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ABSTRACT
In this work, we have studied the photodissociation of the protonated derivatives of N-nitrosodimethylamine [(CH3)2N–NO] with the
CASPT2 method. It is found that only one of the four possible protonated species of the dialkylnitrosamine compound absorbs in the visi-
ble region at 453 nm, that is, N-nitrosoammonium ion [(CH3)2NH-NO]+. This species is also the only one whose first singlet excited state
is dissociative to directly yield the aminium radical cation [(CH3)2NHN⋅]+ and nitric oxide. In addition, we have studied the intramolecu-
lar proton migration reaction {[(CH3)2N–NOH]+ → [(CH3)2NH–NO]+} both in the ground and excited state (ESIPT/GSIPT); our results
indicate that this process is not accessible neither in the ground nor in the first excited state. Furthermore, as a first approximation,
MP2/HF calculations on the nitrosamine–acid complex indicate that in acidic solutions of aprotic solvents, only [(CH3)2NH–NO]+ is
formed.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147631

I. INTRODUCTION

Nitrosamines (R2N–NO) are interesting compounds from both
theoretical1 and practical1,2 points of view. For example, they are
potentially carcinogenic species3 that have been shown to be ubiq-
uitous, and they can be found in tobacco smoke, food, and even in
drinking water4 On the other hand, they are widely used in synthetic
organic chemistry as a source of aminium radical cations (R2HN +)
because they participate in C–N bond forming reactions with arenes
and alkenes.2 While the mechanism of the gas phase photolysis is rel-
atively simple—the first step yields dimethylamino radical [(CH3)2N
] and nitric oxide (NO)—the photolysis in acidic solution shows
a more complicated mechanism, which depends on several fac-
tors, such as concentration of nitrosamine, nature of the solvent
(protic or aprotic), or the particular acidic species used in the
experiments.4

Thus, as an archetypical example of N-alkylnitrosamines, we
have focused our attention on N-nitrosodimethylamine, whose

photochemistry, pioneered by Chow and co-workers,1,5–9 has been
studied by many authors both in the gas phase and in acidic
solutions.2,4 A main concern in the photochemistry of NDMA,
in acid solution, is the species that participates in the process,
that is, it is not clear whether it is nitrosamine (NDMA),4 the
nitrosamine/acid complex (NDMA/HA),4–6,10 or the protonated
nitrosamine (NDMAH+).1,4 For example, as Beard and Swager4

pointed out, although it is plausible that the nitrosamine/HA com-
plexes are involved in the photolysis of nitrosamine in aprotic
solvents in the presence of an acid, the role of the nitrosamine/HA
complex is unclear in alkaline or neutral aqueous solutions, wherein
the nitrosamine is predominantly engaged in hydrogen bonding
with water or hydronium cation (H3O+).

In the context of chemical synthesis, it is only until very
recently that the generation of aminium radical species (NHNO+)
from N-nitrosoamines in acidic solution has been disclosed for
the first time through excitation at 453 nm,11,12 which repre-
sents a photosynthetic route for the generation of such radical
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species under mild, safe, and simple operationally experimental
conditions.12

Curiously, little attention has been focused on the theoreti-
cal study of the photochemistry of nitrosamines, and even fewer
reports using multiconfigurational methods are reported in the
literature,13–15 as demands the extensive electron delocalization of
both the NN and NO bonds.13–17 Therefore, in this work, we have
undertaken the theoretical study of the photolysis of NDMA and
their protonated derivatives, paying special attention to the pho-
tolysis at visible wavelengths (∼453 nm). To this end, since the
electronic structure of the nitroso compounds demand the applica-
tion of methods based on multiconfigurational wavefunctions, we
have used the CASPT2 approximation.

