaziridine ring structure has been identified at the CASPT2//CASSCEF level for the molecules
nitrobenzene and nitronaphthalene as a singlet-triplet crossing region which can lead the population of
the triplet excited states back to the ground singlet state and on towards NO formation.!"!> This
mechanism consequently explains the photoreaction as a process passing through the population of the
triplet states of the systems with subsequent decay through a reactive STC back to the ground state
toward NO formation (see figures 9 and 9a in references 11 and 12, respectively).



In the seminal work of Chapman et al., a second possible photoisomerization mechanism called the
"dissociation—recombination mechanism" was proposed, according to which the photoisomerization
proceeds via the dissociation of the nitro group from the aromatic ring, followed by its recombination
with the aromatic ring giving rise to the nitrite isomer. This mechanism has been theoretically
characterized for nitrobenzene, and associated with the so-called roaming mechanism that Suits and co-
workers proposed for the nitrobenzene nitro-to-nitrite photoisomerization.'!3

Once the general principles of the photomechanism are known, the next step will be the understanding
of the fine details that regulate the efficiency of the process. In order to reach such a goal, comparative
studies of series of nitroaromatics compounds whose structures present small but clear differences are
particularly useful, so as to observe the effect that each structural modification has on the
photochemical process.'* A study of this type was presented by Miyata and co-workers, who
experimentally evaluated the photoformation of NO for a series of nitrobenzene derivatives which
release NO to form a paramagnetic compound whose ESR signal can be experimentally measured.*

In the series of compounds studied by Miyata and co-workers, two types of structural modifications
have been analyzed. The first modification is the presence of two methyl groups at ortho positions with
respect to the nitro group. An analysis of the effect of such substitution is particularly interesting since
it is normally accepted that the presence of ortho methyl groups force the nitro group to adopt a
perpendicular orientation with respect to the plane of the aromatic ring, predisposing the geometry to
the formation of an oxaziridine ring which favors the photorelease of NO, although a precise theoretical
rationalization of this effect has not yet been given as far as we know.’ The second modification is the
extension of the m-conjugation. Having a larger m-electron conjugation will in general lower the mm*
states of the system, making the excited states of the molecule more accessible at lower excitation
energies, and consequently resulting in a system more prone to photoreactions.

In this contribution we present a comparative study of the photoinduced mechanism leading to NO
formation for the series of nitrobenzene derivatives shown in Figure 1: nitrobenzene (molecule A),
1,3-dimethyl-2-nitrobenzene (molecule B), 1-nitro-4-[(1E)-2-phenylethenyl]benzene (molecule C),
1,3-dimethyl-2-nitro-5-[(1E)-2-phenylethenyl]benzene (molecule D). From the results on these
molecules a fifth nitrocompound, 1,3-dimethyl-2-nitro-5-[(1E,3E)-4-phenylbuta-1,3-dien-1-yl]benzene
(molecule E) was also selectively characterized. The study has been performed by means of
CASPT2//CASSCEF calculations, and assuming that the mechanism we have previously theoretically
characterized for loss of NO in nitrobenzene and nitronaphthalene is the main one responsible for the
NO formation in the molecules studied here. In this mechanism the decay is from the triplet }(momn*)
minimum towards a reactive STC minimum, and the energetic position of these two critical points can
be related to the efficiency of the photodegradation.!!"'>!> Key for this work was the characterization of
these structures to obtain the energy that separates them.

