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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The rotational spectrum of 1- and 2- 
nitronapthalene was recorded in the 
2–8 GHz frequency range.

• Theoretical calculations have been per
formed using DFT and ab initio 
methods.

• Semi-experimental equilibrium struc
tures were obtained for 1- and 2- 
nitronapthalene.
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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) are widespread air pollutants in the Earth's atmosphere. Under
standing their structure is relevant for the study of their interactions with other atmospheric molecules and their 
participation in aerosol formation. Here we present the investigation of the structures of the most abundant 
nitrated PAHs in the atmosphere, 1-nitronaphthalene (1NN) and 2-nitronaphthalene (2NN), using high- 
resolution chirped pulse Fourier transform microwave spectroscopy and quantum-chemical calculations. The 
rotational constants, centrifugal distortion constants and 14N nuclear quadrupole coupling constants for both 
1NN and 2NN were determined. The observation of the heavy atom isotopologues in natural abundance led to 
the determination of experimental structures using substitution, effective, and mass-weighted methods. More
over, semi-experimental equilibrium structures for 1NN and 2NN were determined by using a reduced-cost 
protocol based on the Pisa Composite Schemes, which combines the experimental heavy-atom isotopologue 
data with hydrogen atom positions and vibrational corrections obtained from affordable quantum chemical 
calculations. The resulting semi-experimental equilibrium structures achieve spectroscopic accuracy, demon
strating the robustness and transferability of this strategy for nitroaromatic systems. Comparison of the bond 
lengths and angles of 1NN and 2NN with those of related substituted naphthalenes enabled identification of 
common structural trends.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are classified as major 
environmental pollutants due to their high toxicity to humans as well as 
to living organisms in aquatic and terrestrial environments [1]. Direct or 
indirect combustion sources such as vehicles, industries, and diesel en
gines lead to the emission of PAHs to the atmosphere and their subse
quent accumulation. Substituted PAHs are known to be more stable and 
toxic than their parent PAHs [2]. Among them, nitrated PAHs (NPAHs) 
are widespread in the atmosphere, where they are emitted from 
incomplete combustion of fossil fuels and biomass, as well as produced 
from reactions of their parent PAHs with atmospheric oxidants [3]. 
NPAHs have been found to be persistent in the environment, and their 
harmful effects include mutagenic activity, carcinogenesis, and 
apoptosis, among others, with much higher potency than related 
unsubstituted PAHs [3].

1- and 2-nitronaphthalene (1NN and 2NN, respectively) are among 
the most abundant NPAHS in the atmosphere [4]. They are derivatives 
of naphthalene where an –NO2 group replaces a hydrogen atom at po
sitions 1 and 2, respectively (see Fig. 1). During daylight, both com
pounds can be produced in the atmosphere via the addition of a 
hydroxyl radical to naphthalene, subsequently leading to a reaction with 
nitrogen dioxide and the removal of a water molecule [3]. During night 
time, they can be formed through nitrate radical addition on naphtha
lene followed by a reaction with nitrogen dioxide and a loss of nitric acid 
molecule [5,6]. A higher proportion of 1NN is formed through these 
reactions as compared to 2NN [5,6].

1NN and 2NN have been investigated theoretically and experimen
tally [4,7–14]. Experimental studies have focused on their photochem
istry and photophysics. Gas-phase photolysis was found to be the main 
cause of degradation of 1NN and 2NN in the atmosphere [4,12–15]. 
Photolysis of 1NN results in a significant production of phenoxy- 
naphthoxyl dimers, which contribute substantially to secondary 
organic aerosol (SOA) formation in the atmosphere and thus hold 
serious implications for urban air quality [16]. Photolysis rates of 1NN 
are an order of magnitude larger than those of 2NN [4,14]. This was 
attributed to different branching of the excited singlet state populated 
upon light irradiation between a triplet state and a singlet dissociative 
state [13]. The different torsional angle of the nitro group in 1NN and 
2NN was proposed to play a major role in their dissimilar photo
degradation behaviour [13]. It also has toxicity implications, as the 
longer-lived 2NN is more mutagenic. The relationship between structure 
and photochemical behaviour may be of relevance for other NPAHs.

In addition to their environmental relevance, 1NN and 2NN are also 
of interest in their role as prototypical systems for studying intra
molecular charge transfer and nitro–arene interactions [17,18]. In 
particular, the different position of the nitro group on the naphthalene 
ring in 1NN and 2NN results in distinct electronic and spectroscopic 
properties. In comparison with 1NN, 2NN has a stronger π conjugation 
bonding between the nitro group and the aromatic system due to its 
higher dipole moment, electronic polarizability and second 

hyperpolarizability [7]. Moreover, the torsional angle of the –NO2 group 
with respect to the naphthalene ring plane is predicted to be around 0◦ in 
2NN but close to 135◦ in 1NN according to recent calculations [9]. 
However, there are no experimental reports of the structural parameters 
of 1NN and 2NN.

Rotational spectroscopy is a powerful tool for probing the geometry 
of molecules with high accuracy [19], since every molecule exhibits a 
distinct rotational spectrum determined by its unique mass distribution. 
The only requirement is for the molecule to possess a permanent dipole 
moment. In nitronaphthalenes, this arises from the electron- 
withdrawing –NO2 group. Importantly, it is experimentally feasible to 
observe the rotational spectra of all heavy atom isotopologues (i.e., 
those containing 13C, 15N, or 18O) at natural abundance, which will 
enable determination of the bond lengths and angles in which they 
participate. Deuterated isotopologues are not normally accessible under 
standard experimental conditions, due to the low natural abundance of 
deuterium (0.015%) and the lack of isotopic enrichment in typical 
samples.

Owing to recent hardware and software developments, quantum 
chemical (QC) methods have become an invaluable complement to 
experimental spectroscopy. Current standard practices often neglect 
vibrational effects and employ hybrid density functionals or second- 
order Møller–Plesset perturbation theory (MP2) for structure determi
nation [20–23]. While these methods offer a reasonable balance be
tween accuracy and computational cost, their limited intrinsic precision 
and the neglect of vibrational averaging effects hamper the unambigu
ous interpretation of high-resolution spectroscopic data in structural 
terms. To address their limitations, we have developed the Pisa Com
posite Schemes (PCS) [24], a family of QC methods designed to signif
icantly enhance the accuracy of molecular structure predictions for 
medium-sized molecules at a reasonable computational cost [25]. In 
parallel, new models have been developed, which permit the compu
tation of vibrational contributions at the cost of a harmonic calculation 
for a single isotopologue or a single anharmonic calculation to account 
for all isotopologues of a given molecule [26,27]. Furthermore, we have 
integrated the Gaussian [28] and MSR (Molecular Structure Refinement) 
[29] programs in a fully automated, black-box workflow, which facili
tates the routine use of advanced quantum mechanical calculations in 
spectroscopic studies. In particular, the ground state rotational constants 
obtained from computed equilibrium structures and vibrational cor
rections of different isotopologues can be directly compared with their 
experimental counterparts.

