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Abstract 

 

HOON might be an elusive intermediate of atmospheric photochemical reactions of HONO or recombination of 

the parent nitrene HN and molecular oxygen. However, no reliable data on HOON structure and stability are 

available, and the nature of the O–O bond is not well understood. In this study, we used high-level single- 

[CCSD(T) and, CCSDTQ] and multireference [CASPT2, MR-AQCC] ab initio calculations to determine properties of 

HOON: geometry, harmonic and anharmonic vibrational frequencies, thermodynamic stability, and electronic 

structure. HOON has bonding minima only in the 1A′ electronic state that correspond to cis- and trans-

conformers; trans-HOON is more stable by 6.4–8.5 kJ/mol. The O–O bond in trans-HOON is unusually long, R(O–

O) = 1.89 Å, and weak, D(O–O) = 33.3 kJ/mol; however, trans-HOON might be stable enough to be identified in 

cryogenic matrices. Though the electronic structure of the NO moiety in HOON most resembles nitric oxide, 

some nitrene character as well nitrosyl cation character are also important; therefore, the current name of 

HOON, hydroperoxynitrene, is misleading; instead, we propose the name “nitrosyl O-hydroxide” or “isonitrosyl 

hydroxide”. 

Nitrous acid (HONO), produced from NO2 or soil nitrites, plays an important role in tropospheric 

chemistry.(1) Photolysis of HONO leads to hydroxyl radical OH•, which is a powerful oxidant, and nitric oxide 

NO•, which is a component of NOx smog and ozone precursor. HONO analogues X–NO (X = H, CN, or halogen 

atom) can photodissociate at the X–N bond as well;(2) the X• + NO• pair can recombine not only back to nitroso 

compound but also back to isonitrosyl species X–ON.(2b) For nitrous acid, a similar transformation can be 

hypothesized, leading to species with structural formula HOON. 

 

HOON has never been in the focus of research. To the best of our knowledge, it has not been observed 

experimentally; however, it was mentioned in a few theoretical works. In 1987, Nakamura et al.(3) performed a 

systematic analysis of HNO2 isomers and localized cis- and trans-conformers of HOON. Later, Fueno et 

al.(4) demonstrated that cis-HOON can be formed as an intermediate in the reaction of nitrogen monohydride 

NH with molecular oxygen (via isomerization of cis-HNOO) and introduced the name “hydroperoxynitrene”. Our 

recent studies(5) showed that the pathway proposed by Fueno(4) is dominant in a wide temperature range 300–

1000 K. Another process that may involve HOON is overtone excitation of HONO;(6) semiempiric direct 

dynamics simulations of this reaction involved HOON in all simulation trajectories. 

Despite its potential role in HONO photochemistry, very little is known about the electronic structure, geometry, 

and energetic characteristics of HOON, and the reported data are inconsistent. 

 



HOON can be hypothesized to be either a complex of radicals or a covalently bound nitrene-like structure. The 

value of the O–O distance is crucial to understand the nature of O–O bonding in HOON, but reported values vary 

from 1.47 to 2.03 Å,(3-6) with the correct value still unknown. For this reason, high-level calculations of the 

HOON geometry are essential. 

The thermodynamic stability of HOON has not been established: reported energies of transformation of HONO 

to HOON range from 180 to 310 kJ/mol.(3, 4, 6, 7) With the enthalpy of trans-HONO dissociation to HO• + NO• of 

206.0 kJ/mol, which was deduced from experimental enthalpies of formation,(8) the enthalpy of HOON 

dissociation on the O–O bond, D(O–O), can be estimated from −26 to +104 kJ/mol. A more accurate value is 

needed to understand stability and reactivity of HOON. 

In this study, we perform a series of high-level single-reference and multireference ab initio calculations to 

provide accurate geometry, vibrational frequencies, thermodynamic data, and electronic structure of HOON. 

Computational details 
We used methods of coupled cluster theory, multireference second-order perturbation theory (CASPT2),(9) and 

multireference averaged quadratic coupled-cluster (MR-AQCC)(10) theory to accurately calculate the geometry 

of HOON. 

A series of Dunning’s augmented correlation-consistent basis sets, aug-cc-pVXZ,(11) were used for all elements. 

We used a three-parameter exponential decay function for complete basis set (CBS) extrapolation of bond 

lengths in HOON, and Peterson’s three-point complete basis set extrapolation(11c) for energetic properties. 

 

𝑅(𝑋) = 𝑅CBS + 𝐵e−𝐶𝑋 

𝐸(𝑋) = 𝐸CBS + 𝐵e(−𝑋−1) + 𝐶e−(𝑋−1)
1
 

The coupled cluster theory computations with single, double, and perturbative triple excitations, 

CCSD(T),(12) were performedusing the CFOUR package.(13) Geometries were optimized using analytic 

gradients;(14) vibrational frequencies were also calculated analytically.(15) Full cubic force field calculations 

with the semidiagonal part of the quartic force field were performed to obtain fundamental frequencies using 

second-order perturbation theory starting from the harmonic-oscillator rigid-rotator approximation.(16) For 

iterative accounting for triple and quadruple excitations (CCSDT,(17) CCSDTQ(18)), the MRCC program(19) was 

employed via the CFOUR interface. In coupled cluster calculations, all-electrons correlation was accounted 

(denoted as “ae” in opposite to frozen core correlation, “fc”). A series of single-point calculations were 

performed to estimate D(O–O) in approximation to the CCSDTQ[ae]/aug-cc-pVTZ level of theory (see Supporting 

Information for details). 