The selection of these systems has been dictated for the following reasons. Nitrobenzene, molecule A,
is the most simple nitroaromatic compound, and is here taken as a reference. Molecules B and C allow
the analysis of the effect on the photochemistry of nitrobenzene of the addition of methyl groups at
ortho positions and the extension of the m-conjugation, respectively. Molecule D again can provide
information on the effect of the presence of methyl groups, comparing its behavior with respect to
molecule C, and its ability to photorelease NO was actually detected in the work of Miyata and co-
workers. Molecule E is the one among the systems experimentally studied by Miyata and co-workers
that photoreleases the most NO.# Last but not least, the size of the chosen systems still allows their
description at the CASPT2//CASSCEF level with an acceptable computational effort.
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Figure 1. Molecular structure of the nitroaromatic compounds here studied. From left to right:
nitrobenzene (molecule A), 1,3-dimethyl-2-nitrobenzene (molecule B),
1-nitro-4-[(1E)-2-phenylethenyl]benzene (molecule 0),
1,3-dimethyl-2-nitro-5-[(1E)-2-phenylethenyl]benzene (molecule D), 1,3-dimethyl-2-nitro-5-[(1E,3E)-
4-phenylbuta-1,3-dien-1-yl]benzene (molecule E).

2. METHODS

The present study was performed employing a CASPT2//CASSCF approach,'® ie. geometry
optimizations were performed at the CASSCF level,'” while final energies were computed at the
CASPT?2 level.?® As an exception, ground state optimizations were performed using the MP2 method.?!
No restrictions to the symmetry of the molecules were imposed (C1 symmetry). The basis set of atomic
natural orbitals (ANO) of S-type contracted to C,N [4s,3p,1d]/H[2s1p] was employed.?>?

As described in detail in the result section, different active spaces have been employed depending on
the type of calculation, either CASSCF optimizations or CASPT?2 vertical calculations, and the size of
the system. In summary, molecules A and B were described at the CASPT2(14,11)//CASSCF(10,8) and
at the CASPT2(8,8)//CASSCF(8,8) level, while molecules C and D were studied at the
CASPT2(18,15)//CASSCF(14,12) and at the CASPT2(12,12)//CASSCF(12,12) level, while molecule
E, the largest of the here studied systems, was treated at the CASPT2(14,14)//CASSCF(14,14) level.

All calculations were performed with the OpenMolcas software.?* Within the CASPT2 calculations, an
imaginary level-shift correction of 0.2 au was used in order to minimize the effects of possible intruder
states.”> The CASPT?2 standard zeroth-order Hamiltonian was used as originally implemented and the
core orbitals were frozen in the CASPT?2 calculations. Cholesky decomposition was used to speed up
the calculation of two-electron integrals.?’

Singlet-triplet crossing regions were computed by using the restricted Lagrange multipliers technique
as included in OpenMolcas, in which the lowest-energy point is obtained under the restriction of



degeneracy between the two considered states.?’ Spin-orbit couplings, SOCs, were calculated as
described elsewhere.?® The character of the obtained minima was analyzed by computing the
frequencies.

3. RESULTS AND DISCUSSIONS
3.1 Definition of a common active space to describe the four nitroaromatic compounds A-D

The present study aims at a description of the same photoreactive model for the four systems A-D
presented in Figure 1, so as to characterize the differences in the process due to the increasing
complexity of the original system (molecule A, i.e. nitrobenzene). It is thus fundamental to employ the
same level of theory to perform such a characterization, so as to ensure that the obtained results reflect
the different properties of the four compounds and are not instead imputable to methodological issues.

A first guess for the active space selection for the description of molecules C and D is to enlarged the
CAS(14,11) space previously used for nitrobenzene so to account for the enlarge m system present in
these molecules.!? A reasonable choice is to include the  and n* orbitals of the additional CC double
bond and the highest and lowest © and n* orbitals localized on the phenyl group. This results in a
CAS(18,15) active space, that, although feasible for single point calculations, is not computationally
convenient for geometry optimizations. For that reason we evaluated the possibility of reducing the
original CAS(14,11) to a CAS(10,8) space in order to perform geometry optimizations, which seems
reasonable taking into account that in the present work we are interested in the description of only the
two lowest singlet and triplet states. In order to test such a procedure, we have calculated the critical
points forming the adopted model in nitrobenzene at the CASPT2(14,11)//CASSCF(10,8) level, and
compared the results with the CASPT2(14,11)//CASSCF(14,11) data. Such a comparison is in order
also taking into account the particularly challenging electronic structure of nitrobenzene, proved to be
quite sensitive to the adopted computational details. %%