Among the available techniques for gas-phase structure refinement, 
the semi-experimental (SE) approach is known as the most accurate, 
providing equilibrium geometries (rSE

e ) by correcting experimental 
rotational constants for vibrational contributions computed from 
quantum chemistry [30–32]. However, the high computational cost of 
anharmonic force fields and the need for isotopic substitution of all non- 
equivalent atoms often limit the practical application of this approach. 
The former can be addressed through the methods mentioned above, 
while the latter can be mitigated using constrained regressions or the 

Fig. 1. Structures and atom labelling of 1-nitronaphthalene (left) and 2-nitronaphthalene (right).
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template molecule strategy [31–33].
In this work, we report the high-resolution rotational study of 1NN 

and 2NN in gas phase, combining chirped pulse Fourier transform mi
crowave (CP-FTMW) spectroscopy [34] with QC calculations based on 
the BDPCS3 variant [35,36], which approaches the accuracy of coupled- 
cluster methods with the computational efficiency of double-hybrid 
functionals augmented by one-parameter bond corrections. The obser
vation of the rotational spectra of the parent species and the heavy-atom 
isotopologues of 1NN and 2NN enabled determination of their experi
mental as well as their semi-experimental equilibrium structures. 1NN 
and 2NN show changes in bond lengths in comparison with naphtha
lene, indicating structural modifications in the naphthalene ring.

The results obtained for nitronaphthalene isomers demonstrate the 
effectiveness of this cost-efficient SE protocol in deriving accurate 
equilibrium structures from limited isotopic data. Beyond the intrinsic 
chemical interest of these systems, our findings provide a transferable 
framework for structural studies of other substituted polycyclic aro
matics, highlighting the synergy between rotational spectroscopy and 
modern computational chemistry.

2. Methods

2.1. Experimental

The broadband rotational spectra of 1NN and 2NN were recorded in 
the 2–8 GHz frequency range using our chirped pulse Fourier transform 
microwave spectrometer at King's College London [37,38]. 1NN (99%, 
Apollo Scientific) and 2NN (95%, Apollo Scientific) were used without 
any further purification and heated to 398 K (1NN) and 410 K (2NN) to 
increase their concentration in the gas phase. A bespoke heating reser
voir attached to the solenoid valve was used. The samples were seeded in 
neon as a carrier gas at a backing pressure of 5 bar and then conducted to 
the vacuum chamber, where the molecules expand adiabatically to form 
a supersonic expansion. Each molecular pulse of our target molecules, of 
typically 1000 μs length, was polarized by four chirped microwave 
pulses, each of 4 μs duration, spaced 30 μs. The resulting emission signal 
was collected for 20 μs after each microwave pulse as a free induction 
decay (FID) and stored into a fast oscilloscope. The FIDs are recorded in 
the time domain and then converted into the frequency domain using a 
fast Fourier transform algorithm. The final spectrum was obtained from 
averaging 3.8 MFIDs and 4.9 MFIDs for 1NN and 2NN, respectively.

2.2. Computational

1NN and 2NN are expected to be quite rigid and therefore no 

conformational sampling was necessary. Initially the B3LYP hybrid 
density functional [39,40], augmented by the D3BJ empirical dispersion 
[41,42], and the MP2 [43] wave-function model with Pople's 
6–311++G(d,p) basis set were employed to optimise their geometries. 
However, predicted 14N nuclear quadrupole coupling constants (NQCC) 
showed large differences. It has been reported that the NQCCs of the 
–NO2 group are not well described by MP2 [44–47]. Hence, additional 
calculations were performed using the B3PW91 functional [48], which 
is known to yield accurate values of NQCCs for molecules with 14N, 
including those with nitro groups [44,47,48]. The spectroscopic pa
rameters of the theoretical structures, including the rotational and 
NQCCs constants, and the dipole moment components, predicted by the 
methods above are collected in Table 1.

Spectroscopic parameters from calculations refer to equilibrium 
structures (Aeq, Beq, Ceq) while the experimental ones correspond to 
effective structures in the ground vibrational state (A0, B0, C0) [19]. 
Therefore, proper comparison between experimental and quantum- 
chemistry data requires accounting for the couplings between rota
tions and vibrations (broadly referred to as vibrational corrections) 
needed to go from equilibrium to ground state parameters. In the 
framework of vibrational perturbation theory to second order (VPT2), 
the computation of vibrational corrections requires harmonic fre
quencies (ωi), Coriolis couplings (ζij,τ) and, above all, semi-diagonal 
third derivatives of the energy with respect to normal modes (fiij) 
[26,33].

A two-tier approach was followed to calculate vibrational correc
tions while ensuring cost-efficiency. First, molecular structures are 
optimized using B3LYP-D3BJ [39–42] in conjunction with the 6–31+G* 
basis set [49–51] (hereafter HPCS2). Then, the geometrical parameters 
are refined with the revDSD-PBEP86 double hybrid functional [52]
augmented by the D3BJ empirical dispersion [41,42] in conjunction 
with the 3F12− basis set [53], which is obtained from its standard cc- 
pVTZ-F12 (3F12) counterpart [54] by removing d functions on first- 
row atoms and replacing the two f functions on second- and third-row 
atoms by a single f function taken from the cc-pVTZ basis set [55]. 
This combination of density functional, basis set, and dispersion cor
rections will be referred to as DPCS3 in the following. In addition to 
geometrical parameters [56], it is well documented that the DPCS3 
model provides remarkably accurate centrifugal-distortion constants 
[57], dipole moments [58], and nuclear quadrupole coupling constants 
[59].

The magnitude of vibrational corrections is typically between 0.3 
and 0.7% of the corresponding equilibrium rotational constants. Since 
the relative errors of vibrational corrections computed at the HPCS2 
level are usually of the order of 10%, the ensuing error on the rotational 

Table 1 
Theoretical equilibrium spectroscopic parameters for 1- and 2-nitronaphtalene using different methods with the 6–311++G(d,p) basis set.

Parameter 1NN 2NN

B3LYP-D3BJ MP2 B3PW91 B3LYP-D3BJ MP2 B3PW91

Aa (MHz) 1364.9 1329.8 1370.3 2258.1 2238.8 2265.9
B (MHz) 745.7 751.1 747.5 496.1 492.8 497.7
C (MHz) 492.5 500.4 493.8 406.8 406.3 408.1
Pc

b (uÅ2) 10.84 21.47 10.71 0.00 3.70 0.00
Δc (uÅ2) − 21.67 − 42.94 − 21.43 0.00 − 7.41 0.00
|μa|/|μb|/|μc|d (D) 4.2/2.6/0.0 3.6/2.2/0.0 4.1/2.5/0.0 5.6/0.9/0.0 4.9/0.9/0.1 5.5/0.9/0.0
χaa

e (MHz) − 0.54 − 0.22 − 0.51 − 1.14 − 0.52 − 1.08
χbb (MHz) − 0.20 − 0.15 − 0.19 0.28 0.82 0.25
χcc (MHz) 0.73 0.37 0.70 0.86 − 0.30 0.83
∠O1-N-C1-C2 147.0 130.6 147.1 – – –
∠O1-N-C2-C1 – – – 0.0 20.8 0.0

a A, B and C are the rotational constants.
b Planar moment of inertia Pc =

∑
imici

2.
c Inertial defect Δ = Ic − Ia − Ib.
d Absolute values of the components of the electric dipole moment along the principal inertial axes.
e χaa, χbb and χcc are the nuclear quadrupole coupling constants.
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constants is more than acceptable. At the same time, equilibrium ge
ometries computed at the DPCS3 level are remarkably accurate but need 
further refinement to reach spectroscopic accuracy. In particular, the 
application of bond corrections to DPCS3 geometries (respectively 
referred to as ΔrBCV

ij for the core-valence (CV) contribution and ΔrBV
ij for 

the valence contribution) leads to the very accurate BDPCS3 model: 

rij(BDPCS3) = rij(DPCS3)+ΔrCV
ij +ΔrBCV

ij 

with 

ΔrBCV
ij = Kni,nj 

and 

ΔrBV
ij = K'ni,nj rij(DPCS3)

where ni and nj are the atomic numbers of atoms involved in the bond. 
One-parameter corrections for all bond lengths can be obtained relating 
Kni,nj to the covalent radii of the atoms and K'ni,njto the Pauling bond 
order [25,35,36]. A statistical comparison of 286 C–H bonds from the 
SE111 database [25] showed that DPCS3 geometries exhibit a consistent 
overestimation of C–H bond lengths, with an average deviation which is 
more than twice the magnitude of the current BDPCS3 correction. To 
account for this, we applied a uniform reduction of 0.0025 Å to the 

