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ABSTRACT

The photodissociation channels of nitrosobenzene (PhNO) induced by a 255 nm
photolytic wavelength have been studied with the complete active space self-consistent
(CASSCF) method and the multistate second-order multiconfigurational perturbation
theory (MS-CASPT?2). It is found that there exists a triplet route for photodissociation of
the molecule. The reaction mechanism consists on a complex cascade of nonadiabatic
electronic transitions involving triple and double conical intersections as well as
intersystem crossing. Several of the relevant states (Sz2, Ss4, and Ss states) correspond to
double excitations. It is worthy to note that the last step of the photodissociation implies
an internal conversion process. The experimentally observed velocity pattern of the NO

fragment is a signature of such a conical intersection.

L. INTRODUCTION

Nitrosobenzene (C¢HsNO) is the smallest member of the aromatic C-nitroso family of
compounds. This class of compounds presents a rich chemistry! as they are involved in
many interesting processes in biological processes, organic synthesis, decomposition of
energetic materials, or combustion chemistry.”~ The underlying reason for such a varied
chemistry lies in its rich electronic structure, which has motived its extensive study.®
From an experimental perspective, its photodissociation dynamics has been studied at

various excitation wavelengths using different experimental techniques (see Table ).



7O

(Nitrosobenzene)

The UV absorption spectrum of the molecule in the vapor phase shows a weak
absorption band”!® with a maximum near 13 333 cm’! (1. 65 eV) together with three
strong bands with maxima at 34 500 (4.28), 37 000 (4.59), and 46 500 cm™! (5.77 eV).!?
These features have been assigned to excitations from the ground state to the first four
singlet excited states of the molecule. With respect to the photoproducts, there is
consensus in that the only possible reaction channel is the Ph-NO bond breaking, i. e.
CsHsNO — CgsHs + NO, independently of the excitation energy. Only at the shortest
wavelength used in the experiments’® (193 nm), an additional reaction product is observed,
benzyne (CsHs4), which arises from the subsequent decomposition of phenyl radical
(Ce¢Hs) generated in the first dissociation step into C¢Hs and H atom.’ A remarkable
feature in this system is the large energy gap between the Si state and its upper
neighboring states despite of which, no fluorescence from S, to S; has been observed.®”’
This is a relevant aspect since it provides a first hint on the photobehavior of
nitrosobenzene: its photodissociation takes place on the So or S; states. Experiments
suggest that after excitation to S, (n > 2), the molecule undergoes internal conversion to
the S; state, in accordance with the absence of observed fluorescence. ®* Furthermore,
velocity mapping ion imaging data®’ suggests that the nascent NO is generated with a
propeller-like motion. Indeed, there is direct evidence that NO does have a preferred
parallel arrangement of the velocity and angular momentum vectors (v || j) in the recoil
trajectory, which, in turn, supports the hypothesis that deactivation of molecule occurs
via internal conversion.®

Concerning theoretical studies, to the best of our knowledge, nitrosobenzene has not
been much studied in contrast to its aliphatic C-nitroso (R-NO) and nitrites (RO-NO)
counterparts.'®?! In this respect, multiconfiguration self-consistent field (MCSCF)
approaches are arguably the most appropriate quantum chemical approximations to
understand the chemistry of these strongly correlated systems.?>* This issue is especially
relevant in the case of nitrosobenzene where double excitations, multiple coupled excited
states and surface crossings are involved. The objective of this work is precisely
disentangle the electronic structure and photodissociation dynamics of the title molecule
and for this we will make use of second-order perturbation theory on a MCSCF reference

wavefunction.



Table I. Observed products and detection techniques in the photodissociation of
nitrosobenzene.

Aexe /nm; [eV] Observed Products Detection Technique®*  Reference
248; [5.00] Ce¢Hs + NO MII [5]

193; [6.42] C¢Hs + NO // CéHsa+H  MII [5]

305; [4.07] Ce¢Hs + NO REMPI/VIP [6]

255; [4.86] Ce¢Hs + NO LIF [7]

290; [4.28] Ce¢Hs + NO REMPI/VIP [8,12]
266; [4.66] Ce¢Hs + NO REMPI/VIP [8,12]
225; [5.51] Ce¢Hs + NO REMPI [11]

266; [4.66] Ce¢Hs + NO TOFMS [13]

266; [4.66] CeHs + NO LIF [14]

AMII: Multimass ion imaging; REMPI: resonance enhanced multiphoton ionization;
VIP: velocity-mapped ion imaging; LIF: laser induced fluorescence; TOFMS: time
of flight mass spectrometry.