II. METHODS OF CALCULATION
The complete active space self-consistent field (CASSCF)18–24

and the multi-state second-order perturbation (MS-CASPT2)25,26

methods have been applied as implemented in the MOLCAS 8.4 and
OpenMOLCAS 22.06 programs.27–30 MS-CASPT2 energies have
been calculated for the CASPT2-optimized geometries. Extended
relativistic basis sets of the atomic natural orbital (ANO)-type,
that is, ANO-RCC basis sets,31,32 have been used throughout this
work by applying the (C,N,O)[4s3p2d1f ]/(H)[3s2p1d] contraction
scheme. The IPEA empirical correction has been fixed at 0.25 in
all of the MS-CASPT2 calculations; equally, to avoid the inclusion
of intruder states in such calculations, an imaginary shift set to
0.1 has been applied. Conical intersections have been optimized

with the algorithm33 implemented in MOLCAS. When CASSCF
has been applied with the state average approximation, the nota-
tion SAn-CASSCF has been used, where n denotes the number of
states of a given symmetry included in the calculation. CASPT2 cal-
culations (geometry and excitation energies), including the solvent
effect, have been performed with the polarizable continuum model
(PCM).34,35

The active space consists in 16 electrons distributed in 14
orbitals, hereafter represented as (16e, 14o; Fig. 1). Unless other-
wise indicated, given that the geometry of the electronic ground
state of NDMA has been experimentally determined to be planar
(Cs symmetry),36,37 these SA-CASSCF calculations have been per-
formed under such a symmetry point group. The molecular orbitals
included in the active space of the CASSCF reference wavefunctions,
of the neutral species [NDMA, Fig. 2(a)] and N-nitrosoammonium
ion [NHNO+, Fig. 2(e)], are represented in Fig. 1. These orbitals
have been carefully selected to avoid unrealistic description of both
excitation energies and dissociation profiles.38–40

Nitrosamine–acid complexes have been optimized with the
Møller–Plesset method41 in conjunction with def2-TZVPP basis
sets.42,43

The analysis of molecular geometries and molecular orbitals
has been performed with the programs Gabedit44 and Molden,45

while the analysis of vibrational normal modes have been per-
formed with MacMolplt.46 Construction of the 1D-potential energy
curves (PECs) has been performed by applying a linear interpo-
lation method that uses the full space of non-redundant internal
coordinates, as explained in other works.47–50

FIG. 1. CASSCF/ANO-RCC orbitals
included in the active space of the
ground states of (a) N-nitrosoammonium
ion and (b) N-nitrosodimethylamine.
Square brackets: occupation numbers.
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FIG. 2. CASPT2/ANO-RCC optimized geometries of (a) N-nitrosodimethylamine
[NDMA], (b) E-protonated N-nitrosodimethylamine [E-NNOH+], (c) Z-protonated
N-nitrosodimethylamine [Z-NNOH+], (d) N-protonated N-nitrosodimethylamine
[NN H+O], and (e) N-nitrosoammonium ion [NH+NO]. Square brackets: relative
energies in kcal/mol of the protonated nitrosamines with respect to E-NNOH+.
Curly brackets: experimental parameters from gas phase electron diffraction (Refs.
36 and 37). Red: relative electronic energies of the tautomers, including the solvent
effect (methanol, PCM).

III. RESULTS AND DISCUSSION
A. Relative energies of protonated
N -nitrosodimethylamines

In this section, prior to describing the photodissociation of
N-nitrosodimethylamine, we study the excitation properties of neu-
tral N-nitrosodimethylamine and four of their protonated isomers
(Fig. 2).

The geometries represented in Fig. 2 correspond to the CASPT2
optimized geometries of the isolated species. Along with the main
structural parameters (descriptions and values of full internal coor-
dinates are given in Table SIa), we have included the relative
electronic energies in kcal/mol of the protonated species in Fig. 2,
with and without inclusion of solvent effect. For protonated N-
nitrosodimethylamine, we give in Table SIb the parameters that
are obtained after including the solvent effect in the geometrical
optimization. Protonation of nitrosamine involves, with respect to
the neutral molecule, lengthening of the N–O bond and short-
ening of the N–N bond, excepting for the N-nitrosoammonium
ion [Fig. 2(e)], wherein we have found the reverse effect, that is,
an unusual elongation of the N–N bond (∼0.5 Å) and shortening
of the N–O internuclear distance. However, it must be remarked
that, as will be discussed in Sec. III D, the ammonium ion is a
molecule bonded by covalent unions and is not van der Waals
type adduct. The most stable isomer corresponds to E-NNOH+

[Fig. 2(b)], which is the species generally assumed to be formed as
the initial protonated isomer.