Table 1. CASPT2(14,11) energies (eV) of the low-lying singlet and triplet states of molecule A at the
optimized geometries at the CASSCF(14,11) and CASSCF(0,8) level.*

molecule A
CASPT2(14,11)//CASSCF(14,11) | CASPT2(14,11)//CASSCF(10,8)
State| gs Y(mom*) 3(nam*) gs 3(mom*) 3(nam*)

Geometry

H(gS)min® 0.00 3.40 3.35 0.00 3.40 3.35

3(MAT)min | 0.73 3.04 2.82 0.71 3.04 2.88

3o )min | 1.10 2.95 2.85 1.08 297 2.87

(T1/SO)mecp| 3.76 3.76 3.94 3.67 3.70 4.21

2 All the reported values refer to the corresponding ground state optimized geometry, '(g8)min.
®The ground state geometry, '(gS)min, was optimized at the MP2 level.

From the CAS(14,11) space the H-6, H-5, and L+3 orbitals have been excluded to form the CAS(10,8)
space (see Figure S1 in the SI). The adopted exclusion criteria was based on their occupation number
for the SO, S1, T1, and T2, states, being in all cases either greater than 1.95 or lower than 0.05. In Table
1, the CASPT2(14,11) energies of two lowest singlet and triplet state of nitrobenzene are reported,
calculated at the CASSCF(14,11) and CASSCF(10,8) optimized critical points. The corresponding
geometries are depicted in Figure S2 of the SI. Comparing the energies and structures obtained in the
two set of computations, is possible to conclude that the CASPT2(14,11)//CASSCF(10,8) protocol



provides a similar scenario to the CASPT2(14,11)//CASSCF(14,11). In particular, the energy difference
between the 3(mon*) minimum and the reactive STC is equal to 0.81 and 0.73 eV, respectively. On the
basis of such results, we decided to characterize molecules A and B at the
CASPT2(14,11)//CASSCF(10,8) level, while molecules C and D at the
CASPT2(18,15)//CASSCF(14,12), which corresponds to the same active space of molecules A and B,
plus the 2 m and 2 n* orbitals on the enlarged & system (see Figure S3 in the SI). In such a way all four
systems are described by the same active orbitals localized on the nitrobenzene group, and the more
important orbitals describing the enlarged m system of molecule C and D are also accounted for.

3.2 Characterization of the ground state minima and lowest singlet and triplet excited states

Accordingly to our previous experience with nitrobenzene the inclusion of dynamic correlation appears
to be important in the optimization of its ground state structure, as the comparison between CASSCF
and CASPT2 SO minima with experimental electron diffraction measurements has shown.!>3! Due to
the high computational cost that CASPT2 optimizations will require for molecules C and D, we
resorted to performing ground state MP2 minimization. The comparison of the MP2, the
CASPT2(14,11), and the experimental structure of nitrobenzene validates the adopted methodology
(see Figure S4 in the SI).

The obtained SO minima, hereafter indicated as '(gs)min, are reported in Figure 2. The molecular
structure shared for all four systems (i.e. the nitro group and the phenyl ring directly attached to it)
display similar bond lengths in the four minima. The main geometrical difference that can be
appreciated is related to the orientation of the nitro group with respect to the plane of the aromatic ring.
While for molecules A and C the plane passing through the nitro group is parallel to the plane of the
aromatic ring (making molecules A and C planar), for molecules B and D the nitro group is placed
perpendicular with respect to the plane of the aromatic ring. This is a clear consequence of the presence
of the methyl groups in molecules B and D. Frequencies calculations were performed at the four
minima. Only the SO minimum of molecule A presents no imaginary frequencies, while the others
display small imaginary values, related in molecules B and D to the rotation of the methyl groups, and
associated in molecule C and D to the torsion of the second phenyl ring.