II. METHODS OF CALCULATION

Extended relativistic basis sets of the atomic natural orbital (ANO)-type, the so-called
ANO-RCC basis sets?>?® have been used throughout this work by applying the
(C,N,0)[4s3p2d1f]/(H)[3s2p1d] contraction scheme. The complete active space self-
consistent field (CASSCF)?’3? and the multi-state second-order perturbation (MS-
CASPT2)**35 methods have been applied as implemented in the MOLCAS 8.4
program.’®37 MS-CASPT2 energies have been calculated for the CASSCF-optimized
geometries. To avoid the inclusion of intruder states in such calculations an imaginary
shift set to 0.1 has been applied. Equally, the IPEA empirical correction has been fixed at
0.25 in all of the calculations. When CASSCF has been applied with the state average
approximation, the notation SAn-CASSCF has been used, where n denotes the number
of states of a given symmetry included in the calculation. Minimum energy crossing
points of the same spin multiplicity, (i. e. conical intersections) have been optimized with
the algorithm?®® implemented in MOLCAS. The analysis of molecular geometries and
molecular orbitals have been performed with the programs Gabedit*® and Molden,*’ while
the analysis of vibrational normal modes and vectors defining the branching space
(energy difference and derivative coupling) has been performed with the program
MacMolplt.*! Spin-orbit coupling constants have been computed with a spin-orbit Fock-

type Hamiltonian.***** For the sake the clarity, two conventions have been used to label
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the electronic states: (i) spectroscopic; and (ii) energetic ordering (So, Si,...; To, T1,...).
Construction of the potential energy curves (PECs) has been done with our linear

interpolation method*>->!

using the full space of non-redundant internal coordinates. The
latter provide an accurate 1D-representation of the potential energy surface in the space
spanned by a given set of internal coordinates. The PECs for the dissociation are built as
follows. First, a common set of 3N-6 internal coordinates is defined for the target
geometries, the reactant (R1) and the dissociation fragments separated by a physically
reasonable distance (R2). Our experience shows that a separation distance of 4.7 A of the
dissociative bond (C-N distance for dissociation of nitrosobenzene into phenyl and NO)
is enough to reach the asymptotic limit of the PEC of interest. Second, difference between
R; and R; yields an interpolation vector (AR) that connects reactants and products. Third,
AR is divided by n (an entire number at the choice of the user). Each of the divisions
constitutes what we will call a step. In consequence, each step m corresponds to a nuclear
configuration given by Rn = R, + (m/n) AR. Since we are using internal coordinates
(internuclear distances, valence bond and dihedral angles), we cannot give a unique unit
for the reaction coordinate. in what follows we will indicate arbitrary units. Linear
interpolations in internal coordinates present two favorable characteristics: (i) is less
demanding computationally than a scan with relaxation of geometry; (ii) all the points
along the interpolation vector (reaction coordinate) are necessarily in a straight line. That
is not true, however, of scanning of the potential energy surfaces with geometry

relaxation.
III. RESULTS AND DISCUSSION

1. Electronic structure of nitrosobenzene and excited states
As is well known, the choice of the different orbital subspaces leading to the definition
of a CASSCF wavefunction is crucial to give a correct answer to the problem under study.

Otherwise, the conclusions will be unfortunately erroneous.>>*

In spite of methods for
the automated selection of the active space such as the novel AVAS,™ this task requires
some chemical intuition combined with a trial and error process to select the appropriate
active orbitals.?>?* This is particularly true when the process under scrutiny requires the
sampling of quite different regions of configuration space (e.g. asymptotic channels
where several states converge). Concerning the title molecule, after consideration of the

targeted processes, we have chosen an active space consisting in eighteen electrons

distributed in fifteen orbitals, hereafter represented as (18e, 150; Fig. 1). As a first stage,