The main thermodynamics properties of the protonated
molecules represented in Fig. 2 are listed in Table I, which have
been estimated with the standard expressions of statistical thermo-
dynamics. This table includes both the properties of the isolated
and solvated species. In accordance with the data presented in
Table I, it could be argued that the NHNO+ tautomer will only
be present in negligible amounts because the equilibrium of the
E-NNOH+ ⇋ NHNO+ reaction is displaced in the direction of the
E-NNOH+. However, the actual equilibrium must be established
as Z-NNOH+ ⇋ NHNO+ through the transition state TS1 [vide
infra, Fig. 4(c)] and whose barrier height is 60 kcal/mol. Further-
more, there exists a conical intersection [vide infra, CI1 Figs. 4(b)
and 4(e)], which is positioned just in the reaction path of the Z-
NNOH+ ⇋ E-NNOH+ tautomerization and hinders, if not forbids,
such an equilibrium. This “passive” effect of the conical intersection
corresponds to the so-called “diabatic trapping” case, which involves
non-diabatic recrossing of the potential energy surfaces.51–58 There-
fore, the formation and concentration of NHNO+ is not kineti-
cally nor thermodynamically controlled by its E-NNOH+ tautomer.
It must be remarked that this unfavorable 1,3 hydrogen transfer
could be drastically reduced if a protic solvent assists the proton
transfer.

Since the species represented in Fig. 2 are not expected to
be found as isolated species in solution, we have studied the
complexes formed by NDMA with hydronium ion (H3O+) or
methanesulfonic acid (MsOH); the later complexes would corre-
spond to those formed in the experiments in non-aqueous, aprotic
solvents.11,12 It must be remarked that the calculations of these
complexes must be understood as a model first approximation.
The MP2/RHF geometries of three of the possible complexes of
NDMA/H3O+ and NDMA/MsOH, respectively, are depictured in
FIG. S1, where the obtained results for both gas-phase and solu-
tion in three organic solvents are included. The interaction of
NDMA with H3O+ leads to proton transfer from the hydronium
anion to NDMA, forming NDMAH+/H2O complexes analogous
to the protonated species included in Fig. 2. Remarkably, proton
transfer from MsOH to NDMA (the acid used in the works of
Oh et al.11,12) only occurs when the analogous complex to the N-
nitrosoammonium ion (NHNO+) is formed, that is, NHNO+/MsO−

(FIG. SIf), which supports the central idea of this work, that is,
the reactive species is NH+NO. The geometrical and energetics
parameters of the calculations performed on these complexes for
the isolated species and with inclusion of solvent effect (methanol,
dimethylsufoxide, and acetonitrile) are given in the supplementary
material.

B. Excited states and photodissociation
of protonated N -nitrosodimethylamines

As a first stage, we have calculated the singlet vertical exci-
tation energies of the molecules at the MS-CASPT2 level using a
SA2-CASSCF(16e, 14o) reference wavefunction (Tables II and III).

Table II includes the calculated vertical excitations of the
five molecular species represented in Fig. 2, calculated as isolated
molecules. The most remarkable feature of the data collected in
Table II is that the only species that absorbs in the visible region of
the spectrum (453 nm) is the N-nitrosoammonium ion [NHNO+,
Fig. 2(e)], the unique species that is protonated with MsOH
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TABLE I. Thermodynamics properties of protonated N-nitrosodimethylamines in kcal/mol with respect to E-NNOH+.a

Species ΔU (0) ΔH (298.15 K) ΔG (298.15 K)

Gas phase

NHNO+ 9.2 9.8 7.8
Z-NNOH+ 11.1 11.1 11.1
NNH+O 13.0 13.1 12.7

Solution (methanol)

NH+NO 8.4 9.0 7.0
Z-NNOH+ 6.6 7.2 5.3
NNH+O 3.5 3.6 3.2
aCalculated with standard expressions of statistical thermodynamics: electronic and geometrical parameters (CASPT2) and
frequencies (CASSCF).

TABLE II. MS-CASPT2 vertical excitation energies (ΔE) in eV (nm) of nitrosodimethylamines.