DPCS3 C–H bond lengths. Note that the BDPCS3 results can be obtained 
at the same cost as the underlying DPCS3 geometry optimization.

All the quantum-chemistry computations have been performed with 
the Gaussian16 package [28] and the BDPCS3 geometrical parameters 
have been obtained by a public domain web site (https://www.skies-vi 
llage.it/proxima/pcsbonds/).

3. Results

3.1. Spectral analysis

The rotational spectra of 1NN and 2NN showed intense lines in the 
2–8 GHz frequency region (see Fig. S1). The theoretical rotational 
constants and dipole moment values listed in Table 1 informed our 
initial searches for rotational transition patterns corresponding to each 
molecule. Both 1NN and 2NN had large values predicted for the μa 
dipole moment component (~4.2 D and ~5.6 D, respectively), and thus 
we first searched for R-branch a-type transitions. A set of intense a-type 
J + 1 ← J transitions showing the expected spectral patterns was iden
tified for each of 1NN and 2NN through the AUTOFIT [60,61] feature 
incorporated in the program PGOPHER [61,62]. Our assignments of 
both 1NN and 2NN were confirmed through the measurement of addi
tional a- and b-type transitions. The relative intensities of the transitions, 
with strong a-type and weaker b-type lines, were consistent with the 

Fig. 2. Sections of the broadband rotational spectrum showing the 14N nuclear hyperfine splittings observed for the a-type 31,3 ← 21,2 (enlarged region shows the 
weaker F′ ← F″ components) and the b-type 22,0 ← 11,1 rotational transitions of 1-nitronaphthalene (top) and 2-nitronaphthalene (bottom).
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predicted dipole moment values.
Each transition of both nitronaphthalenes was split into several 

components due to the presence of a quadrupole 14N nucleus. However, 
some of the rotational transitions, especially a-type ones, showed the 
three most intense F + 1 ← F components blended as an intense peak, 
with the two less intense F ← F components featured on either side 
(Fig. 2). Using Pickett's SPFIT/SPCAT programs [63], the measured 
hyperfine components were fit to Watson A-reduced semirigid rotor 
Hamiltonian in the Ir representation [64] supplemented by an additional 
term to give account of the nuclear quadrupole coupling splitting [19]. 
The experimental spectroscopic parameters of 1NN and 2NN determined 
from the fits are compiled in Tables 2 and 3. For 2NN, no centrifugal 
distortion constants were determined when floated.

The high intensity of the transitions allowed to observe 13C and 15N 
isotopologues in natural abundances (1.1% and 0.4%, respectively), and 
also the 18O isotopologues (0.2% natural abundance) for 2NN. The 
transitions arising from the isotopologues were observed at the expected 
frequency shifts from the parent species, and were fitted to the same 
Hamiltonian. For the 13C species, only the most intense nuclear quad
rupole coupling hyperfine component was observed for each transition, 
and therefore the NQCCs were fixed in the fits to those determined for 
the corresponding parent species. The obtained rotational constants are 
collected in Tables 2 and 3.

3.2. Structural determination

The different position of the –NO2 substituent in 1NN and 2NN re
sults in a significant change in their structures. Their inertial defects, 
determined from the principal moments of inertia using the relation Δ =
Ic – Ia − Ib, are dramatically different (Tables 2 and 3). For 1NN, Δ =
− 28.916(3) uÅ2, while for 2NN, Δ = − 0.765(1) uÅ2. Values of the in
ertial defect close to zero are taken as an indication of planarity [19]. 

The small negative value for 2NN is consistent with it being planar and 
with similar values of Δ for other PAHs, caused by their low-frequency 
out-of-plane vibrations [65–67]. Moreover, the values of the experi
mental planar moments of inertia Pc for 2NN and its isotopologues are 
nearly invariant (see Table 3). Since Pc informs on the mass distribution 
out of the ab inertial plane, this indicates that all the substituted atoms 
(carbons, nitrogen and oxygens) are on the ab plane. All density func
tional methods predict a equilibrium planar structure of 2NN in agree
ment with experimental observations, with virtually zero values for the 
inertial defect from the equilibrium rotational constants (see Tables 1 
and 4). MP2, however, predicts Δ = − 7.41 uÅ2. This indicates a sig
nificant out-of-plane contribution, arising from a rotation of the –NO2 
group, which adopts a ∠O1-N-C2-C1 dihedral angle of 20.8◦. The 
BDPCS3 method including vibrational corrections computed at the 
HPCS2 level (P0 (Best) in Table 4), described below, returns Δ = − 1.02 
uÅ2, remarkably close to the experimental value.

The experimental inertial defect of 1NN shows that it is non-planar. 
The Pc values of the parent species, 13C and 15N isotopologues display 
minimal changes (see Tables 2 and 3), thus implying that the carbon and 
nitrogen nuclei are located on the ring plane, and that non-planarity 
arises from the –NO2 group. A relaxed potential energy scan of the 
∠O1-N-C1-C2 dihedral angle of 1NN using B3LYP-D3BJ/6–311++G(d, 
p) confirms that the planar configuration is ca. 3 kJ mol− 1 above the 
global minimum (see Fig. S2). In fact, all theoretical methods predict the 
–NO2 group to be out of plane, with values of the ∠O1-N-C1-C2 dihedral 
angle of 147.0◦ (B3LYP-D3BJ), 130.6◦ (MP2), 147.1◦ (B3PW91). B3LYP- 
D3BJ, MP2 and B3PW91 predict the 1NN inertial defect values as 
− 21.67 uÅ2, − 42.94 uÅ2 and − 21.43 uÅ2, respectively, while the 
experimental value lies between these predictions, but it is closer to the 
density functional theory values. Including vibrational corrections 
within the BDPCS3 method achieves excellent results, with an inertial 
defect of − 28.96 uÅ2 (Table 5), which corresponds to a torsional angle 

Table 2 
Experimental spectroscopic parameters of the parent, 13C and 15N isotopologues of 1-nitronaphthalene.