we have calculated the vertical excitation energies of the molecule at the MS-CASPT2
level using a SA6-CASSCF(18e, 150) reference wavefunction. Provided that the
geometry of the electronic ground state of nitrosobenzene has been experimentally
determined to be planar (Cs symmetry),”*>7 these SA-CASSCF calculations have been
performed under such a symmetry point group, unless otherwise indicated. Geometries
have been also enforced to remain Cs. The results of such vertical excitations are collected
in Table II together with the experimental vacuum ultraviolet absorption maxima
registered in vapor phase.”>® Overall, we observe quite a satisfactory agreement between
the present results and experiments, both in energies and intensities. Of course, it should
be understood that this comparison is not straightforward given that the computed
transitions are not corrected by the zero-point energy of the two states involved in the
transition. As first important result, we are able to reproduce the large gap (>2.5 eV)
responsible for the absence of fluorescence from S, to Si. Moreover, calculated values of
oscillator strengths and electronic transitions are consistent with the experimental
observation that photolysis at 255 nm (4.86 eV) produces the largest absolute yield of NO
fragments,’ that is, the estimated oscillator strength of the S¢ state yields the highest
calculated value among all the studied states. Finally, we remark that S, (1'A'— 2'A"), S4

(1I'"A"— 2'A") and S5 (1'A'— 3'A") states possess a double-excitation character.
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FIG 1. SA6-CASSCF/ANO-RCC natural orbitals included in the active space (18e, 150)
of nitrosobenzene. In square brackets: mean occupation numbers.

n*,




Table I1. MS-CASPT?2 vertical excitation energies of the lowest-lying singlet and triplet

states of nitrosobenzene (Cs).?

VI®  AE(eV)° AE(eV)! AbM® AbM' fosc® Character® wi
I'A" 1.67 1.60 1.63" 4.1510%  (n0)(1*n0)" 77
2'A" 427 4.18 420 422 426107 (ns)’(m*no) 69
3'A" 4.45 4.37 459 458 1.6710% (m)(n*no)! 51
2'A" 452 4.38 1.40 103 (n5)'(m3)" (w*n0)? 29

(n5)' (1%3)! 28
3'A" 4.69 4.49 8.04 105 (10)'(m)'(m*no) 19

(n6)' (m*2)! 35
4'A" 4.80 4.62 475 473  2.0610" (m)(n*n0)! 75
4'A" 5.63 5.32 - (n0)' (W*N0) (12)' (¥n0) ' (1%2)' 37
5'A" 6.17 5.96 5.88  5.83  1.9910° (m)(n*no0)! 46
5'A" 6.23 6.35 6.39" 5.13 102 (m3)' (%) 23

(m2)' (m*3)! 22
6'A" 6.62 6.85 227 10*  (n5)'(m3)! (n*n0) (%2)! 26

(n6)' (m2)' (*N0)' (m*3)! 16
6'A" 7.13 6.85 7.12° 1.85 102  (m)'(m*n0)! 27

"Reference wave function: Cs SA6-CASSCF(18e, 150)/ANO-RCC; IPEA=0.25. Imaginary shift =
0.1. "Vertical transition from the So(1'A") state. “CASSCF optimized geometry (Cs). “MP2/def2-
TZVPP optimized geometry (Cs). “UV absorption maxima in vapor phase from Ref. 58, * represents

in n-hepatane. 'UV absorption maxima in vapor phase from Ref. 7. £Oscillator strength. "MS-

CASPT2 main electronic configurations of the excited states referred to the ground state
configuration (see text). ‘Weight of the configuration in %. Only contributions greater than 15%

are included;

[reference

configuration:

(m*1)°(1%2)°(7*3)°(6*n0) (6% en) (6%N0)°].

(25(0))*(n6)*(m1)*(m2)*(m3)2(m6)*(on0) (G en)* (on0) |

2. Excitation of nitrosobenzene at 255 nm: Photodissociation into phenyl radical and

nitric oxide.