Species State ΔE f l
OSC

a f v
OSC

b configurationc Wd

NMDAe

1A′′ 3.52 (352) 3.61 10−3 8.17 10−3 (σNO)1(π∗NO)1 86
2A′ 5.73 (216) 2.18 10−1 2.03 10−1 (πNN)1(π∗NO)1 82
2A′′ 7.75 (160) 9.54 10−3 9.06 10−3 (σNO)1(πNO)1(π∗NO)2 19

(2spN)1(π∗NO)1 69

E-NNOH+,f

1A′′ 5.59 (222) 8.85 10−3 8.34 10−3 (σNN)1(π∗NO)1 69
(σNC)1(π∗NO)1 17

2A′ 6.60 (188) 2.41 10−1 2.34 10−1 (πNNO)1(π∗NO)1 85
2A′′ 9.29 (134) 1.15 10−4 7.70 10−4 (σNN)1(π∗NO)1 19

(σNC)1(π∗NO)1 64

Z-NNOH+,f

1A′′ 5.93 (209) 1.82 10−2 1.44 10−2 (σNN)1(π∗NO)1 43
(σNC)1(π∗NO)1 47

2A′ 6.55 (189) 2.49 10−1 2.50 10−1 (πNNO)1(π∗NO)1 85
2A′′ 8.29 (150) 2.36 10−4 4.98 10−4 (σNN)1(π∗NO)1 47

(σNC)1(π∗NO)1 42

NNHO+,f

1A′′ 4.16 (298) 2.37 10−4 2.56 10−4 (σNC)1(π∗NO)1 19
(2spN)1(π∗NO)1 66

2A′ 5.71 (217) 2.75 10−1 2.80 10−1 (nπN)1(π∗NO)1 80
2A′′ 9.21 (135) 6.75 10−4 5.55 10−4 (σNC)1(π∗NO)1 56

(2spN)1(π∗NO)1 22

NHNO+,f

1A′′ 2.74 (453) 6.31 10−4 1.10 10−3 (σNN)1(π∗NO)1 84
2A′ 6.43 (193) 4.62 10−1 4.79 10−1 (πNO)1(π∗NO)1 80
2A′′ 8.19 (151) 3.38 10−3 2.46 10−3 (σNN)1(πNO)1(π∗NO)2 12

(σNO)1(π∗NO)1 65
aOscillator strength (length formula).
bOscillator strength (velocity formula).
cMS-CASPT2 main electronic configurations of the excited states referred to the ground state configuration.
dWeight of the configuration in %. Only contributions greater than 10% are included.
eReference wave function 1: SA2-CASSCF(16,13)/ANO-RCC (C,N,O[4s3p2d1f]/H[3s2p1d]).
fReference wave function 2: SA2-CASSCF(16,14)/ANO-RCC (C,N,O[4s3p2d1f]/H[3s2p1d]).
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TABLE III. MS-CASPT2 vertical excitation energies (ΔE) in eV (nm) of protonated N-nitrosodimethylamines. Transition energies and ground state CASPT2 optimized geometries
including the solvent effect (PCM, methanol).a

Species State ΔE f l
OSC

b f v
OSC

c configurationd We

E-NNOH+

1A′′ 5.62 (221) 8.72 10−3 8.14 10−3 (σNN)1(π∗NO)1 71
(σNC)1(π∗NO)1 16

2A′ 6.53 (190) 2.45 10−1 2.35 10−1 (πNNO)1(π∗NO)1 85
2A′′ 9.31 (133) 3.93 10−4 2.54 10−4 (σNN)1(π∗NO)1 19

(σNC)1(π∗NO)1 65

Z-NNOH+

1A′′ 5.99 (207) 1.82 10−2 1.47 10−2 (σNN)1(π∗NO)1 40
(σNC)1(π∗NO)1 50

2A′ 6.59 (188) 2.50 10−1 2.50 10−1 (πNNO)1(π∗NO)1 85
2A′′ 8.31 (149) 2.25 10−4 5.11 10−4 (σNN)1(π∗NO)1 43