Scalar relativistic effects were estimated by means of perturbation theory based on mass-velocity and Darwin 

terms (MVD1)(20) procedure, as implemented in CFOUR, with the wave function calculated at the 

CCSD(T)[ae]/aug-cc-pV5Z level of theory. 

CASPT2(9) calculations were performed in the MOLPRO program.(21) Active space (18;13) was composed of all 

valence molecular orbitals. Frozen core approximation was used in CASPT2 calculations. Geometry optimizations 

were performed using analytical gradients.(22) 

The MR-AQCC(10) computations were carried out in the Columbus program(23) with the aug-cc-pVTZ basis set. 

Test calculations with various compositions of active space (Table S1, Supporting Information) revealed the 



optimal choice: for reference CASSCF wave function, (10;8) involving all valence molecular orbitals except N–H 

bonding/antibonding and 2s shell orbitals; for MR-AQCC wave function, active space (6;5) composed of three 

pz orbitals and two peroxide bond orbitals. At the MR-AQCC level of theory, calculations were performed with 

no frozen orbitals. Geometry optimizations were performed using analytical gradients.(24) 

To calculate a minimum energy path connecting two stationary points, climbing image nudged elastic band 

method was used,(25) as implemented in the DL-FIND program.(26) ChemShell suite(27) was used to interface 

DL-FIND with MOLPRO for calculation with CASPT2 method. 

Quantum theory of atoms in molecules (AIM)(28) was employed using the AIMPAC program(29) to analyze 

CASPT2/aug-cc-pVTZ electron density. Molden2AIM code(30) was used to generate input files for AIM analysis 

from MOLPRO outputs. 

In AIM, gradient (∇ρ) and Laplacian (∇2ρ) of density are used to locate critical points of electron density. Maxima 

of electron density typically correspond to nuclear positions. Two nuclear critical points can be connected by a 

gradient path (bonding path) indicative of chemical bonding between atoms; the point of minimum ρ(r) along 

the bonding path, called a bonding critical point, characterizes the nature of the bond. Properties of special 

interest at the bond critical point are the value of electron density, which characterizes bond strength, and the 

sign of the Laplacian, which indicates whether the bonded atoms share their valence shells or not; in addition, 

an ellipticity of electron density distribution, ε = λ1/λ2 – 1, can be used to estimate double-bond character of the 

bond, where λ are eigenvalues of the Hessian of ρ that characterize decrease of electron density in directions 

orthogonal to the bonding path. Analysis of Laplacian topology also provides valuable information: local minima 

of ∇2ρ, not related to a bonding path, in practical calculations can be corresponded to the lone pair 

positions.(28) 

Results and discussion 

Geometry of HOON 
Calculations at the CCSD(T)/aug-cc-pVTZ level of theory revealed that only 1A′ electronic state has minima 

related to HOON, which correspond to cis- and trans-isomeric forms. In both forms the distance between oxygen 

atoms is ∼1.9 Å (Tables 1 and S2, Supporting Information), which is extraordinary long for a covalent bond. 

Minimum energy path calculations at the CASPT2/aug-cc-pVTZ level show that trans–cis isomerization barrier is 

∼12.7 kJ/mol, and the cis–trans barrier is 5.7 kJ/mol (Figure S1, Supporting Information). As the trans-isomeric 

form is more stable by 6.4–8.5 kJ/mol (Table 3, Figure S1, Supporting Information), we focus on trans-HOON in 

further discussion. 

 

Table 1. Geometry Parameters of trans-HOONa 

basis setb R(OH) R(OO) R(NO) A(OOH) A(OON) 

CCSD(T)      

D 0.976 1.948 1.144 97.4 115.0 

T 0.968 1.896 1.125 97.8 115.2 

Q 0.967 1.895 1.123 98.3 115.0 

5 0.966 1.894 1.122 98.4 114.9 

CBSc 0.966 1.894 1.122     

CASPT2      



D 0.978 1.921 1.150 96.0 116.7 

T 0.973 1.895 1.137 96.2 116.7 

Q 0.970 1.891 1.133 96.3 116.7 

5 0.969 1.889 1.133 96.4 116.7 

6 0.969 1.886 1.132 96.4 116.7 

CBSc 0.969 1.889 1.132     

MR-AQCC      

T 0.965 1.893 1.128 97.0 116.0 
aBond lengths are given in angstroms, and angles in degrees. 
baug-cc-pVXZ, X = D, T, Q, 5, or 6. 
cComplete basis set extrapolation based on three-parameter exponential decay function. 
 

Calculated geometric parameters of HOON depend on both the level of theory and the basis set. For both 

CCSD(T) and CASPT2, slow convergence to the basis set limit is observed. CCSD(T) calculations predict slightly 

longer O–O distance than CASPT2 (by ∼0.005 Å in the complete basis set extrapolation), and shorter N–O 

distance (by ∼0.010 Å). Calculations at the MR-AQCC/aug-cc-pVTZ level of theory give O–O and N–O bond 

lengths in a range between CCSD(T) and CASPT2 results. Overall, single-reference and multireference methods 

used here provide a consistent description of HOON structure, suggesting reliability of the obtained geometries. 