Parameter Parent 13C1
13C2

13C3
13C4

13C5

Aa (MHz) 1353.89427(73)g 1353.625(14) 1344.6001(67) 1330.2952(90) 1337.295(18) 1353.460(17)
B (MHz) 748.56249(32) 747.50019(84) 746.6170(12) 748.4548(13) 747.3509(31) 740.4218(12)
C (MHz) 495.71519(33) 495.22913(51) 493.61058(30) 492.47452(47) 492.93768(40) 492.06718(50)
ΔJ (kHz) 0.0120(40) [0.0120]h [0.0120] [0.0120] [0.0120] [0.0120]
δK (kHz) 0.127(45) [0.127] [0.127] [0.127] [0.127] [0.127]
Pc

b (uÅ2) 14.4580(34) 14.4746(20) 14.4543(11) 14.4632(15) 14.4497(29) 14.4503(25)
a/b/cc (D) y/y/n y/n/n y/n/n y/n/n y/n/n y/n/n
χaa

d (MHz) − 0.4881(64) [− 0.4881] [− 0.4881] [− 0.4881] [− 0.4881] [− 0.4881]
χbb (MHz) − 0.1631(81) [− 0.1631] [− 0.1631] [− 0.1631] [− 0.1631] [− 0.1631]
χcc (MHz) 0.6512(81) [0.6512] [0.6512] [0.6512] [0.6512] [0.6512]
Ne 115 11 7 8 7 10
σf (kHz) 8.0 8.1 4.5 6.7 5.2 7.4

Parameter 13C6
13C7

13C8
13C9

13C10
15N

Aa (MHz) 1350.7658(69)g 1340.748(20) 1345.0201(74) 1353.804(19) 1351.670(14) 1352.389(17)
B (MHz) 738.29994(60) 743.9070(12) 747.99734(68) 748.4631(13) 746.5180(10) 743.56915(98)
C (MHz) 490.78745(33) 491.92709(78) 494.28183(36) 495.66460(57) 494.52395(57) 493.33088(75)
ΔJ (kHz) [0.0120] [0.0120]h [0.0120] [0.0120] [0.0120] [0.0120]
δK (kHz) [0.127] [0.127] [0.127] [0.127] [0.127] [0.127]
Pc

b (uÅ2) 14.4644(11) 14.4753(48) 14.4663(11) 14.4633(27) 14.4617(21) 14.4690(26)
a/b/cc (D) y/n/n y/n/n y/n/n y/n/n y/n/n y/n/n
χaa

d(MHz) [− 0.4881] [− 0.4881] [− 0.4881] [− 0.4881] [− 0.4881] –
χbb (MHz) [− 0.1631] [− 0.1631] [− 0.1631] [− 0.1631] [− 0.1631] –
χcc (MHz) [0.6512] [0.6512] [0.6512] [0.6512] [0.6512] –
Ne 12 10 11 11 13 8
σf (kHz) 6.1 11.4 6.8 8.9 9.4 9.3

a A, B and C are the rotational constants, ΔJ and δK are the quartic centrifugal distortion constants.
b Planar moment of inertia Pc =

∑
imici

2.
c Yes (y) or no (n) observation of μa-, μb- and μc- type transitions.
d χaa, χbb and χcc are the 14N nuclear quadrupole coupling constants.
e N is the number of the fitted hyperfine components.
f σ is the rms deviation of the fit.
g Standard error in parentheses in units of the last digit.
h Values in square brackets are fixed to those of the parent species.
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Table 3 
Experimental spectroscopic parameters of the parent, 13C, 15N and 18O isotopologues of 2-nitronaphthalene.

Par. Parent 13C1
13C2

13C3
13C4

13C5
13C6

Aa (MHz) 2252.8043(11)g 2244.648(42) 2252.751(40) 2231.461(50) 2220.349(50) 2239.646(46) 2252.575(49)
B (MHz) 496.08294(16) 496.00566(35) 495.18474(34) 495.56595(45) 496.04548(45) 492.59400(40 489.69563(39)
C (MHz) 406.80652(12) 406.48822(33) 406.20058(32) 405.75897(41) 405.71297(41) 404.03234(37) 402.49339(37)
Pc

b (uÅ2) − 0.76476(40) − 0.7670(32) − 0.7642(21) − 0.7654(26) − 0.7718(27) − 0.7677(24) − 0.7623(25)
a/b/c c(D) y/y/n y/n/n y/n/n y/n/n y/n/n y/n/n y/n/n
χaa

d (MHz) − 1.0621(33) [− 1.0621]h [− 1.0621] [− 1.0621] [− 1.0621] [− 1.0621] [− 1.0621]
χbb (MHz) 0.2244(58) [0.2244] [0.2244] [0.2244] [0.2244] [0.2244] [0.2244]
χcc (MHz) 0.8377(58) [0.8377] [0.8377] [0.8377] [0.8377] [0.8377] [0.8377]
Ne 190 22 23 22 22 20 24
σf (kHz) 8.5 6.9 6.6 8.3 8.2 7.6 7.7

Par. 13C7
13C8

13C9
13C10

15N 18O1
18O2

Aa (MHz) 2238.610(44)g 2228.934(47) 2249.720(49) 2246.198(37) 2252.134(26) 2212.178(57) 2244.851(63)
B (MHz) 490.91400(35) 494.24530(40) 495.67092(41) 495.25689(32) 492.32970(20) 487.00271(48) 483.73491(51)
C (MHz) 402.87043(33) 404.78986(38) 406.42888(37) 406.03668(30) 404.25742(19) 399.37464(48) 398.22051(37)
Pc

b (uÅ2) − 0.7757(23) − 0.7650(25) − 0.7643(25) − 0.7678(19) − 0.7637(13) − 0.7607(31) − 0.7784(33)
a/b/c c(D) y/n/n y/n/n y/n/n y/n/n y/n/n y/n/n y/n/n
χaa

d (MHz) [− 1.0621]h [− 1.0621] [− 1.0621] [− 1.0621] – [− 1.0621] [− 1.0621]
χbb (MHz) [0.2244] [0.2244] [0.2244] [0.2244] – [0.2244] [0.2244]
χcc (MHz) [0.8377] [0.8377] [0.8377] [0.8377] – [0.8377] [0.8377]
Ne 23 23 22 21 22 13 13
σf (kHz) 6.9 7.8 7.6 6.0 3.9 7.6 6.7

a A, B and C are the rotational constants.
b Planar moment of inertia Pc =

∑
imici

2.
c Yes (y) or no (n) observation of μa-, μb- and μc- type transitions.
d χaa, χbb and χcc are the 14N nuclear quadrupole coupling constants.
e N is the number of the fitted hyperfine components.
f σ is the rms deviation of the fit.
g Standard error in parentheses in units of the last digit.
h Values in square brackets are fixed to those of the parent species.

Table 4 
Comparison between the experimental and computed ground-state rotational constants (in MHz), nuclear quadrupole coupling constants (in MHz), and dipole moment 
components (in Debye) of 2-nitronaphthalene.

Peq (HPCS2) Peq (BDPCS3) ΔPvib (HPCS2) P0 (HPCS2) P0 (Best) Exp.

A 2250.4 2269.8 − 16.0 2234.4 2253.8 2252.8043
B 495.7 499.2 − 3.2 492.5 495.9 496.08294
C 406.2 409.2 − 2.5 403.8 406.7 406.80652
max%a – – – 0.81 0.04 –
mue%b – – – 0.76 0.03 –
χaa − 1.08 − 1.03 − 0.02 − 1.10 − 1.05 − 1.0621
χbb 0.31 0.30 − 0.00 0.30 0.23 0.2244
χcc 0.78 0.73 0.03 0.80 0.76 0.8376
μa − 5.2 − 5.0 0.1 − 5.2 − 4.9 y
μb 0.8 0.9 0.0 0.8 0.8 y
μc 0.0 0.0 0.0 0.0 0.0 n

[a] Maximum absolute percentage error of the theoretical rotational constants with respect to their experimental counterparts. [b] Mean unsigned relative error of the 
theoretical rotational constants with respect to their experimental counterparts.