(σNC)1(π∗NO)1 47

NNHO+

1A′′ 4.29 (289) 3.39 10−4 3.65 10−4 (σNC)1(π∗NO)1 25
(2spN)1(π∗NO)1 62

2A′ 5.75 (216) 2.85 10−1 2.94 10−1 (nπN)1(π∗NO)1 82
2A′′ 9.14 (136) 2.21 10−4 2.92 10−4 (σNC)1(π∗NO)1 55

(2spN)1(π∗NO)1 28

NHNO+
1A′′ 2.72 (456) 7.36 10−4 1.47 10−3 (σNN)1(π∗NO)1 86
2A′ 6.90 (180) 3.72 10−1 4.03 10−1 (πNO)1(π∗NO)1 81
2A′′ 7.93 (156) 4.49 10−3 3.47 10−3 (σNN)1(πNO)1(π∗NO)2 14

(σNO)1(π∗NO)1 68
aReference wave function: SA2-CASSCF(16,14)/ANO-RCC (C,N,O[4s3p2d1f]/H[3s2p1d]).
bOscillator strength (length formula).
cOscillator strength (velocity formula).
dMS-CASPT2 main electronic configurations of the excited states referred to the ground state configuration.
eWeight of the configuration in %. Only contributions greater than 10% are included.

(FIG. SIf). This observation would correspond to the conditions
in which the experiments of Patil and co-authors are conducted
with aprotic solvents.11,12 The excitation at 453 nm corresponds to a
σNN → π∗NO electronic transition, which weakens the σ(N–N) bond
[Fig. 1(a)] and suggests that it would lead to dissociation of NNHO+

into (CH3)2N+ and NO. Two approximations, length and velocity
formulas, have been applied to the calculation of oscillator strengths,
which would only be coincident when computed with the true wave
functions.59 In addition, for the sake of completeness, geometry opti-
mization of protonated tautomers, excitation energies, and oscillator
strengths have been computed as well, including the solvent effect
with the PCM approximation, and the results are listed in Table III
for methanol as the solvent; the results obtained when the solvents
are dimethylsulfoxide or acetonitrile (the other two solvents used
by Patil and co-authors12) are listed in Table SII, where it can be
observed that there is no significant difference among calculated
properties in changing the solvent.

The potential energy profiles of the nitrosamines studied in this
work that lead to N–N bond breaking are represented in Fig. 3,
where the main varying coordinate is the N–N internuclear distance.
In addition, with the purpose of comparing reactivity of related
nitrosamines, we have included the dissociation paths of the small-
est protonated nitrosamine ([NH3NO]+), which was studied in a

previous work.14 From the inspection of the electronic configura-
tions of the singlet states at the last step (dissociated molecule)
of each interpolation curve represented in Fig. 3, we have
found that the only two species that yield NO (nitric oxide)
are neutral nitrosodimethylamine [NDMA, Fig. 3(a)] and N-
nitrosoammonium ion [NHNO+, Fig. 3(e)]; Z- and E-NNOH+ give
NOH+ [cation of the hyponitrous acid monomer, Figs. 3(b) and
3(c)]; NNHO+ generates the cation of nitroxyl [HNO+, Fig. 3(d)]. It
must be noted that NH3NO+ yields the cation of nitric oxide [NO+,
Fig. 3(f)]. Another important feature that must be remarked on Fig. 3
is that the only dissociative potential energy surface corresponds to
the S1 state of NHNO+ [Fig. 3(e)]. Therefore, after absorption of vis-
ible light (453 nm), the S1 excited state of NHNO+ decomposes into
NO and (CH3)2N+.