Vibrational Frequencies 
Harmonic and anharmonic vibrational frequencies of HOON are reported for the first time in Table 2. The most 

intense modes correspond to the N–O stretching (ν2) and rotation around the O–O bond (ν6). Comparison of IR 

bands of cis-/trans-forms (Tables 2 and S3, Supporting Information) shows that ν6(O–O torsion) and ν5(O–O 

stretching) modes are 40–70 cm–1 greater in the trans-from, which likely follows from the shorter O–O distance 

in trans-HOON. Expansion of the basis set from triple- to quadruple-ζ only slightly affects predicted positions and 

intensities of IR-bands (Table 2). Anharmonic vibrations are expectedly shifted to the low-frequency region. 

Table 2. Vibrational Modes of trans-HOON Calculated at the CCSD(T) Level of Theorya 

  aug-cc-pVTZ, harmonic  aug-cc-pVQZ, harmonic  aug-cc-pVTZ, anharmonic  

  freq int freq int freq int 

ν1 (a′) 3765.0 28.0 3771.5 29.4 3582.9 21.9 

ν2(a′) 1904.9 525.3 1908.0 529.5 1878.7 485.8 

ν3(a′) 833.7 25.9 836.2 26.5 764.7 23.8 

ν4(a′) 437.1 1.6 436.3 1.6 387.8 8.5 

ν5(a′) 305.5 5.8 308.8 6.1 265.9 1.4 

ν6(a″) 240.4 85.2 236.0 86.6 199.9 67.0 

OH•b 3746.1 10.3 3749.3 11.5 3557.7   

NO•b 2106.8 74.6 2105.9 72.7 1938.2   
aFrequencies are in cm–1, and intensities in km/mol. Experimental values for NO• are ωe = 1904.2 cm–1, ωexe = 
14.1 cm–1.(34)Experimental values for OH• are ωe = 3737.8 cm–1, ωexe = 84.9 cm–1.(35) 
bVibrational modes for separated NO• and OH•. 
 

Harmonic frequencies suggest that formation of trans-HOON would strongly affect the N–O stretching vibration, 

shifting it to the red by ∼200 cm–1 (for anharmonic frequencies, ∼60 cm–1) and increasing intensity by ∼450 

km/mol. These changes in the IR spectrum might be characteristic for experimental HOON detection. 



Thermodynamic Properties of trans-HOON 
Electronic energy of trans-HOON dissociation to HO• and NO• (Ediss) strongly depends on both dynamic and 

nondynamic electron correlation. Multireference methods MR-AQCC/aug-cc-pVTZ and CASPT2/CBS 

predict Ediss to be 43.9 and 36.3 kJ/mol, respectively. At the same time, CCSD(T)/CBS level of theory, based on a 

single reference determinant, gives a much lower value of 27.2 kJ/mol (Table 3). Basis set influence can be ruled 

out, as values of Ediss are improved by only 3.6 kJ/mol due to increase of basis set from triple-ζ up to CBS for 

either CCSD(T) or CASPT2 methods. Instead, quadruple excitations dramatically change coupled cluster results: 

at approximation to the CCSDTQ/aug-cc-pVTZ level of theory Ediss is 39.0 kJ/mol, agreeing much better with 

CASPT2 and MR-AQCC results. 

Table 3. Thermodynamics of Reactions R1–R3, kJ/mol 

basis seta ΔE(R
3) 

ΔE(R2) = 
−Ediss

b 
ΔE(R1) + 
ΔE(R2)b 

CCSD(T)    

D –6.7 –23.6 173.4 

T –8.3 –29.7 189.6 

Q –8.3 –26.8 192.8 

5 –8.4 –27.1 194.2 

CBSc –8.4 –27.2 195.0 

Approximation to CCSDTQ/aug-cc-pVTZ (See Also Table S4, Supporting 
Information) 

   

T –7.9 –39.0   

CASPT2    

D –6.4 –32.1   

T –7.1 –35.2   

Q –7.3 –36.2   

5 –7.4 –36.2   

6 –7.4 –36.3   

CBSc –7.4 –36.3   

MR-AQCC    

T –7.9 –43.9   

Corrections to Reaction Energies    

ZPEd 0.8 9.8 –8.2 

enthalpy correctiond 0.4 5.7 –6.0 

RCe 0.0 –0.1 –0.5 
aaug-cc-pVXZ, X = D, T, Q, 5, or 6. 
bIn reactions R1 and R2, data for trans-isomers of HOON and HONO are reported. ΔE(R1) + ΔE(R2) is the 
energetic effect of the HONO transformation to HOON. 
cPeterson’s three-point CBS extrapolation(11c) with data from aug-cc-pVXZ; X = T, Q, and 5 for CCSD(T), and Q, 5, 
and 6 for CASPT2. 
dZPE and enthalpy correction were calculated using CCSD(T)/aug-cc-pVQZ harmonic frequencies (ideal gas 
assumption, 1 atm, 298.15 K); enthalpy correction already includes ZPE. 
eScalar relativistic correction; CCSD(T)[ae]/aug-cc-pVTZ. 
 