Table 5 
Comparison between the experimental and computed ground-state rotational constants (in MHz), nuclear quadrupole coupling constants (in MHz), and dipole moment 
components (in Debye) of 1-nitronaphthalene.

Peq (HPCS2) Peq (BDPCS3) ΔPvib (HPCS2) P0 (HPCS2) P0 (Best) Exp.

A 1370.0 1364.2 − 9.5 1360.4 1354.7 1353.89427
B 742.3 752.9 − 4.8 737.5 748.0 748.56249
C 488.2 498.7 − 3.1 485.0 495.6 495.71519
max%a – – – 2.1 0.1 –
mue%b – – – 1.4 0.0 –
χaa − 0.53 − 0.46 0.01 − 0.52 − 0.45 − 0.49
χbb − 0.17 − 0.16 − 0.02 − 0.19 − 0.19 − 0.17
χcc 0.70 0.62 0.01 0.71 0.63 0.65
μa − 4.0 − 3.7 0.1 − 3.9 − 3.66 y
μb 2.4 2.3 0.0 2.4 2.25 y
μc 0.0 0.0 0.0 0.0 0.01 n

[a] Maximum absolute percentage error of the theoretical rotational constants with respect to their experimental counterparts. [b] Mean unsigned relative error of the 
theoretical rotational constants with respect to their experimental counterparts.
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for the –NO2 group of 141.5◦.
We used different structural determination methods to obtain the 

structural parameters of 1NN and 2NN, taking advantage of the obser
vation of isotopically substituted species. The coordinates of the 
substituted atoms in the principal inertial axis system were obtained by 
applying Kraitchman's equations [68] as implemented in the program 
KRA [69] (Tables S2-S3). Structural parameters were then computed 
using the program EVAL [69], leading to partial rs substitution struc
tures (Tables 6 and 7). A caveat of rs structures is that substitution co
ordinates with small values (corresponding to atoms located close to the 
principal inertial axes) are typically affected by large errors, and so are 
the structural parameters derived from them. For 1NN, all atoms have 
small values for the c coordinate, as only the oxygen atoms of the –NO2 
group are off the molecular plane. The c coordinates of C2, C4 and C5 
were fixed to zero as applying Kraitchman's equations returned imagi
nary values (Table S2). In addition, C9 has small values for all three a, b 
and c coordinates, and C1 and C5 have small values for the b coordinate 
(Table S2). For 2NN, a planar molecule, any two pairs of moments of 
inertia can be used to determine structural parameters, but their results 
will be slightly different as the inertial defect is not zero. Therefore, and 

considering that the inertial defect of 2NN is relatively large, with a 
value of Δ = − 0.765(1) uÅ2, we calculated the rs coordinates from each 
of the two pairs and average their values (Table S3). In 2NN, C1 and C4 
have small a coordinates while C2 and C6 have small b coordinates.

We also determined the effective r0 structure for 1NN and the mass- 
dependent rm

(1) structure for 2NN [70] through least-squares fits of the 
experimental ground state moments of inertia of their parent and 
observed isotopologues using the program STRFIT [69] (Tables S4 and 
S5). It was not possible to obtain a comparably good fit for the r0 
structure 2NN without the inclusion of the mass-dependent term that 
considers the contributions of the vibrations from the various iso
topomers to the moments of inertia.

Additionally, we calculated the semi-experimental equilibrium (SE) 
structures to account for the vibrational effects which cause the differ
ence between equilibrium (Aeq, Beq, Ceq) and experimental ground-state 
(A0, B0, C0) rotational constants. We followed an approach that was 
found to be optimal for nitrobenzene, which was used as a benchmark 
system (see details in the SI). Nitrobenzene is a simple nitroaromatic 
compound for which the rotational spectra of all its isotopologues, 
including the hydrogen atoms, had been observed [71]. This allowed us 

Table 6 
Experimental, theoretical and semi-experimental equilibrium structural parameters of 2-nitronaphthalene (distances in Å, angles in degrees).

Parameter rs rm
(1) HPCS2 DPCS3 BDPCS3 SEc,d,e

r(C1-C2) 1.372(22) 1.366(6)a 1.3746 1.3696 1.3675 1.366(3)
r(C2-C3) 1.433(30) 1.406(7) 1.4129 1.4104 1.4082 1.4095
r(C3-C4) 1.348(8) 1.380(8) 1.3727 1.3707 1.3690 1.369(2)
r(C4-C10) 1.436(6) 1.427(8) 1.4217 1.4195 1.4173 1.418(2)
r(C5-C10) 1.4242(18) 1.421(3)a 1.4179 1.4172 1.4152 1.414(1)
r(C5-C6) 1.388(12) 1.373(6) 1.3768 1.3732 1.3714 1.372(2)
r(C6-C7) 1.406(16) 1.422(7) 1.4163 1.4148 1.4126 1.414(2)
r(C7-C8) 1.3766(13) 1.375(3) 1.3750 1.3723 1.3706 1.3706(9)
r(C8-C9) 1.431(4) 1.428(4) 1.4202 1.4187 1.4164 1.418(1)
r(C9-C1) 1.366(5) 1.408(7) 1.4150 1.4152 1.4129 1.413(3)
r(C9-C10) 1.421(5) 1.421(7) 1.4338 1.4242 1.4219 1.423(2)
r(N-C2) 1.476(7) 1.481(3) 1.4683 1.4710 1.4682 1.467(2)
r(O1-N) 1.233(7) 1.221(3) 1.2310 1.2241 1.2215 1.220(1)
r(O2-N) 1.221(6) 1.2271(3) 1.2314 1.2248 1.2222 1.222(2)
r(H1-C1) – 1.0816b 1.0834 1.0819 1.0794 1.0794f

r(H3-C3) – 1.0803b 1.0820 1.0802 1.0877 1.0877f

r(H4-C4) – 1.0839b 1.0860 1.0841 1.0816 1.0816f

r(H5-C5) – 1.0842b 1.0866 1.0844 1.0819 1.0819f

r(H6-C6) – 1.0837b 1.0860 1.0834 1.0809 1.0809f

r(H7-C7) – 1.0833b 1.0858 1.0833 1.0808 1.0808f

r(H8-C8) – 1.0841b 1.0865 1.0843 1.0818 1.0818f

∠ (O1-N-C2) 116.6(12) 118.10(14) 117.94 117.88 117.88 117.95(3)
∠ (O2-N-C2) 119.2(13) 117.5(3)a 117.49 117.37 117.37 117.44(3)
∠ (N-C2-C3) 116.4(14) 117.8(2) 118.66 118.53 118.53 118.54(5)
∠ (C1-C2-C3) 122.1(6) 123.5(3)a 122.52 122.72 122.72 122.7(1)
∠ (C2-C3-C4) 118.2(3) 118.0(2) 118.67 118.55 118.55 118.54(2)
∠ (C3-C4-C10) 121.1(2) 121.0(2) 121.24 121.15 121.15 121.14(2)
∠ (C4-C10-C9) 118.5(3) 118.9(3) 119.01 119.13 119.13 119.12(2)
∠ (C10-C9-C1) 120.4(3) 119.7(4) 119.07 119.22 119.22 119.22(2)
∠ (C5-C6-C7) 120.6(3) 120.36(16) 120.54 120.46 120.46 120.46(2)
∠ (C6-C7-C8) 120.4(2) 120.19(18) 120.26 120.31 120.31 120.31(2)
∠ (C7-C8-C9) 120.8(2) 120.6(3) 120.55 120.42 120.42 120.41(2)
∠ (C8-C9-C10) 118.7(2) 118.8(4) 119.20 119.30 119.30 119.28(2)
∠ (C9-C1-C2) 119.8(9) 118.9(4)a 119.46 119.21 119.21 119.3(1)
∠(H1-C1-C9) – 120.76b 120.81 120.75 120.75 120.75f

