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ReceiVed: July 26, 2006; In Final Form: October 5, 2006

The equilibrium structures of FNO, ClNO, HONO, and FNO2 have been determined using three different,
somewhat complementary methods: a completely experimental, a semi-experimental (where the equilibrium
rotational constants are derived from the experimental effective ground-state rotational constants and an ab
initio cubic force field), and an ab initio, where geometry optimizations are usually performed at the coupled
cluster level of nonrelativistic electronic structure theory using small to very large Gaussian basis sets. For
the sake of comparison, the equilibrium structures of HNO and N2O have also been redetermined, confirming
and extending earlier results. The semi-experimental method gives structural parameters in good agreement
with the reliable experimental results for each compound investigated. Because of inadequate treatment of
electron correlation, the single-reference CCSD(T) method gives N-X (XdF, Cl, OH) bonds that are too
strong and associate bond lengths that are significantly too short. The discrepancy increases with increase in
the size of the basis set. A much more elaborate treatment of electron correlation at the CCSDTQ level
solves this problem and results in increased bond lengths, correctly representing the weakness of the N-X
bond in these XNO and XNO2 species. The equilibrium structures determined are accurate to better than
0.001 Å and 0.1°.

1. Introduction

The XNO and XNO2 (XdF, Cl, HO, ...) molecules play an
important role in the chemistry of the earth’s atmosphere.1,2

Some of them are atmospheric degradation products of hydro-
fluorocarbons and hydrochlorofluorocarbons. Because the N-X
bond is known to be weak, these species are easily photolyzed,
yielding the radicals X (F, Cl, HO) that are important contribu-
tors to the depletion of the ozone layer.1 HONO plays an
important role in chemical dynamics and reaction kinetics
studies.3 HNO has been indicated4 to have biological activity,
joining NO and its oxidized congeners as small “inorganic”
molecules vital for life.

Consequently, the XNO and XNO2 molecules have been
studied by different experimental techniques, including micro-
wave (MW) and infrared (IR) spectroscopies. Several attempts
have been made, for example, to determine equilibrium and
vibrationally averaged structures of several of these molecules.5-11

The equilibrium structures have also been the subject of several
computational studies12-14 and it has been found that lower
levels of ab initio electronic structure theory do not perform
well for these molecules. This is not completely surprising
because these molecules contain several atoms with large
electronegativities and HONO, for example, is isoelectronic with
O3, a notoriously difficult molecule to describe at low levels of
electronic structure theory. Nevertheless, it has been argued15

that the coupled-cluster (CC) method with single and double
excitations (CCSD)16 augmented by a perturbational estimate
of the effects of connected triple excitations [CCSD(T)]17 gives
accurate results for these molecules. However, when the ab initio
structures are compared to dependable experimental ones, as
done in this study, a rather poor agreement is found for the
length of the N-X bond though not for the other structural
parameters. In all cases studied, the ab initio N-X bond length
is significantly too short, corresponding to a bond that is too
strong.

The principal aim of this paper is to accurately redetermine
the equilibrium structures of representatives of the XNO and
XNO2 molecules. To achieve this, three different, somewhat
complementary techniques are employed: ab initio geometry
optimization, a semi-experimental treatment, and an experi-
mental structural determination including least-squares refine-
ments. A subsequent aim is to analyze and explain the occasional
discrepancies in the structural parameters derived using the
different techniques.

The paper is organized as follows. Section 2 describes the
techniques used for the determination of equilibrium structures.
Section 3 is dedicated to the equilibrium structure oftrans-
HONO. This section is more detailed than the others because it
explains and compares the methodologies used. The next
sections are devoted to the equilibrium structures of FNO, ClNO,
and FNO2, in order. The structures of N2O and HNO are
discussed in Sections 7 and 8, respectively. The N2O molecule
does not have a weak N-X bond but itsT1 diagnostic value,18

used to estimate the suitability of the single-reference CCSD(T)
method for properly describing electron correlation effects
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for all molecules, is comparable to the other molecules treated.
The paper ends with conclusions (Section 9).