Enthalpy correction to Ediss, calculated under the ideal gas assumption with CCSD(T)/aug-cc-pVQZ harmonic 

vibrational frequencies (Hcorr), is −5.7 kJ/mol at room temperature and 1 atm pressure. The contribution of scalar 



relativistic effect was found to be small, 0.1 kJ/mol, so the CCSDTQ/aug-cc-pVTZ-based estimation predicts O–O 

bond dissociation energy D(O–O) = Ediss + Hcorr = 33.3 kJ/mol. 

To calculate ΔfH°(trans-HOON), we used O–O bond dissociation energy of 33.3 kJ/mol and experimental 

enthalpies of HO• (37.4 kJ/mol)(31) and NO• (91.0 kJ/mol).(31) From reaction R2, we can deduce 

𝐷(O − O) = ∆f𝐻
o(HO•) + ∆f𝐻

o(NO•) − ∆f𝐻
o(𝑡𝑟𝑎𝑛𝑠 − HOON) 

Therefore, ΔfHo(trans-HOON) = 95.1 kJ/mol, which is 172.7 kJ/mol higher than ΔfH° of the most stable 

isomer, trans-HONO, and ∼143 kJ/mol lower than ΔfH° of cis-HNOO (238 kJ/mol as deduced from refs 5 and 31, 

see Supporting Information for details). 

Isomerization of HOON to HONO or HNOO 
A question of special interest for isonitrosyl compounds X–ON is how they transform to corresponding X–NO. 

Two pathways can be hypothesized (Figure 1a), dissociative transition (which is the case for X = H,(2a, 32) Cl,(2b, 

32a) and Br(2b)) and intramolecular isomerization. We calculated a minimum energy path (MEP) 

connecting trans-HOON and HONO on the 1A′ electronic state to establish the mechanism of isomerization of 

HOON. Ten structures along the reaction path were optimized using a climbing image nudged elastic band 

method(25) at the CASPT2/aug-cc-pVTZ level of theory. Figure 1b shows overlap of those structures, so the 

reaction path is represented as a migration of the OH fragment. The minimum energy path clearly involves 

subsequent dissociation of trans-HOON and recombination of OH• + NO• to HONO (Figure 1b). The highest point 

on the MEP is 34.0 kJ/mol higher than trans-HOON (Figure S2, Supporting Information), which is close to the O–

O bond dissociation energy of 35.2 kJ/mol, calculated at the same level of theory. Therefore, our findings 

support a dissociative transition mechanism of isomerization of trans-HOON to HONO. 

 
Figure 1. (a) Mechanisms of transformation of X–ON into X–NO, (b) overlap of structures on the minimal energy 
path connecting trans-HOON and cis-HONO (marked as 1 and 9); CASPT2/aug-cc-pVTZ. A structure with the 
highest energy (climbing image) is denoted as M. 
 

Another reaction mode of HOON might be isomerization to parent nitroso oxide cis-HNOO.(4, 5, 7, 33) In our 

previous study,(5) we found that the diamond-shaped transition state of R4lies ∼230 kJ/mol higher than the 

HO• + ON• pair, which is ∼33 kJ/mol (current results) less stable than trans-HOON. Therefore, the activation 

energy of HOON transformation to cis-HNOO is prohibitively high, ∼260 kJ/mol, and the reaction R4 is 

unfavorable. 

 

Electronic Structure of trans-HOON 
The CASPT2/aug-cc-pVTZ wave function of trans-HOON can be expressed as 

Ψ = 77%𝛹1
[(10𝑎′)2(2𝑎′′)2] + 14%𝛹1

[(10𝑎′)0(11𝑎′)2(2𝑎′′)2] 



with weights of other configurations less than 1.5% each. The a′ frontier orbitals have occupancies of 1.67 and 

0.36 (Figure 2); these values differ from those expected for a singlet biradical, so both wave function 

composition and orbital occupancies suggest emerging O–O covalent bonding in trans-HOON. Absence of a 

minimum in the triplet state further supports the idea that HOON is more than a van der Waals complex of two 

radicals. Indeed, the a′ frontier orbitals represent a 3-center 4-electron σ-conjugated system (Figure 2, Top) that 

can be considered as nxy(O) + πxy(ON) or σ(OO) + nxy(N) combination. Most of the binding of the NO and OH 

moieties arises from the latter pattern. 

 
Figure 2. CASPT2/aug-cc-pVTZ natural orbitals of trans-HOON at an isovalue of 0.05 and their occupancies: top 
row, 3-center 4-electron system formed by a′ orbitals; bottom row, valence orbitals of a″ symmetry. 
 

Topological analysis revealed a bond critical point (BCP) between oxygen atoms (Figure 3). Electron density at 

the BCP ρBCP(O–O) = 0.09 au, indicating the bond is much weaker than other peroxide bonds: for instance, in 

hydrogen peroxide ρBCP(O–O) = 0.27 au at the same level of theory. Ellipticity of the electron density at the 

critical point, εBCP(O–O) = 0.113, is significantly higher than the corresponding value in hydrogen peroxide, 0.047, 

thus suggesting partial π-character of the O–O bond, which forces HOON to be planar. The Laplacian of the 

electron density is negative at the BCP; therefore, valence shells are not shared between the NO and OH 

fragments. This case is typical for ionic bonds or bonds formed by strongly electronegative atoms (like F–F).(28) 

 
Figure 3. Contour maps of ∇2ρ, calculated for CASPT2/aug-cc-pVTZ electronic densities. Red points indicate local 
minima of ∇2ρ around nitrogen atom, which can be related to lone pair positions. Solid lines indicate negative 
values of ∇2ρ. 
 