In the following, we will present and discuss our theoretical results regarding the

photolysis of nitrosobenzene and compare them to the different experimental results

available.>!* As starting point to analyze the photodissociation dynamics of this

molecule, we consider the potential energy curves depicted in Fig. SI. These linear

interpolations, computed at the MS-CASPT?2 level of theory with a SA6-CASSCF(16e,

140) reference wavefunction (Cs symmetry), depict the dissociation of the parent

molecule into phenyl radical and nitric oxide on the lowest-lying singlet and triplet

potential energy surfaces. It should be highlighted that for their computation, we have

omitted the 25(O) orbital from the active space. The initial geometry of the interpolations

corresponds to the ground state of nitrosobenzene (M0, Fig. 2a) and the end point to the

dissociated fragments in their respective ground states (phenyl and nitric oxide). As a



proof of the accuracy of the method, we have calculated the enthalpy of the dissociation
reaction at 0 K (by using the CASSCF frequencies of all species for the ZPE correction
and the electronic energy at the end point of the interpolation), its magnitude amounts to
2.32 eV, a value that compares quite well with the enthalpy of the reaction at 0 K from
Active Thermochemical Tables**-%! (2.33 £ 0.02 eV).

As first remark, we observe that population of the S, (n=2-5) excited states cannot lead
to direct NO elimination since the dissociation limit of each of these singlet states lies
well above the respective vertical excitation energy (Table SI). We also observe the large
energy gap between the S; state and the upper excited states is well preserved along the
dissociation path (Fig. SI). The calculated energy difference between the minima on the
first two singlet excited states (M1(S1) and M2(Sz) in Fig. 2b and 2c, respectively) is ~1.5
eV. Given the absence of S, — S; fluorescence as well as the energetic hindrance to direct
NO dissociation inferred from the potential energy curves of Fig. SI, we have searched
for minimum energy crossing surfaces (conical intersections and intersystem crossings).
As guess geometries we have used the structures in the vicinity of the crossings revealed
by our interpolations. The resulting points are presented in Fig. 2. In view of these results,
curves, relative energies and critical points, we can propose a mechanism to explain the
photodissociation of nitrosobenzene after excitation up to S¢ (4.86 eV: 255 nm). This
process occurs via an electronic cascade of nonadiabatic transitions. The correlation
diagram of the states of the reaction is given in Fig. 3. First, the system decays from Se to
S4 through a nonadiabatic transition involving a multistate intersection®*-* (of states 6, 5
4).% Second, the S4 state leads to the S3 surface by means of another nonradiative
mechanism via a S4/S3 conical intersection [CI1(S4/S3), Fig. 2d]. Third, the S3 decays to
S, via a third conical intersection [CI2(S3/S»), Fig. 2e]. As was mentioned before, there
is a very large energy gap between the S, and S; states. Thus, we have searched for an
S2/S1 minimum energy crossing point which would provide the sought internal
conversion without fluorescence emission and eventually to the formation of NO and
phenyl on the S; surface. After an exhaustive search, we have found such a conical
intersection [CI3(S2/S1), Fig. 2f]. However, the minimum energy crossing point of CI3 is
even higher in energy (4.1 eV) than CI1. Therefore, we think that this channel is not very
probable. Hence, to explain the dissociation of the molecule after excitation to S, (2 <n
< 6) another path is necessary. The only one that we have found involves a surface
crossing between states of different multiplicity, a mechanism common to another family

of N-containing aromatic compounds, the phenyl azide derivatives.®®8 Once the S; state



is populated, it experiences an Sy('A')/T2(*A") intersystem crossing, whose minimum
energy crossing point is displayed in Fig. 2g [ISC1(S2/T2), with spin-orbit coupling
constant = 23.6 cm™']. Afterwards, the T2(*A") state decays to the Ti(*A') state via a
triplet/triplet internal conversion whose minimum energy crossing point is depicted in
Fig. 2h [CI4 (T2/T1)]. At this point, it is important to notice that the derivative coupling
vector of CI4 (Fig. 2h) involves a wagging motion of the system with opposite phase for
nitrogen and oxygen in combination with a torsional motion of the NO moiety. In Fig.
SIV, we compare the torsional normal mode of MO with the derivative coupling vector
of CI4. Thus, we have search for another singular point with a non-planar arrangement of
the molecule on the T; surface and what we have found is a T1/To conical intersection
[CI5 (T1/To), Fig. 2i] whose molecular configuration shows a dihedral angle between the
NO moiety and the aromatic ring of ~ 115°. The SA4-CASSCF energy profiles that
connect CI3 with CI4 are plotted in Fig. SVa. Therefore, accordingly with this result, it
can be proposed that once the lowest triplet state To is populated, the system has sufficient
accumulated energy to dissociate into phenyl and NO because this surface is reached via
a cascade of non-radiative transitions. Fig. SVb represents the potential energy curve of
the dissociation process starting at the geometry of the minimum energy triplet state To
[M3, Fig. 2j]. Given that the molecular configuration of CI5 shows a dihedral angle
between the NO moiety and the aromatic ring of ~ 115° and the minimum energy
geometry of the electronic state Ty is planar [M3, Fig. 2j], the CC-NO torsional mode is
highly excited and will transform into rotational motion of the salient fragment (NO) at
the dissociation limit, in accordance with the conclusion obtained by KefBler and co-
authors.” It must be remarked that ISC1 is very close to CI2 both geometrically and
energetically [the distance (in Cartesian coordinates) between the geometries of ISC1 and
CI2 is 0.04 A, and the energy difference between the two crossings is 0.16 eV]. This fact
has been shown to increase the efficiency of the intersystem crossing as recently