∠ (H3-C3-C4) – 122.05b 122.18 121.99 121.99 121.99f

∠ (H4-C4-C10) – 118.85b 118.76 118.90 118.90 118.90f

∠ (H5-C5-C6) – 120.44b 120.53 120.51 120.51 120.51f

∠ (H6-C6-C7) – 119.48b 119.49 119.54 119.54 119.54f

∠ (H7-C7-C6) – 119.60b 119.60 119.61 119.61 119.61f

∠ (H8-C8-C7) – 120.64b 120.71 120.68 120.68 120.68f

σg ​ 0.034 – – – 0.01

a Derived parameter.
b Fixed to the B3LYP-D3BJ/6–311++G(d,p) value.
c Vibrational corrections at the HPCS2 level of theory.
d Fit performed employing the A and B rotational constants of each isotopic species, equally weighted.
e SE structure obtained starting from the BDPCS3 geometry and optimizing the C–C–C and dihedral angles classes, and the other parameters separately.
f Fixed to the DPCS3 value.
g Standard deviation of the fit (in MHz).
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to obtain a complete SE equilibrium structure by applying vibrational 
corrections computed at the HPCS2 level to the BDPCS3 structural pa
rameters. However, a reduced-dimensionality SE fit in which the 
hydrogen atoms are fixed at their BDPCS3 positions yielded a more 
stable final structure (Table S1). The same method was applied to 1NN 
and 2NN.

The equilibrium geometries of 1NN and 2NN have been computed at 

both the HPCS2 and BDPCS3 levels of theory, along with the values of 
the properties of interest, namely, rotational constants, NQCCs, and 
dipole moment components. Vibrational corrections to these properties 
computed at the HPCS2 level and combined with their equilibrium 
BDPCS3 counterparts provide the best estimate of the ground-state 
properties: 

Table 7 
Experimental, theoretical and semi-experimental equilibrium structural parameters of 1-nitronaphthalene (distances in Å, angles in degrees).

Parameter rs r0 HPCS2 DPCS3 BDPCS3 SEc,d

r(C1-C2) 1.423(8) 1.395(15) 1.3788 1.3715 1.3698 1.383(6)
r(C2-C3) 1.406(5) 1.397(12) 1.4068 1.4081 1.4060 1.407(3)
r(C3-C4) 1.408(6) 1.412(6) 1.3753 1.3718 1.3701 1.373(3)
r(C4-C10) 1.413(3) 1.409(7) 1.4180 1.4175 1.4152 1.407(3)
r(C10-C5) 1.435(3) 1.427(5) 1.4195 1.4184 1.4162 1.419(2)
r(C5-C6) 1.348(6) 1.371(5)a 1.3736 1.3706 1.3689 1.374(3)
r(C6-C7) 1.417(2) 1.414(5) 1.4128 1.4125 1.4103 1.408(3)
r(C7-C8) 1.382(3) 1.376(7)a 1.3773 1.3733 1.3713 1.372(3)
r(C8-C9) 1.498(15) 1.444(13) 1.4212 1.4202 1.4180 1.428(4)
r(C9-C1) 1.320(9) 1.376(15)a 1.4306 1.4234 1.4214 1.415(4)
r(C9-C10) 1.413(11) 1.431(19) 1.4385 1.4284 1.4261 1.424(4)
r(N-C1) 1.461(5) 1.483(12) 1.4714 1.4700 1.4672 1.456(4)
r(O1-N) – 1.226(8)a 1.2325 1.2256 1.2230 1.2230e

r(O2-N) – 1.225(13)a 1.2316 1.2247 1.2221 1.2221e

r(H2-C2) – 1.0811b 1.0824 1.0815 1.0790 1.0790e

r(H3-C3) – 1.0827b 1.0850 1.0826 1.0801 1.0801e

r(H4-C4) – 1.0843b 1.0800 1.0844 1.0819 1.0819e

r(H5-C5) – 1.0842b 1.0866 1.0843 1.0818 1.0818e

r(H6-C6) – 1.0834b 1.0858 1.0832 1.0807 1.0807e

r(H7-C7) – 1.0836b 1.0860 1.0833 1.0808 1.0808e

r(H8-C8) – 1.0783b 1.0794 1.0793 1.0768 1.0768e

∠ (C1-C2-C3) 118.4(4) 119.0(5) 120.27 119.70 119.70 119.72(1)
∠ (C2-C3-C4) 119.4(2) 119.7(3) 119.64 119.79 119.79 119.80(1)
∠ (C3-C4-C10) 119.8(2) 120.1(4) 121.24 121.10 121.10 121.11(1)
∠ (C4-C10-C9) 118.0(5) 120.1(7)a 120.23 120.18 120.18 120.19(1)
∠ (C10-C5-C6) 121.6(3) 120.58(3) 120.95 120.79 120.80 120.79(1)
∠ (C5-C6-C7) 119.65(10) 119.7(2)a 119.61 119.83 119.83 119.84(1)
∠ (C8-C9-C10) 114.5(6) 117.1(8) 118.11 118.62 118.62 118.63(1)
∠ (C9-C10-C5) 121.9(6) 120.2(4) 119.44 119.31 119.31 119.32(1)
∠ (C9-C1-C2) 120.7(7) 123.6(10)a 122.48 123.00 122.98 122.2(4)
∠ (N-C1-C2) 112.7(3) 114.4(4) 115.37 115.94 115.94 115.9(1)
∠ (O1-N-C1) – 119.0(12) 118.64 117.94 117.94 117.94e

∠ (O2-N-O1) – 124.3(14)a 123.87 124.76 124.76 124.76e

∠ (H2-C2-C1) – 119.00b 118.70 119.16 119.16 119.16e

∠ (H3-C3-C2) – 119.52b 119.56 119.52 119.52 119.52e

∠ (H4-C4-C3) – 120.34b 120.40 120.42 120.42 120.42e

∠ (H5-C5-C10) – 118.43b 118.33 118.50 118.50 118.50e

∠ (H6-C6-C5) – 120.36b 120.39 120.28 120.28 120.28e

∠ (H7-C7-C6) – 119.55b 119.55 119.59 119.59 119.59e

∠ (H8-C8-C9) – 119.57b 119.29 119.78 119.78 119.78e

τ(C1-C2-C3-C4) − 12.6(34) − 1.2(3)a − 1.01 − 1.29 − 1.29 − 1.281(1)
τ (C2-C3-C4-C10) 9.7(36) − 0.27(27)a − 0.26 − 0.25 − 0.25 − 0.236(1)
τ(C3-C4-C10-C9) − 5.7(39) 1.3(2)a 1.06 1.33 1.33 1.351(1)
τ (C4-C10-C9-C8) − 170.3(23) − 178.7(12)a − 178.69 − 178.49 − 178.49 − 178.476(1)
τ (C10-C5-C6-C7) − 1.2(33) 0.22(10)a − 0.15 − 0.14 − 0.13 − 0.124(1)
τ (C8-C9-C10-C5) 4.5(39) 0.86(17)a 0.96 1.14 1.14 1.159(1)
τ (C9-C10-C5-C6) − 1.5(4) − 0.82(14)a − 0.66 − 0.77 − 0.77 − 0.764(1)
τ (N-C1-C2-C3) − 177.0(20) − 178.2(2)a − 178.08 − 177.88 − 177.88 − 177.866(1)
τ (O1-N-C1-C2) – 141.18(4) 153.50 141.45 141.45 141.45e