The name of hydroperoxynitrene, first introduced for HOON by Fueno,(4) implies its nitrene character. Hence, 

HOON could be a biradical either with both unpaired electrons localized at the p-orbitals of nitrogen atom or 

with a closed-shell molecule with an empty p-orbital on the N atom (Scheme 1). As the biradical structure would 

have A″ symmetry, whereas HOON has A′ symmetry, it can be excluded from the further consideration. 

Therefore, the nitrogen atom would have a lone pair in the plane of the molecule and an empty p-orbital out of 

the plane. Then, overlap of the empty orbital pzN with a pz orbital of the neighbor oxygen atom would form a πz-

NO bond. A similar orbital population can be found in the singlet state of hydroxynitrene NOH,(32c) where 

nitrene character is well-established. 

Scheme 1 



 

Due to the weakness of the O–O bond, HOON can also be considered a complex of HO with ON, either a pair of 

radicals or ions. Hydroxyl radical has an electron affinity of 1.83 eV,(36) whereas the ionization energy of nitric 

oxide is 9.26 eV,(37) so OH + NO is thermodynamically more stable as a radical pair. However, the ionic pair 

representation is still relevant, because the 3-center 4-electron system (Figure 2) pulls electron density to OH, 

creating a partial positive charge (0.15 au) on the NO moiety. 

We compared the topology of the electronic density of the NO fragment in HOON with that in NOH, NO•, and 

NO+ to establish the chemical nature of HOON. Parameters under comparison include the NO bond length R(N–

O), AIM charges on nitrogen (q(N)) and oxygen (q(O)) atoms, and the properties of the N–O BCP: value of 

electron density ρBCP(N–O), Laplacian of electron density ∇2ρBCP(N–O), and ellipticity of electron density εBCP(N–

O). 

Both NO• and NOH have two minima of ∇2ρ that correspond to lone pairs around nitrogen atoms, whereas 

NO+ has only one. The nitrogen lone pairs in NOH are well developed and can be easily distinguished from those 

in NO•. As lone pairs significantly differ in reference species, we introduced several parameters to quantitatively 

compare the lone pairs with trans-HOON. We found local minima of ∇2ρ (red points in Figure 3) and used values 

of electron density at those points ρ(n1) and ρ(n2), and distance between them R(n1–n2) as descriptors. 

Table 4 shows that trans-HOON has similarities with all reference species: NOH, NO•, and NO+. The bond length 

between N and O atoms, ρBCP(N–O), ∇2ρBCP(N–O), and R(n1–n2) are closest to those of NO•, which suggests a 

radical-pair character. However, ρBCP(N–O) in trans-HOON are higher than in NO•, ∇2ρBCP(N–O) is lower, and R(N–

O) is shorter, which can only be explained by admitting some nitrosyl cation character of the NO moiety. 

Another evidence for nitrosyl cation character in trans-HOON is a substantial positive charge (0.15 au) on the NO 

moiety. At the same time, the ellipticity εBCP(N–O) in trans-HOON is between that in NOH and NO•, implying 

some nitrene character of trans-HOON. Moreover, molecular nature of HOON is suggested by the CASPT2 wave 

function composition with one dominating configuration, occupancies of frontier natural orbitals that differ 

significantly from unity, and topological analysis that reveals bonding path between oxygen atoms. 

Table 4. Properties of the NO Fragment in Various Compounds, Calculated with CASPT2/aug-cc-pVTZ 

  X1A′ trans-HOON X2Π NO• X1Σ+ NO+ 1A′ HON 

R(N–O), Å 1.138 1.159 1.071 1.265 

ρBCP(N–O), au 0.612 0.587 0.744 0.433 

∇2ρBCP(N–O), au –2.116 –2.101 –2.742 –1.073 

ε(N–O) 0.16 0.08 0.00 0.31 

q(O), au –0.37 –0.41 –0.26 –0.60 

q(N), au 0.52 0.41 1.26 0.07 

ρ(n1), au 0.54 0.53 0.59 0.73 

ρ(n2), au 0.53 0.53   0.66 

R(n1–n2), Å 0.66 0.67   0.72 



Thus, our analysis suggests that HOON is best represented by a combination of three resonance structures with 

major contribution from a radical-pair structure, followed by a significant contribution from a nitrene structure, 

and a small admixture of ion-pair character (Scheme 2). 

Scheme 2 

 

Conclusions 
Sophisticated ab initio calculations show that HOON has minima only at the 1A′ electronic state, where it can 

exist as the cis- or trans-isomeric form. The trans-form is more stable and is characterized by R(O–O) = 1.89 

Å, D(O–O) = 33.3 kJ/mol, and ΔfH° = 95.1 kJ/mol. Because of a relatively high dissociation energy, HOON might 

be a candidate for matrix isolation. 