66-68 and reported by the old masters.®>’! To finish this section, for the

discussed by us
sake of clarity, it must be noted that all the singular points given in Fig. 2 are out of the
interpolation domain represented in Fig. SI. Fig. 3 represents the correlation diagram for

the states involved in the photodissocation route.



1.40 A

C ¢ M3
G) [0.62]

FIG 2. CASSCF/ANO-RCC geometries of the critical points in the photodissociation of
nitrosobenzene. (a) So minimum; (b) S1 minimum A"; (¢) S2 A' minimum; (d) CI1(S4/S3)
conical intersection; (e¢) CI2(S3/Sz2) conical intersection; (f) CI3(S2/Si) conical
intersection; (g) ISC1(S2/T2) intersystem crossing; (h) CI4(T2/T1) conical intersection;
(1) CI5(T1/To) conical intersection; (j) M3(To) minimum A". Arrows in main figures:
gradient difference vector; in small figures: derivative coupling vectors. Cartesian and
internal coordinates given in supplementary material. Relative energies (in eV) displayed
in brackets.
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FIG 3. Diagram of correlation of the states involved in the photodissociation of
nitrosobenzene. In parenthesis: MS-CASPT2/SA7-CASSCEF relative energies in eV.

3. Excitation of nitrosobenzene at 193 nm: Formation of benzyne from phenyl
radical.

Benzyne (CsHa) is a product observed only when nitrosobenzene is irradiated at 193
nm (6.42 eV). This compound is generated from phenyl radical (CsHs) by elimination of
atomic hydrogen. It must be noted that the formation of benzyne does not require the
absorption of an extra photon by phenyl radical. The available internal energy of the latter,
after dissociation from NO, suffices for this.> Curiously, although the dissociation-
rearrangement channel C¢HsNO — Ce¢Hs + HNO is also energetically accessible, after
both excitations at 248 nm and 193 nm, no such products were observed by Tseng ef al.’

Fig. 4 represents the potential energy curves corresponding to the lowest-lying doublet
states leading to the dissociation of phenyl radical into benzyne and atomic hydrogen.
The interpolation curves depicted in Fig. 4 start at the geometry of the minimum energy
of the radical [CASSCF(7¢, 70)/ANO-RCC], formed in its doublet ground state (12A;:
C»), and end at the (1'A;: Cyy) minimum energy of benzyne, with the dissociating
hydrogen separated by ~6.7 A of the aromatic ring. The computed asymptotic limit for
the dissociation of C¢Hs into benzyne and atomic hydrogen in the ground state (1°A' in
Fig. 4) amounts to 3.76 eV. Again, after correcting by the zero-point energy of phenyl
and benzyne (by using their respective CASSCF frequencies), we obtain a reaction
enthalpy of 3.44 eV, a value that compares quite well with the value at 0 K obtained from
Active Thermochemical Tables®*-¢! (3.45(7) = 0.01 V). This limit is easily accessible for
CeHs given that it accumulates around 95% of the available energy (from the exciting
photon, 6.42 eV) in its vibrational degrees of freedom, that is, 4.56 eV, after subtraction

of translational energy’ Concerning the possibility of dissociating on the excited states,
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two features must be remarked: (i) the next dissociation limit (22A" in Fig. 4) is computed
almost at the same energy than the excitation of the source, while the other states are even
higher in energy than the excitation line; and (ii) almost all the dissociation limits do not
reach an asymptotic behavior, that is, they are not dissociative with respect to the
formation of benzyne. Therefore, it must be concluded that benzyne is formed from

benzyl radical on its lowest potential energy surface (12A1).