Figure 2. Goround state minima, l(gS)min, obtained at the MP2 level for molecules A-D. Selected bond
lengths (in A) and angles (in degrees) are also reported.

At the obtained ground state minima, the low-lying singlet and triplet excited states of the system have
been characterized computing six singlet and six triplet electronic states at the CASPT2(14,11) level for
molecules A and B, and at the CASPT2(18,15) level for molecules C and D. The so obtained CASPT2
vertical excitation energies, together with the CASSCEF oscillator strength associated with the possible
transition form the ground state to the singlet excited states, are reported in Table 2. In this Table, an
energy-ordering nomenclature has been adopted for the electronic states, while only in particular cases,
when the analysis of the corresponding CASSCF wave-function allowed it, the nomenclature based on
the particular nature of the state and established in the literature has been used.'?

Looking at Table 2, both similarities and differences among the four molecules can be observed. In all
cases the Si state is the !(nam*), and the triplet *(mom*) state is close in energy to it. The latter fact,
together with a high SOC between the two states, is the reason behind the high triplet quantum yield
observed for nitroaromatics systems.*>* Since the photodegradation model that we are adopting here
assumes the population of the triplet states, the SOC between the '(nan*) and *(mon*) states at the
computed '(gs)min minima have been computed in order to validate the hypothesis of an efficient
population of the triplet manifold. The obtained SOC, equal to 74.40, 75.29, 74.53 and 74.60 cm!
respectively, indeed support such an intersystem crossing. Also, the nature of the Sz state is the same
for the four systems, and corresponds to the !(nsn*) state. It is also interesting to note that molecules A
and C display states with a significant oscillator strength among the five singlet excited states
computed here, while the states of molecules B and D are significantly darker. This implies that at
lower excitation energies, the excited states of molecules A and C will be more easily populated than
the excited states of B and D, a fact that will have an impact on the photochemistry of these systems.



Table 2. Vertical excitation energies (Eva, eV) at the MP2 ground-state minima, !(gs)min, for the lowest
valence singlet and spin forbidden triplet excited states.* Energies computed at the CASPT2(14,11)
level for molecules A and B, and the CASPT2(18,15) level for molecules C and D.

molecule A molecule B molecule C molecule D
State Eva| f State Eva f State Eva f State Eva f
eV) (eV) (eV) (eV)
T1 3(nam*) | 3.14 - T1 3(nam*) 3.16 - T1 2.26 - T1 2.45 -
T2 ¥mon*) | 3.28 | - | S1'(man®) | 337 | - | T2%mnan®) | 3.12 | - | T23man®) | 3.12 | -
SI'(nam*)|3.34| - |T23mon*)| 344 | - | T3%mon*) | 327 | - | S1'man®) | 334 | -
T3 |3.70] - T3 373 | - T4 327 | - | T33%mon®) | 342 | -
T4 3(npn*) | 3.71 - T4 3.80 - S1 '(nam*) | 3.31 - T4 3.72 -
S2 (npn*) | 3.85| 107 | S2 !(npn*) 3.96 - T5 3.70 - T5 3.73 -
T5 4.16| - T5 4.33 - S2 (ngn*) | 3.83 107 T6 3.89 -
T6 426 - T6 4.38 - T6 3.97 - S2 (npn*) | 3.93 -
S3 (Ly) |4.37] 1073 S3 4.57 10+ S3 420 | 0.150 S3 (Ly) 4.12 | 0.004
S4 (L)) |5.02]0.235 S4 5.82 10+ S4 420 | 0.123 S4 4.88 | 0.001
S5 Y(mon*) | 5.68 | 0.025 S5 6.72 - S5 434 | 0.143 S5 5.86 -

2 The computed oscillator strengths (f) for the singlet-singlet transitions are also included.
® All the reported values refer to the corresponding ground state optimized geometry, '(g8)min.