Since the experiments of Chow et al.1,13 on the photochemi-
cal decomposition of unprotonated nitrosodimethylamine (NDMA)
were conducted at 450 nm (63.5 kcal/mol) and explained via
direct population of the triplet potential energy surface, we have
included the energy profiles of the low-lying triplet states in each
one of the interpolations represented of Fig. 3. Accordingly, it
can be observed in Fig. 3 that the only protonated tautomer of
N-nitrosodimethylamines, whose lowest triplet state would be acces-
sible upon irradiation at 453 nm, is the N-nitrosoammonium ion
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FIG. 3. Potential energy profiles (linear interpolations) of the lowest singlet and triplet states of the dissociation reactions of (a) N-nitrosodimethylamine [NDMA],
(b) E-protonated N-nitrosodimethylamine [E-NNOH+], (c) Z-protonated N-nitrosodimethylamine [Z-NNOH+], (d) N-protonated N-nitrosodimethylamine [NNH+O], (e)
N-nitrosoammonium ion [NH+NO], and (f) protonated nitrosamine [NH3NO]+.
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[NH+NO, Fig. 3(e)]. Furthermore, this tautomer is the only one that
exhibits a dissociative triplet state (T0), with energy below the radi-
ation of 453 nm [Fig. 3(e)]. However, given that the S0 → S1 spin
allowed transition is in resonance with the 453 nm radiation and
is dissociative, population of the triplet state via S1/T0 intersystem
crossing is very unlikely, especially when the vertical energy of the T0
state is well below 453 nm, and more importantly, the S1/T0 cross-
ing is forbidden by symmetry or El-Sayed’s rules60,61 because both
states (S1 and T0) belong to A′′ symmetry. Thus, it is not necessary
to invoke the participation of triplet states via intersystem crossing
in the photodissociation of protonated nitrosamines.

C. Excited state intramolecular proton transfer
(ESIPT) to form N -nitrosoammonium ion (NHNO+)

One of the mechanisms proposed to explain the formation
of N-nitrosoammonium ion is excited state intramolecular proton
transfer (ESIPT).62–65 That is, it is suggested in previous studies
that the N-nitrosoammonium cation (NHNO+) is photochemi-
cally formed in the excited state from the protonated nitrosamine
(NNOH+). Thus, in this section, we have studied proton migra-
tion from Z-NNOH+ to NHNO+, both in the ground state and
first excited state. Figure 4 represents the critical points that would

be involved in such reactions. We have found the following crit-
ical point on the S1 surface related to the reaction under study,
that is, a first order saddle point on the S1 surface [SD1, Fig. 4(a)]
that would lead from Z-NNOH+ with NHNO+. However, after
analyzing the potential energy surface, we must conclude that this
saddle point connects NHNO+ with a S1/S0 conical intersection
[CI1, Fig. 4(b)], and this crossing point, in turn, connects Z-NNOH+

with E-NNOH+ [Fig. 4(e)]. Furthermore, there are no minima
associated with NHNO+, Z-NNOH+, or E-NNOH+ on the S1 sur-
face. Therefore, proton migration is not a plausible reaction in the
excited state; this process would occur in the ground state via the
transition state given in [TS1, Fig. 4(c)]. The energy profiles for
the NHNO+–SD1–Z-NNOH+ paths are represented in Fig. 4(d),
and the interconversion Z-NNOH+ ↔ E-ZNNOH+ through CI1 is
depictured in Fig. 4(e). The geometrical parameters of species rep-
resented in Fig. 4 are listed in Table SIII, and the potential energy
curve of proton migration through TS1 on the ground state surface
is represented in FIG. SII.

D. Electronic structure of N -nitrosoammonium ion
As mentioned in Subsection I A, the N–N internuclear dis-

tance is unusually long in the nitrosoammonium ion [NHNO+,

FIG. 4. (a) CASPT2/ANO-RCC opti-
mized geometry of the saddle point
(SD1) connecting NH+NO with coni-
cal intersection (CI1) on the S1 sur-
face. (b) CASSCF/ANO-RCC optimized
geometry of the S1/S0 conical inter-
section (CI1) for radiationless deacti-
vation of E-NNOH+ to Z-NNOH+. (c)
CASPT2/ANO-RCC optimized geometry
of the transition state (TS1) connect-
ing E-NNOH+ with NH+NO on the S0
surface. Square brackets: relative elec-
tronic energies in kcal/mol with respect
to NH+NO. (d) Energy profiles of the
S1 and S0 curves going from NH+NO
to Z-NNOH+. (e) Energy profiles of
the S1 and S0 curves for E-NNOH+

↔ Z-NNOH+ isomerization.
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TABLE IV. MS-CASPT2 orbitals of the main configuration state functions of the S0 state of the N-nitrosoammonium ion (NHNO) along the dissociation path [Fig. 3(e)].a

Stepb OM(σNN) OM(σ∗NN) . . .[σNN]2[σ∗NN]0,c. . . . . .[σNN]1[σ∗NN]1,d. . .