Topological analysis of the electronic density suggests that the NO moiety in HOON is most similar to nitric 

oxide, although some nitrene character is also present, as well as nitrosyl cation character. Therefore, the name 

“hydroperoxynitrene” does not correctly describe the nature of HOON, and we propose the name “nitrosyl O-

hydroxide” or “isonitrosyl hydroxide” instead. 

We envision that HOON might be a parent representative of a class of compounds with the −OON group. It is 

possible that some substituents might strengthen the O–O bond thus stabilizing the −OON group. On the other 

hand, formation of the −OON group might be considered as a way to fix nitric oxide NO• and perturb its 

electronic structure, involving it in usually unfavorable chemical reactions. For example, photolysis of alkyl 

nitrite, which leads to, among other products, HN, might involve the −OON group, which could promote H-atom 

abstraction from the α-carbon atom by nitric oxide. The effect of substituent on the electronic structure and 

chemical reactivity of the −OON group is an object of our future studies. 

Supporting Information 
Details of the CCSDTQ/aug-cc-pVTZ approximation; geometry and vibrational frequencies of cis-HOON; 

thermodynamics of reaction R2, calculated by methods involved in the CCSDTQ/aug-cc-pVTZ extrapolation; 

details on calculations of enthalpy of formation of cis-HNOO; scan plot along the minimum energy path (MEP) 

between trans-HOON and cis-HOON, and the corresponding Cartesian coordinates; scan plot along the MEP 

between trans-HOON and cis-HONO, and the corresponding Cartesian coordinates. This material is available free 

of charge via the Internet at http://pubs.acs.org. 

The authors declare no competing financial interest. 

Terms & Conditions 
Electronic Supporting Information files are available without a subscription to ACS Web Editions. The American 

Chemical Society holds a copyright ownership interest in any copyrightable Supporting Information. Files 

available from the ACS website may be downloaded for personal use only. Users are not otherwise permitted to 

reproduce, republish, redistribute, or sell any Supporting Information from the ACS website, either in whole or 

in part, in either machine-readable form or any other form without permission from the American Chemical 

Society. For permission to reproduce, republish and redistribute this material, requesters must process their 



own requests via the RightsLink permission system. Information about how to use the RightsLink permission 

system can be found at http://pubs.acs.org/page/copyright/permissions.html. 

Acknowledgment 
Calculations were funded by National Science Foundation awards OCI-0923037 “MRI: Acquisition of a Parallel 

Computing Cluster and Storage for the Marquette University Grid (MUGrid)” and CBET-0521602 “Acquisition of 

a Linux Cluster to Support College-Wide Research & Teaching Activities”. Part of calculations was done using the 

cluster supercomputer at the Institute of Organic Chemistry of the Ufa Research Center, Russian Academy of 

Sciences. 

ABBREVIATIONS 
AIM quantum theory of atoms in molecules 

CBS complete basis set 

MEP minimal energy path 

 

References 
1 (a) Alicke, B.; Geyer, A.; Hofzumahaus, A.; Holland, F.; Konrad, S.; Pätz, H. W.; Schäfer, J.; Stutz, J.; Volz-

Thomas, A.; Platt, U. J. Geophys. Res. 2003, 108, 8247. (b) Su, H.; Cheng, Y.; Oswald, R.; Behrendt, 
T.; Trebs, I.; Meixner, F. X.; Andreae, M. O.; Cheng, P.; Zhang, Y.; Pöschl, 
U. Science 2011, 333, 1616– 1618. (c) Villena, G.; Wiesen, P.; Cantrell, C. A.; Flocke, F.; Fried, A.; Hall, S. 
R.; Hornbrook, R. S.; Knapp, D.; Kosciuch, E.; Mauldin, R. L.; McGrath, J. A.; Montzka, D.; Richter, 
D.; Ullmann, K.; Walega, J.; Weibring, P.; Weinheimer, A.; Staebler, R. M.; Liao, J.; Huey, L. G.; Kleffmann, 
J. J. Geophys. Res.: Atmos. 2011, 116, D00R07/1– D00R07/12. (d) Wong, K. W.; Tsai, C.; Lefer, B.; Haman, 
C.; Grossberg, N.; Brune, W. H.; Ren, X.; Luke, W.; Stutz, J. Atmos. Chem. Phys. 2012, 12, 635– 652. 
(e) Trebs, I.; Oswald, R.; Behrendt, T.; Meixner, F. X. Nachr. Chem. 2012, 60, 29– 30. (f) Chiwa, 
M.; Uemura, T.; Otsuki, K.; Sakugawa, H. Water, Air, Soil Pollut. 2012, 223, 5473– 5481. (g) Li, 
X.; Brauers, T.; Haseler, R.; Bohn, B.; Fuchs, H.; Hofzumahaus, A.; Holland, F.; Lou, S.; Lu, K. D.; Rohrer, 
F.; Hu, M.; Zeng, L. M.; Zhang, Y. H.; Garland, R. M.; Su, H.; Nowak, A.; Wiedensohler, A.; Takegawa, 
N.; Shao, M.; Wahner, A. Atmos. Chem. Phys. 2012, 12, 1497– 1513. (h) Young, C. J.; Washenfelder, R. 
A.; Roberts, J. M.; Mielke, L. H.; Osthoff, H. D.; Tsai, C.; Pikelnaya, O.; Stutz, J.; Veres, P. R.; Cochran, A. 
K.; VandenBoer, T. C.; Flynn, J.; Grossberg, N.; Haman, C. L.; Lefer, B.; Stark, H.; Graus, M.; de Gouw, 
J.; Gilman, J. B.; Kuster, W. C.; Brown, S. S. Environ. Sci. Technol. 2012, 46, 10965– 10973 