3.3 Optimization of the triplet states and of the reactive (T1/S0)mecp STC

According to the assumed model, the photodegradation proceeds via population of the triplet 3(mom*)
minimum, hereafter  3(mom*)min, that we have consequently characterized at the
CASPT2(14,11)//CASSCF(10,8)  level for molecules A and B and at the
CASPT2(18,15)//CASSCF(14,12) level for molecules C and D. For the sake of completness, the
energetically close triplet *(nam*) state has also been analyzed. As the *(ton*) and *(nan*) states are the
two lowest triplet states, we adopted a state-averaging over two roots with equal weight, for the
calculations of both triplet and singlet states.



Figure 3. Triplet *(nan*) state minima, *(nan*)min, obtained at the CASSCF(10,8) and CASSCF(14,12)
level for molecules A and B and for molecules C and D, respectively. Selected bond lengths (in A) and
angles (in degrees) are also reported. The lower panel shows the pyridimal angle of the NO2 group.

The obtained minima for the *(nan*) state, hereafter *(nAn*)min, are shown in Figure 3. As it is possible
to observe, one common deformation with respect to the ground state minima is the elongation of one
nitrogen-oxygen bond, with an increase of 0.121 and 0.120 A for molecule A and C, and of 0.138 and
0.140 A for molecule B and D. Another significant deformation with respect to the ground state minima
is instead appering only for the dimethyl-substituted derivatives (i.e. molecules B and D) and not for
molecules A and C: the nitro group of the former systems undergo a significant pyrimidalization, while
in the latter molecules it keeps its planarity. The degree of such piramidalization can be observed in
Figure 3, where the related dihedral angle is shown.

In order to confirm the nature of the obtained *(nam*)min minima, the corresponding frequencies have
been computed. No negative frequencies were obtained for molecule B, one and two negative
frequencies all lower than 100 cm™! were obtained respectively for molecule A and C. Finally, at the
3(nAm*)min structure of molecule D two negative frequencies of 168.45 and 66.69 cm™ have resulted
(see Figure S5 in the SI).

The obtained minima for the *(mon*) state, hereafter 3(mom*)min, are reported in Figure 4. Now we can
observe that both nitrogen-oxygen bonds are significantly elongated with respect to their values at the
corresponding '(gs)min geometries, although of a lesser extend (0.068, 0.070, 0.067, and 0.071 A for
molecule A-D, respectively). Also, in these minima a pyramidalization of the nitro group of all four
molecules is observed which is more pronunced for the dimethyl-substituted molecules. At the
computed *(mon*)min geometries, no negative frequencies were obtained for molecules A and B, only a
negative frequencies of 24 cm™' for molecule C, and two two negative frequencis of 158.35 and 60.31
cm! for molecule D (see Figure S6 in the SI).
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Figure 4. Triplet }(mon*) state minima, *(mon*)min, obtained at the CASSCF(10,8) and CASSCF(14,12)
level for molecules A and B and for molecules C and D, respectively. Selected bond lengths (in A) and
angles (in degrees) are also reported. The lower panel shows the pyridimal angle of the NO2 group.

A key geometry for the photoreaction leading to the formation of NO is the singlet-triplet crossing
region characterized by the formation of an oxaziridine-like ring structure, from which the re-
population of the ground state can evolve towards NO release. Starting with the STC previously
obtained as a CASSCF(14,11) minimum energy crossing point for molecule A,'” the corresponding
reactive MECPs, hereafter (T1/SO)mecp, have been computed for the here studied systems. The
degeneracy of the T1 and SO states at the obtained points have been verified at the CASPT2 level. The
resulting MECPs are reported in Figure 5. As it can be observed, an oxaziridine-like ring structure is
present in the four geometries. Once the described CASSCF critical points were obtained, their
energies were recomputed at the CASPT2(14,11) and CASPT2(18,15) level for molecules A and B and
for molecules C and D, respectively, and the results are collected in Table 3.
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Figure 5. Reactive STC, (T1/S0)mecp, obtained at the CASSCF(10,8) level for molecgles A and B and
and at the CASSCF(14,12) level for molecules C and D. Selected bond lengths (in A) and angles (in
degrees) are also reported.