0 0.92 −0.14

4 −0.85 0.32

8 −0.63 0.61

12 0.29 −0.88

16 0.10 −0.94

20 0. 0.95

aReference configuration A′/A′′ : [σNO]2[nπNO]2[σNC]2[σNH]2[2spN]2[σNN]2[σ∗NN]0[σ∗NC]0[σ∗NH]0[σ∗NO]0/[σNC]2[πNO]2[π∗NO]0[σ∗NC]0 .
bNumber of step along interpolation.
cCoefficient of configuration I.
dCoefficient of configuration II.

Fig. 2(e)]. Furthermore, the vibrational analysis of the molecule
according to the GF-method of Wilson66,67 yields an exceptional low
frequency value of the normal mode associated with N–N stretch-
ing [(252 cm−1) Tables SIV and SV], which contrasts with frequency
of the neutral nitrosamine (NDMA) that amounts to 1509 cm−1

(Tables SVI and SVII). Thus, the purpose of this section is to clarify
whether NHNO+ is a van der Waals complex or a covalently bonded
compound. To reach this end, we have analyzed the electronic struc-
ture (configurations) of the molecule along the S0 dissociation path
previously represented in Fig. 3(e). Given that the most represen-
tative configurations along this path only involve excitations within
the orbitals associated with the N–N bond (σNN and σ∗NN), we
have focussed our attention to such orbitals. Table IV collects the
variation of the molecular orbitals and coefficients of the two main
configuration state functions along the dissociation path. It is clearly
observed in Table IV that at the equilibrium geometry of NHNO+,
the orbital that describe the σNN bond is doubly occupied (con-
figuration I) and how its occupancy decays to zero as dissociation
progress. In contrast, the occupancy of the σ∗NN bond (configu-
ration II) increases as the dissociation advances. It is observed as
well that the character of the initial orbitals changes along the dis-
sociation path; they become from sigma orbital to non-bonding
orbitals to give a radical on each fragment. From our opinion, that is
the key to classify NHNO+ as a covalently bonded molecule. Oth-
erwise, the biradical character of the molecule should have been

observed in the calculations from the beginning at the equilibrium
geometry.

IV. CONCLUSIONS
In this work, we have studied the photodissociation of four

protonated derivatives of nitrosodimethylamine (NDMA) with the
MS-CASPT2 method, both in the gas and solution phases. It is
found that the unique protonated derivative species, which absorbs
in the visible range of the spectrum, is the N-nitrosoammonium ion
[Fig. 2(e)], whose S1 vertical excitation lies at 453 nm. In addition, it
is shown that the first excited state of such a derivative is dissociative
and yields nitric oxide and aminium radical cation [(CH3)2NHN⋅]+

after photon absorption. The barrier for dissociation into nitric
oxide and the radical cation on the ground state amounts to ∼34
kcal/mol and is degenerate with S1 due to degeneration of the
ground state of nitric oxide. We have also studied the excited
state proton intramolecular migration (ESPIT) for the isomerization
of [Z-(CH3)2N–NOH]+to [(CH3)2NH–NO]+; it is found that this
reaction is not plausible in the excited state because the existence
of a S1/S0 conical intersection that would lead to isomerization of
[Z-(CH3)2N–NOH]+ to [E-(CH3)2N–NOH]+. We have also stud-
ied the nature of the N–N bond in the N-nitrosoammonium ion;
it is found that it is a covalent bond. To finish, in contrast to neu-
tral N-nitrosodimethylamine,1,7 it is not necessary to invoke the
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participation of triplet states (intersystem crossing) in the photodis-
sociation of protonated nitrosamines due to that S1/T0 intersystem
crossing is prohibited by El-Sayed’s rule.

SUPPLEMENTARY MATERIAL

The supplementary material contains absolute energies,
CASSCF molecular orbitals, and internal and Cartesian coordinates
of all the critical points.
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