2 (a) Maier, G.; Reisenauer, H. P.; De Marco, M. Angew. Chem., Int. Ed. 1999, 38, 108– 110. (b) Maier, 
G.; Reisenauer, H. P.; De Marco, M. Chem.—Eur. J. 2000, 6, 800– 808 

3 Nakamura, S.; Takahashi, M.; Okazaki, R.; Morokuma, K. J. Am. Chem. Soc. 1987, 109, 4142– 4148 
4 Fueno, T.; Yokoyama, K.; Takane, S. Y. Theor. Chim. Acta 1992, 82, 299– 308 
5 Talipov, M. R.; Khursan, S. L.; Safiullin, R. L. J. Phys. Chem. A 2009, 113, 6468– 6476 
6 Miller, Y.; Chaban, G. M.; Finlayson-Pitts, B. J.; Gerber, R. B. J. Phys. Chem. A 2006, 110, 5342– 5354 
7 Asatryan, R.; Bozzelli, J. W.; Simmie, J. M. Int. J. Chem. Kinet. 2007, 39, 378– 398 
8 Chase, M. W., Jr. J. Phys. Chem. Ref. Data, Monograph 1998, 9, 1– 1951 
9 Werner, H.-J. Mol. Phys. 1996, 89, 645– 661 
10 (a) Szalay, P. G.; Bartlett, R. J. Chem. Phys. Lett. 1993, 214, 481– 488. (b) Szalay, P. G.; Bartlett, R. J. J. Chem. 

Phys. 1995, 103, 3600– 3612 
11 (a) Dunning, J. T. H. J. Chem. Phys. 1989, 90, 1007– 1023. (b) Kendall, R. A.; Dunning, J. T. H.; Harrison, R. J. J. 

Chem. Phys. 1992, 96, 6796– 6806. (c) Peterson, K. A.; Woon, D. E.; Dunning, J. T. H. J. Chem. 
Phys. 1994, 100, 7410– 7415. (d) Wilson, A. K.; van Mourik, T.; Dunning, T. H., Jr. J. Mol. Struct. 
(THEOCHEM) 1996, 388, 339– 349 



12 Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. Chem. Phys. Lett. 1989, 157, 479– 483 
13 CFOUR, a quantum chemical program package written by J. F.Stanton; J.Gauss; M. E.Harding; P. G.Szalay; A. 

A.Auer; R. J.Bartlett; U.Benedikt; C.Berger; D. E.Bernholdt; Y. J.Bomble; O.Christiansen; M.Heckert; 
O.Heun; C.Huber; T.-C.Jagau; D.Jonsson; J.Jusélius; K.Klein; W. J.Lauderdale; D. A.Matthews; T.Metzroth; 
D. P.O’Neill; D. R.Price; E.Prochnow; K.Ruud; F.Schiffmann; S.Stopkowicz; A.Tajti; J.Vázquez; F.Wang; J. 
D.Watts, and the integral packages MOLECULE (J.Almlöf; P. R.Taylor), ), PROPS (P. R.Taylor), ABACUS 
(T.Helgaker; H. J. Aa.Jensen; P.Jørgensen; J.Olsen; A. V.Mitin; C.van Wüllen); http://www.cfour.de.  

14 Scuseria, G. E. J. Chem. Phys. 1991, 94, 442– 447 
15 Gauss, J.; Stanton, J. F. Chem. Phys. Lett. 1997, 276, 70– 77 
16 (a) Schneider, W.; Thiel, W. Chem. Phys. Lett. 1989, 157, 367– 373. (b) Stanton, J. F.; Gauss, J. Int. Rev. Phys. 

Chem. 2000, 19, 61– 95 
17 (a) Noga, J.; Bartlett, R. J. J. Chem. Phys. 1987, 86, 7041– 7050. (b) Noga, J.; Bartlett, R. J. J. Chem. 

Phys. 1988, 89, 3401– 3401. (c) Scuseria, G. E.; Schaefer, H. F., III. Chem. Phys. Lett. 1988, 152, 382– 386 
18 (a) Oliphant, N.; Adamowicz, L. J. Chem. Phys. 1991, 94, 1229– 1235. (b) Kucharski, S. A.; Bartlett, R. J. J. 

Chem. Phys. 1992, 97, 4282– 4288 
19 (a) Kállay, M.MRCC, a string-based quantum chemical program suite, http://mrcc.hu. (b) Kallay, M.; Gauss, 

J. J. Chem. Phys. 2005, 123, 214105– 13 
20 (a) Cowan, R. D.; Griffin, D. C. J. Opt. Soc. Am. 1976, 66, 1010– 1014. (b) Klopper, W. J. Comput. 