Table 3. Energies (eV) of the low-lying singlet and triplet states at the optimized geometries. Energies
computed at the CASPT2(14,11) level for molecules A and B, and at the CASPT2(18,15) level for
molecules C and D.2

molecule A molecule B molecule C molecule D
State| gs | 3(mon*®) |*(nan®)| gs |3(mom®)|3(man*)| gs |3(mom™)|3man*)| gs 3(mon*) 3(nam*)
Geometry
"(gS)min | 0.00| 3.40 335 | 0.00| 3.56 3.76 0.00 3.39 3.35 0.00 3.56 3.31
3(NAT*)min | 0.71 | 3.04 288 | 141 3.12 3.27 1.01 3.36 3.40 1.32 3.13 311
3mon™)min | 1.08 | 2.97 2.87 | 1.25| 3.00 3.16 1.25 3.17 3.05 1.21 3.09 2.93
(T1/S0)mecp | 3.67 |  3.70 421 |3.65| 3.64 4.04 3.56 3.56 3.75 3.20 3.21 3.64

2 All the reported values refer to the corresponding ground state optimized geometry, '(g8)min.
3.4 Evaluation of the photodegradation path leading to NO

With the results of Table 3, we are in a position to evaluate the efficiency of the photodegradation paths
leading to NO production according to the adopted model. The latter estimates the efficiency of the
photoreaction on the basis of the energy barrier that the system has to surmount in order to reach the
reactive STC from the triplet minimum. For nitrobenzene and nitronaphthalene the triplet minimum
used to calculate this barrier was the 3(mom*)min structure.'’!> Since the 3(nan*) and *(mon*) states have
comparable energies, and in some cases the energy of *(nam*) minimum is actually lower than the
energy of the *(mon*) minimum, and since the nature of the T1 state at the STC region is not clearly
identifiable as the }(nan*) or *(mom*), we here decided to compute the barrier for reaching the STC



region from both triplet minima. The barrier is here evaluated as the energy difference between the
triplet minima and the reactive STC. The results are presented in Table 4.

The energy barriers evaluated from both the 3(nan*)min and *(nom*)min minima show a similar
descending trend along the series of four molecules. According to that, both the addition of methyl
groups and the extension of the m-conjugation would be expected to have a positive effect on the
efficiency of the photodegradation process. In general the extension of the m-conjugation has a more
pronounced effect that the addition of methyl groups. For example, the energy barrier for nitrobenzene
from 3(mon*)min diminishes by 0.44 eV when the n-system is enlarged (see values for molecules A and
C) and by 0.09 eV with the methylation (see values for molecules A and B). Using the *(nAn*)min
minimum, larger differences are observed, but still the m-conjugation has a more prominent effect on
the barrier that the presence of the methyls (0.66 and 0.45 eV reduction, respectively).

According to the data of Miyata and co-workers, the formation of NO for molecules B and C was not
detected, while for molecule D a clear ESP signal was recorded as a result of the NO production. The
theoretical model can be considered in agreement with the experimental behavior, since for molecule D
the lowest energy barrier to reach the (T1/SO)mecp structure has been computed, equal to 0.10 and 0.12
eV when evaluated from the 3(nan*)min and *(mon*)min minimum, respectively.

Table 4. Energy differences (eV) between (T1/S0)mecp and *(Nam*)min, and between (T1/SO0)mecp and
3(nom*)min. Computations at the CASPT2(14,11)//CASSCF(10,8) and level for molecules A and B, and
at the CASPT2(18,15)//CASSCF(14,12) level for molecules C and D.