τ (O2-N-O1-C1) – 178.6(11)a 178.46 178.39 178.39 178.39e

τ (H5-C5-C10-C9) – 179.77b 179.73 179.63 179.63 179.63e

τ (H6-C6-C5-C10) – − 179.74b − 179.84 − 179.84 − 179.84 − 179.84e

τ (H7-C7-C6-C5) – − 179.79b − 179.46 − 179.43 − 179.43 − 179.43e

τ (H8-C8-C9-C1) – 2.78b 1.87 2.48 2.48 2.48e

τ (H2-C2-C1-C9) – − 178.67b − 179.01 − 178.79 − 178.79 − 178.79e

τ (H3-C3-C2-C1) – 178.69b 178.88 178.69 178.69 178.69e

τ (H4-C4-C3-C2) – − 179.83b − 179.96 − 179.81 − 179.81 − 179.81e

σf ​ 0.027 – – – 0.03

a Derived parameter.
b Fixed to the B3LYP-D3BJ/6–311++G(d,p) value.
c Vibrational corrections at the HPCS2 level of theory.
d SE structure obtained starting from the BDPCS3 geometry and optimizing the C–C–C and dihedral angles classes, and the other parameters separately.
e Fixed to the DPCS3 value.
f Standard deviation of the fit (in MHz).
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P0(Best) = Peq(BDPCS3)+ΔPvib(HPCS2)

= Peq(BDPCS3)+P0(HPCS2) − Peq(HPCS2)

For both molecules, deuterium-substituted isotopologues are not 
available, preventing direct experimental information on hydrogen po
sitions. Therefore, C–H bond lengths are fixed at their BDPCS3 values. 
Furthermore, the stability of the refinement process is strongly enhanced 
by grouping similar parameters in classes. In this approach (recently 
implemented in the MSR code) the differences between structural pa
rameters belonging to the same class are held fixed at their initial 
(BDPCS3) values, so that a single parameter is optimized for each class. 
In the present case, all the C–C–C valence angles constitute a single class. 
Finally, the closeness of N–O bond lengths optimized at the BDPCS3 
level with their SE counterparts for nitrobenzene (Table S1) makes it 
possible to freeze these parameters at their BDPCS3 values in the case of 
1NN, where O isotopic substitutions are not available.

For 2NN (Table 4), the BDPCS3 equilibrium rotational constants 
augmented by HPCS2 vibrational corrections reproduce the experi
mental ground state rotational constants with a relative mean unsigned 
error approaching the so-called spectroscopic accuracy (average errors 
within 0.1%) and more than one order of magnitude smaller than its 
HPCS2 counterparts. Moreover, the agreement between computed and 
experimental NQCCs is remarkable, with vibrational corrections playing 
again a small, but non-negligible role. Several studies have shown that 
errors of this order of magnitude on spectroscopic parameters corre
spond to errors around 1 mÅ and 0.1◦ on equilibrium bond lengths and 
valence angles, respectively [53]. This accuracy, coupled with the 
availability of experimental results for all the isotopologues corre
sponding to single substitutions of non‑hydrogen atoms and the 
grouping of all CCC valence angles in a single class, permits the deter
mination of an accurate semi-experimental equilibrium structure 
retaining the hydrogen atom positions optimized at the BDPCS3 level. 
The results collected in Table 5 show that BDPCS3 and SE geometrical 
parameters are in remarkable agreement, giving further support to the 
proposed computational approach. Note that this level of accuracy is 
well above that of current studies for medium-sized molecules and 
comparable to that of state-of-the-art approaches for molecules con
taining 5–6 atoms.

1NN is a more complex case, since it has a non-planar equilibrium 

structure (hence a larger number of independent geometrical parame
ters) and there is no oxygen isotopic data available. The rotational 
constants computed at the HPCS2 level have larger errors than those 
obtained at the same level for 2NN (Table 6). However, “Best” results 
remain very accurate and can be confidently used to fix geometrical 
parameters not determinable from the experimental isotopic sub
stitutions. The results reported in Table 7 show that a well-converged SE 
structure can be obtained also for 1NN and all the geometrical param
eters are close to their BDPCS3 counterparts.

4. Discussion

The structural parameters corresponding to the various structures 
are collected in Tables 6 and 7. The rs, rm

(1) and re
(SE) structural parameters 

of 2NN show very good agreement, except for the rs value of the C1–C9 
bond length. This is probably due to the small values of the coordinates 
of atoms C1 and C9 (Table S3). In the case of 1NN, there are larger 
discrepancies between structures, with some rs bond lengths consider
ably longer or shorter than the r0 and re

(SE) ones likely due to the small 
coordinates of several atoms, as indicated above.

As expected, in 1NN and 2NN the values of the C–C bond lengths are 
closer to those typical of a double bond (1.34 Å) than to a single bond 
(1.54 Å). Bonds C1–C2, C3–C4, C5–C6, and C7–C8 consistently show a 
stronger double bond character, with bond lengths around 1.37 Å. This 
behaviour follows that of naphthalene [72], and has also been observed 
in other substituted naphthalenes, such as 1-fluoronaphthalene [73], 1- 
chloronaphthalene [74], and 1- and 2-naphthol [75]. The bond angles 
for both nitronaphthalenes are all close to 120◦. However, the angles 
involving the substituted position, ∠C9-C1-C2 in 1NN and ∠C1-C2-C3 in 
2NN, increase by about 1–3◦ due to the substituent effect, while adjacent 
angles decrease by 2–3◦. These changes induced by a ring substituent 
were evident in 1-fluoro- and 1-chloronaphthalene [73,74], with subtler 
effects reported for 1- and 2-naphthol [75].