Chem. 1997, 18, 20– 27 
21 Werner, H.-J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; M.Schütz; Celani, P.; Korona, T.; Lindh, R.; 

Mitrushenkov, A.; Rauhut, G.; Shamasundar, K. R.; Adler, T. B.; Amos, R. D.; Bernhardsson, A.; Berning, 
A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.; Goll, E.; Hampel, C.; Hesselmann, A.; Hetzer, 
G.; Hrenar, T.; Jansen, G.; C.Köppl; Liu, Y.; Lloyd, A. W.; Mata, R. A.; May, A. J.; McNicholas, S. J.; Meyer, 
W.; Mura, M. E.; Nicklaß, A.; D. P.O’Neill; Palmieri, P.; Peng, D.; K.Pflüger; Pitzer, R.; Reiher, M.; Shiozaki, 
T.; Stoll, H.; Stone, A. J.; Tarroni, R.; Thorsteinsson, T.; Wang, M.MOLPRO, a package of ab initio 
programs, http://www.molpro.net. 

22 Celani, P.; Werner, H.-J. J. Chem. Phys. 2003, 119, 5044– 5057 
23 Lischka, H.; Shepard, R.; Shavitt, I.; Pitzer, R. M.; Dallos, M.; Th.Müller; Szalay, P. G.; Brown, F. B.; Ahlrichs, R.; 

Böhm, H. J.; Chang, A.; Comeau, D. C.; Gdanitz, R.; Dachsel, H.; Ehrhardt, C.; Ernzerhof, M.; Höchtl, P.; 
Irle, S.; Kedziora, G.; Kovar, T.; Parasuk, V.; Pepper, M. J. M.; Scharf, P.; Schiffer, H.; Schindler, M.; 
Schüler, M.; Seth, M.; Stahlberg, E. A.; Zhao, J.-G.; Yabushita, S.; Zhang, Z.; Barbatti, M.; Matsika, S.; 
Schuurmann, M.; Yarkony, D. R.; Brozell, S. R.; Beck, E. V.; ; Blaudeau, J.-P.; Ruckenbauer, M.; Sellner, B.; 
Plasser, F.;; Szymczak, J. J.COLUMBUS, an ab initio electronic structure program, release 
5.9.1, http://www.univie.ac.at/columbus/. 

24 Lischka, H.; Shepard, R.; Pitzer, R. M.; Shavitt, I.; Dallos, M.; Muller, T.; Szalay, P. G.; Seth, M.; Kedziora, G. 
S.; Yabushita, S.; Zhang, Z. Phys. Chem. Chem. Phys. 2001, 3, 664– 673 

25 Henkelman, G.; Uberuaga, B. P.; Jonsson, H. J. Chem. Phys. 2000, 113, 9901– 9904 
26 Kastner, J.; Carr, J. M.; Keal, T. W.; Thiel, W.; Wander, A.; Sherwood, P. J. Phys. Chem. A 2009, 113, 11856– 65 
27 ChemShell, a Computational Chemistry Shell, http://www.chemshell.org. 
28 Bader, R. Atoms in Molecules: A Quantum Theory (International Series of Monographs on Chemistry; Oxford 

University Press: New York, 1994. 
29 AIMPAC, http://www.chemistry.mcmaster.ca/aimpac/. 
30 Zou, W.Molden2AIM, http://people.smu.edu/wzou/program/. 
31 Ruscic, B.; Pinzon, R. E.; Morton, M. L.; Srinivasan, N. K.; Su, M. C.; Sutherland, J. W.; Michael, J. V. J. Phys. 

Chem. A 2006, 110, 6592– 601 
32 (a) Lee, T. J. Chem. Phys. Lett. 1994, 223, 431– 438. (b) Guadagnini, R.; Schatz, G. C.; Walch, S. P. J. Chem. 

Phys. 1995, 102, 774– 774. (c) Wasylenko, W. A.; Kebede, N.; Showalter, B. M.; Matsunaga, N.; Miceli, A. 
P.; Liu, Y.; Ryzhkov, L. R.; Hadad, C. M.; Toscano, J. P. J. Am. Chem. Soc. 2006, 128, 13142– 50 

http://www.cfour.de/
http://mrcc.hu/


33 (a) Laursen, S. L.; Grace, J. E.; DeKock, R. L.; Spronk, S. A. J. Am. Chem. Soc. 1998, 120, 12583– 12594. 
(b) DeKock, R. L.; McGuire, M. J.; Piecuch, P.; Allen, W. D.; Schaefer, H. F.; Kowalski, K.; Kucharski, S. 
A.; Musial, M.; Bonner, A. R.; Spronk, S. A.J. Phys. Chem. A 2004, 108, 2893– 2903 

34 Brown, J. M.; Cole, A. R. H.; Honey, F. R. Mol. Phys. 1972, 23, 287 
35 Mizushima, M. Phys. Rev. A: Gen. Phys. 1972, 5, 143 
36 Smith, J. R.; Kim, J. B.; Lineberger, W. C. Phys. Rev. A 1997, 55, 2036 
37 NIST Chemistry WebBook; NIST Standard Reference Database Number 69; National Institute of Standards and 

Technology: Gaithersburg MD, 20899, http://webbook.nist.gov (retrieved September 28, 2012) . 
 

http://webbook.nist.gov/

	No Longer a Complex, Not Yet a Molecule: A Challenging Case of Nitrosyl O-Hydroxide, HOON
	Recommended Citation

	tmp.1613056108.pdf.ctjW5