12

\ / pheny| benzyne
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FIG 4. MS-CASPT2/ANO-RCC potential energy curves of the low-lying doublet states
of the radical phenyl leading to dissociation into benzyne and atomic hydrogen. Reference
wave function: SA6-CASSCF(7e, 70). A' states (solid lines); A" states (dotted lines).

4. Photodissociation of nitrosobenzene into phenylnitrene and atomic oxygen

In this section, we tackle the study of the elimination of atomic oxygen from
nitrosobenzene with the concomitant formation of phenylnitrene. Fig. 5 displays the
adiabatic Cs potential energy curves of the low-lying singlet and triplet states for such a
reaction. According to the spectroscopic convention, the hierarchy of the energy levels of
an atom is configuration-term-level-state. The configuration of an atom, that is, the
orbitals that are occupied by its electrons, is split by electrostatic interactions between

electrons into terms; due to spin-orbit coupling, these terms are separated into levels; and,
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finally, the interaction of electrons with an external field uncouples these /evels into
states. Given that in the calculations of this reaction (Fig. 5), the spin-orbit Hamiltonian
is not included, we will consider a configuration-term-state hierarchy. In this case, the
role of external field over the electrons of each fragment (oxygen and phenylnitrene) is
played by the other fragment. Thus, we would observe at the dissociation limit of
nitrosobenzene the following almost degenerate states arising from the oxygen atom:
three triplet states arising from the O(°P) term, five singlet states from the O('D) term and
one singlet state from O('S) term. However, as the ground state of phenylnitrene is a
triplet® (Table SII), the relationships of the states at such dissociation limit are somewhat
more cumbersome. For example, the six lowest energy states are almost asymptotically
degenerate, because they come from the triplet states of oxygen and the ground state of
phenylnitrene, respectively.

Concerning the energetics of the reaction of oxygen extrusion, it must be noted that its
lower dissociation limit, despite accessible, is considerably higher in energy (AE~2.4 eV)
than the analogous dissociation limit for the nitric oxide formation channel (Fig. SI).
From our point of view, this explains only partially why this reaction channel is not
observed experimentally. The most important factor, in our opinion, is the driving force
of the cascade of conical intersections after excitation at 255 nm, that guides the system

after photon excitation to dissociation into NO and phenyl.
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FIG 5. MS-CASPT2/ANO-RCC potential energy curves leading to dissociation of
nitrosobenzene into phenylnitrene and atomic oxygen. Reference wave function: SAS-
CASSCEF(16e, 140). A' states (solid lines); A"(dotted lines). Singlet (blue lines); triplet
(red lines).

IV. CONCLUSIONS

In this work, we propose a reaction mechanism for photodissociation of
nitrosobenzene into phenyl and NO that occurs via two different routes, singlet or triplet.
In essence, it consists in an electronic cascade of nonadiabatic transitions (triple and
double conical intersections plus intersystem crossing) that starts at the Se state and ends
at the To state.

Our work explains the experimental observations, that is, products and dynamical
properties of the products:

(1) The estimated oscillator strength of the Se state yields the higher calculated value
among all the studied states, which is in accordance with the experimental observation
that photolysis at 255 nm produced the largest absolute yield of NO fragments,’ provided
that there only one dissociation channel.

(2) The proposed cascade of nonadiabatic transitions, which dominates the process, is
in accordance with the conclusion obtained by KeBler ef al.,’ that is, the NO elimination
occurs after fast internal conversion (or intersystem crossing) to the triplet state To what
induces a highly excited torsional state.

(3) The origin of the torques producing the propellerlike trajectory®® of NO is a
signature of the deactivation process associated with the CI5(T1/To) conical intersection

(Fig. 21).

SUPPLEMENTARY MATERIAL

Supplementary material contains energetics of dissociation limits, Cartesian coordinates

of all the critical points and vertical excitation energies of phenylnitrene.
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