The experimental value of the inertial defect Δ = − 0.765(1) uÅ2 for 
2NN is the largest of all reported planar substituted naphthalenes. Non- 
zero values of the inertial defect arise from out-of-plane vibrational 
contributions, typically from the lower frequency modes. Several 
empirical expressions have been proposed to account for it by consid
ering the lower-frequency modes and contributions from in-plane 

Fig. 3. (a) Structures of 1-nitronaphthalene (1NN) and 2-nitronaphthalene (2NN), showing the NCI isosurfaces (s = 0.5) for values of sign(λ2)ρ ranging from − 0.025 
to +0.025 a.u calculated at B3LYP-D3BJ/6–311++G(d,p) level of theory. The colours indicate interaction strength and type: blue for strong attractive interactions, 
green for weak attractive interactions, and red for repulsive interactions. The atom interaction distances are indicated (see text for discussion). (b) Results from 
QTAIM analyses for 1- and 2-nitronapthalene. Yellow spheres indicate bond critical points, orange spheres indicate ring critical points.
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vibrations proportional to the square root of Ic. The first expression 
suggested by Oka [65] was later refined by Gruet et al. [66] and Jahn 
et al. [67] for polycyclic molecules. The latter proposed to include not 
only the lowest out-of-plane vibrational mode but the same number of 
modes as the number of rings in the molecule, or + 1 for those molecules 
with an extra low out-of-plane vibration (normally below 100 cm− 1), 
using the expression: 

Δ0 =
∑n

i=1

37.715 uÅ
2

νi cm− 1 +0.00107
̅̅̅̅
Ic

√
uÅ

2 

Harmonic calculations performed at the B3LYP-D3BJ/6–311++G(d, 
p) level on the equilibrium structure yielded frequencies of 46.3 and 
91.9 cm− 1 for the two lowest out-of-plane vibrational modes. When 
these values are inserted into the empirical expression above, an inertial 
defect of Δ0 = − 0.718 uÅ2 is obtained. In the framework of VPT2, the 
inertial defect Δ0 can be written as the sum of a Coriolis contribution, 
− Σk[(ζ2

a,k + ζ2
b,k − ζ2

c,k)/ωk], and an anharmonic contribution, Σk Σi[Fkki/ 
(ωkωi)], where k runs over out-of-plane modes and i over totally sym
metric modes. Within this framework, the inertial defect computed at 
the HPCS2 level amounts to Δ0 = − 0.716 uÅ2, in excellent agreement 
with experiment and without the introduction of any empirical correc
tion. The inertial defect Δ0 thus provides an independent validation of 
the HPCS2 vibrational force field, while the full set of rotational con
stants discussed above assesses the BDPCS3//HPCS2 model as a whole.

Finally, a noncovalent interaction (NCI) analysis [76,77] was per
formed on 1NN and 2NN (Fig. 3) to further our understanding of the 
factors influencing their structures and visualise possible intramolecular 
interactions by generating molecular electron gradient isosurfaces based 
on electron density and its derivatives. The NCI plots revealed attractive 
interactions in both molecules between the oxygen lone pairs of the nitro 
group and the neighbouring hydrogens depicted by bluish green iso
surfaces. However, when performing QTAIM analysis [78], only 1NN 
showed a bond critical point between O1 and H8, indicating the pres
ence of a C–H⋯O hydrogen bond (Fig. 3). The other weak attractive 
interactions occur at longer distances, which is likely to explain the 
differences between NCI and QTAIM analysis, as noted for other mo
lecular systems [79].

5. Conclusions

The high-resolution rotational spectra of 1- and 2-nitronaphthalene 
have been recorded for the first time, providing access to precise 
experimental spectroscopic constants for heavy-atom isotopologues at 
natural abundance. From the analysis of isotopic data, the experimental 
rs substitution structures have been obtained for both 1NN and 2NN. 
Moreover, an effective r0 structure for 1NN and a mass-dependent rm

(1) 

structure for 2NN have also been determined. 2NN was found to be 
planar, while in 1NN the oxygens of the nitro group are off the molecular 
plane due to the steric interaction with the hydrogens of the naphthalene 
ring. Examination of the structural parameters of 1NN and 2NN with 
respect to those of related compounds revealed shared trends.

By integrating the experimental isotopic data with vibrational cor
rections computed from a cost-effective variant of the Pisa Composite 
Schemes (HPCS2), we have derived semi-experimental equilibrium ge
ometries for 1NN and 2NN with spectroscopic accuracy. Despite the 
unavailability of deuterated isotopologues, the use of constrained 
hydrogen positions and analytically derived vibrational corrections al
lows reliable structural refinement from partial isotopic datasets. The 
results confirm the robustness of the semi-experimental approach and 
the reliability of PCS-based models for structurally complex polycyclic 
systems.

This work not only provides accurate reference geometries for two 
prototypical nitroaromatic molecules but also establishes a generaliz
able framework for high-precision structure determination of medium- 
sized rigid molecules, even with partial isotopic experimental data. 

The synergy demonstrated between rotational spectroscopy and com
posite quantum-chemical methods paves the way for future in
vestigations of functionalized aromatics and environmentally relevant 
species. In this context, the detailed structural characterization of 1NN 
and 2NN, along with their intramolecular interactions, is an essential 
step towards understanding how these molecules engage with other 
atmospheric compounds, such as water, and gaining insight into the 
interplay between intra- and intermolecular forces.
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Polycyclic aromatic hydrocarbon derivatives in airborne particulate matter: 
sources, analysis and toxicity, Environ. Chem. Lett. 16 (2018) 439–475, https:// 
doi.org/10.1007/s10311-017-0697-0.

[3] B.A.M. Bandowe, H. Meusel, Nitrated polycyclic aromatic hydrocarbons (nitro- 
PAHs) in the environment – a review, Sci. Total Environ. 581–582 (2017) 237–257, 
https://doi.org/10.1016/j.scitotenv.2016.12.115.

[4] A. Feilberg, R.M. Kamens, M.R. Strommen, T. Nielsen, Modeling the formation, 
decay, and partitioning of semivolatile nitro-polycyclic aromatic hydrocarbons 
(nitronaphthalenes) in the atmosphere, Atmos. Environ. 33 (1999) 1231–1243, 
https://doi.org/10.1016/S1352-2310(98)00275-1.

[5] R. Atkinson, S.M. Aschmann, J. Arey, B. Zielinska, Gas-phase atmospheric 
chemistry of 1- and 2-nitronapthalene and 1,4-naphthoquinone, Atmos. Environ. 
23 (1989) 2679–2690, https://doi.org/10.1016/0004-6981(89)90548-9.

[6] J. Sasaki, S.M. Aschmann, E.S.C. Kwok, R. Atkinson, J. Arey, Products of the gas- 
phase OH and NO3 radical-initiated reactions of naphthalene, Environ. Sci. 
Technol. 31 (1997) 3173–3179, https://doi.org/10.1021/es9701523.

[7] V. Librando, A. Alparone, Z. Minniti, Computational study on dipole moment, 
polarizability and second hyperpolarizability of nitronaphthalenes, J. Mol. Struct. 
THEOCHEM 856 (2008) 105–111, https://doi.org/10.1016/j. 
theochem.2008.01.022.

[8] V. Librando, A. Alparone, Prediction of mutagenic activity of nitronaphthalene 
isomers by infrared and Raman spectroscopy, J. Hazard. Mater. 154 (2008) 
1158–1165, https://doi.org/10.1016/j.jhazmat.2007.11.020.

[9] A. Giussani, G.A. Worth, Similar chemical structures, dissimilar triplet quantum 
yields: a CASPT2 model rationalizing the trend of triplet quantum yields in 
nitroaromatic systems, Phys. Chem. Chem. Phys. 21 (2019) 10514–10522, https:// 
doi.org/10.1039/c9cp00705a.

[10] K.K. Onchoke, C.M. Hadad, P.K. Dutta, Density functional theoretical study of 
nitrated polycyclic aromatic hydrocarbons, Polycycl. Aromat. Compd. 24 (2004) 
37–64, https://doi.org/10.1080/10406630490277443.
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