E[(T1/S0)mecp] - EPMAT* )min]
molecule A | molecule B | molecule C | molecule D
0.82 0.37 0.16 0.10
E[(T1/S0)mecp] - EP(om™ )min]
molecule A | molecule B molecule C | molecule D
0.73 0.64 0.29 0.12
3.5 Molecule E

From the results obtained here, a direct relation emerges between the ability of a nitroaromatic
compound to photorelease NO and the energy separation between the triplet minima and the reactive
STC. In order to confirm that, such an energy barrier has been evaluated for molecule E (see Figure 1),
the system with the largest ability to photorelease NO among the molecules studied by Miyata and
coworkers. If our model is correct, a low energy separation should be obtained.

The size and complexity of molecule E make its CASPT2//CASSCF description a challenging task.
Dealing with the system as done for the previous molecules would mean performing CASSCF(16,14)
optimizations and CASPT2(20,17) vertical calculations, since the second additional CC double bond
requires the inclusion in the active space of the corresponding m and n* orbitals. Due to the high
computational effort that such calculations will demand, we resort to a simplified approach focusing
only on the *(mon*) minimum and the reactive STC. In such a way, a first simplification was the
computation of just one root, either SO or T1, in all calculations.



In order to have a criterium for the reduction of the active space, we analyzed the results of molecule
D, which is the most similar system to molecule E among the ones previously described. Looking in
particular at states *(mon*) and T1 in the CASSCF(18,15) vertical calculations performed at both the
3(non*) minimum and the reactive STC of molecule D, it is possible to observe that three active orbitals
have an occupation number larger than 1.95, meaning that their exclusion would in principle have little
effect (see Figure S7 and S8 in the SI). To validate this, the *(mon*) minimum and the reactive STC of
molecule D have been re-characterized at the corresponding CASPT2(12,12)//CASSCF(12,12) level,
this time working with only one root. The resulting geometries are comparable with the previously
obtained (see Figure SO in the SI) and, even more importantly, a similar energy separation between the
triplet (mon*) minimum and the reactive STC is computed (0.13 eV) to the one obtained at the
CASPT2(18,15)//CASSCF(14,12) level (0.12 eV).

Supported by this result, we decided to use a CAS(14,14) active space (i.e. the equivalent of the
CAS(12,12) of molecule D plus the n/n* orbitals on the additional CC double bond) for characterizing
the 3(mom*) minimum and the reactive STC of molecule E. Indeed an energy separation of only 0.02 eV
was obtained, further supporting the proposed direct relationship between this energy gap and the
ability to photorelease NO.

Finally, we decided to evaluate the (T1/S0)mecp/ *(mom*)min barrier using the reduced active space also
for molecules A-C. That translates for molecule C into a CAS(12,12), while for molecules A and B into
a CAS(8,8) active space. At all the new computed *(mon*)min minima, frequency calculations were
performed. For molecules A and B no imaginary frequencies were obtained, while for molecules C-E
two low imaginary frequencies result, equal to 48.42 and 24.61 cm’!, 58.78 and 33.62 cm!, and 72.62
and 49.50 cm™!, respectively. The obtained structures can thus indeed be considered as minima. This is
particularly important for molecule D for which the CASSCF(14,12) 3(mon*)min minimum described
above displays a significant imaginary frequency of 158.35 cm™!, and for molecule E, which has been
characterized only with this level of theory. The corresponding results are presented in Table 5, and
their analysis confirmed the conclusions drawn using to the data in Table 4. A schematic representation
of the adopted model and the main result of the work is present in Figure 6.

Table 5. Energy difference (eV) between the (T1/SO)mecp and 3(mom*)min. Computations at the
CASPT2(8,8)//CASSCEF(8,8) level for molecules A and B, the CASPT2(12,12)//CASSCF(12,12) level
for molecules C and D, and the CASPT2(14,14)//CASSCF(14,14) level for molecule E.

E[(Tl/SO)mecp] - E[3(ﬂ:0ﬂi*)min]
molecule A molecule B molecule C molecule D molecule E
0.77 0.56 0.27 0.13 0.02
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Figure 6. Schematic representation of the adopted model for the photodegradation leading to NO
formation and trend of the energy barrier along the series of nitroaromatic compounds here studied.

Looking at the data of Table 5 and Figure 6, it is however true that the energies differences between the
studied molecules are quite small, in particular regarding molecule D and E. It is consequently
important to verify the consistency of the adopted method, especially considering the sensitivity of
CASPT2//CASSCF results on the selected active space.” For this reason, we performed the
following check. A linear-interpolation of internal coordinate (LIIC) path was obtained between each
pair of 3(om*)min and (T1/SO)mecp Structures whose energies are reported in Table 5. Starting from both
the 3(mon*)min and the (T1/SO)mecp critical points the energies along the LIIC were computed using as
starting orbitals the one of the preceding structure. For example for molecule D, the same LIIC path has
been computed starting from the *(mon*)min minimum and the CAS(12,12) space reported in Figure S7,
and starting from (T1/S0)mecp point and the CAS(12,12) space reported in Figure S8. As shown in Table
S1, S2 and in particular in Table S3, the energies of *(om™*)min and (T1/SO)mecp are indeed different
depending on the starting orbitals used for computing the same LIIC. These differences are around 0.1
eV, being in the worst case of 0.22 eV and in the best case only 0.01 eV which shows that the strategy
reported above for the reduction of the active space has resulted in slightly different active spaces for
the *(om*)min and (T1/SO)mecp structures. This is actually not very surprising, considering the clear
different chemical connectivity characterizing the two of them. It is however significant that all three
sets of data (i.e. the ones reported in Table 5, the ones obtained along the LIIC from *(momt* )min, [Table
S1], and the ones obtained along the LIIC from (T1/SO)mecp, [Table S2]), indeed show the same trend,
again supporting the proposed simple picture for the photorelease of NO in nitroaromatic compounds:
the smaller the energetic separation between *(mon*)min and the (T1/SO)mecp, the higher should be the
photorelease efficiency of NO.

4. CONCLUSIONS

In the present contribution the photodegradation process leading to NO formation in a series of 5
nitroaromatic compounds of increasing complexity has been studied using the CASPT2//CASSCF
protocol. Starting from nitrobenzene, four molecules have been derived through the addition of methyl
groups at the ortho position with respect to the nitro group, and/or the enlargement of the m-
conjugation. These systems have been chosen to analyze the effect that these structural modifications
have on the photodegradation of nitrobenzene, as studied experimentally by Miyata and coworkers®. It



was assumed that in all systems the photodegradation proceeds via the same mechanism previously
theoretically characterized for nitrobenzene and nitronaphthalene, for which the key point is the decay
from the triplet minimum to a reactive STC region.'""!?

The results of the calculations show a clear descending trend of the energy barrier to be crossed to
reach the reactive STC along the series of nitroaromatic compounds. This result points to the fact that
both the presence of methyl groups and the enlargement of the m-system favor the photoreaction.
Looking in more detail at the computed barriers, it is possible to observe that the enlargement of the n-
conjugation has a stronger effect than the methylation.

This scenario is in agreement with the experimental data of Miyata and coworkers, since the two
molecules, D and E, for which NO formation was indeed detected, are here characterized by the lowest
barriers for reaching the STC region. In particular molecule E, that in the mentioned experimental work
resulted the system whose photodegradation is the most efficient, has the lowest computed energy
barrier, of only 0.02 eV.

As a final point, it is important to highlight the main limitation of the present work. Here the energy
barrier separating the triplet minimum and the STC region was evaluated as just the energy difference
between the two critical points. A more rigorous approach will be the evaluation of the minimum
energy path separating them, a task that at the moment, and mainly for computational reasons, was not
performed. However the agreement with the available experimental results supports the validity of the
adopted model and speak in favor of the proposed photodegradation mechanism.

Supplementary Material

Active space orbitals, figures of some optimized geometries, figures representing the imaginary
frequencies, tables with the energies of the *(mom*)min and the (T1/SO)mecp structures obtained with
different active spaces, and Cartesian coordinates of all e optimized geometries.
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