2. Methods of Structure Determination

2.1. Ab Initio Born -Oppenheimer Equilibrium Struc-
tures, re

BO. Most correlated-level ab initio computations of this
study have been carried out at two levels of electronic structure
theory, second-order Møller-Plesset perturbation theory (MP2)19

and CCSD(T).17 The Kohn-Sham density functional theory20

using Becke’s three-parameter hybrid exchange functional21 and
the Lee-Yang-Parr correlation functional,22 together denoted
as B3LYP, was also employed. The ab initio geometry
optimizations performed at the levels described yield estimates
of the Born-Oppenheimer equilibrium structure,re

BO. No
corrections to nonrelativistic electronic structure theory have
been considered, though they have small but nonnegligible
effects, as shown for water.23

Dunning’s correlation-consistent polarizedn-tuple zeta basis
sets cc-pVnZ24 with n ∈ {D, T, Q, 5} were employed
extensively. Throughout this paper, these basis sets are abbrevi-
ated as VnZ. Versions of VnZ sets augmented with diffuse
functions (aug-cc-pVnZ, AVnZ in short)25 were also employed.
The combination of an AVnZ basis on all non-hydrogen atoms
and VnZ on H is denoted hereafter as A'VnZ. A few calculations
were performed with the basis set TZ2Pf, a valence triple-ú plus
double polarization plusf function basis set.26,27The correlation-
consistent polarized weighted core-valencen-tuple zeta
(wCVnZ)29,30 and the original CVnZ basis sets were used in
order to improve the computed properties, especially equilibrium
structural parameters, through the inclusion of core correlation
effects.28 As to the effect of inclusion of diffuse functions in
the basis on equilibrium structural parameters, it is usually
sufficient to use the MP2 method,31 at least for first-row atoms.

The CCSD(T) computations were performed with the
MOLPRO32-34 and ACESII35 electronic structure program
packages, while the lower-level B3LYP and MP2 computations
utilized the GAUSSIAN03 program.36 Higher-order coupled
cluster (CCSDT for full inclusion of triples, and CCSDTQ, for
full inclusion of triples and quadruples) computations have been
carried out using the string-driven program MRCC developed
by Kállay.37-39

The frozen-core approximation (hereafter denoted as FC), that
is, keeping the 1s orbitals of the first-row atoms and the 1s, 2s,
and 2p orbitals of Cl doubly occupied during correlated-level
calculations, was used extensively. Partly because of technical
limitations, geometry optimizations at the CCSD(T) level have
also been carried out by correlating all electrons (hereafter
denoted as AE).

2.2. Semi-experimental Structures,re
SE. Semi-experimen-

tal equilibrium rotational constants, that can be used to determine
semi-experimental equilibrium structures,re

SE, are determined
in this study by correcting the experimental ground-state
rotational constants with vibration-rotation interaction constants
(R)40 computed ab initio. Before this correction, it is advanta-
geous to adjust the rotational constants fitted to the observed
spectrum for a small centrifugal distortion and a magnetic
effect.41,23When theg constants needed to calculate the magnetic
effect are not known, they have been calculated, with the help
of the Gaussian0336 program package, at the AVTZ B3LYP
level of theory.

The vibration-rotation interaction constants can be computed
if the cubic force field of the molecule, expanded about the
equilibrium structure, is known. Because the proper description
of electron correlation is important for the molecules of this

study containing highly electronegative atoms, we chose the
CCSD(T) method to determine the anharmonic force fields. In
several cases, the force fields have also been computed at the
much less expensive though possibly less accurate B3LYP level.
The quadratic force fields were evaluated analytically42 in
Cartesian coordinates at the optimized molecular structure, in
order to avoid the nonzero force dilemma.43 The cubic (φijk)
and semi-diagonal quartic (φijkk) normal coordinate force
constants were then determined at the same reference structure
with the use of a finite difference procedure involving displace-
ments along reduced normal coordinates (with step size∆q )
0.03) and the calculation of analytic Cartesian second derivatives
at these displaced geometries.44,45The evaluation of anharmonic
spectroscopic constants was based on second-order rovibrational
perturbation theory.40 The anharmonic normal coordinate force
fields were determined for all of the isotopologues whose
ground-state rotational constants are known.

2.3. Mass-Dependent Experimental Structures,rm
(1) and

rm
(2). Determination of equilibrium structures from spectro-

scopic measurements alone is far from being a simple task. It
is limited to relatively small molecules because it requires the
determination of a whole set of accurate experimental vibration-
rotation interaction constants, still very challenging when the
number of atoms of the molecule increases above three. Many
approximate methods have been developed to determine an
empirical structure using only ground-state spectroscopic data,
most importantly ground-state rotational constants.

Among the methods proposed, the perhaps most useful one
was developed by Watson et al.46 This so-called mass-dependent
(rm) structure technique takes into account the variation of the
rovibrational correction upon isotopic substitution approximately
and allows the determination of structures close to the assumed
equilibrium structure. In this approach, the relation between the
ground-state moments of inertia and the equilibrium ones is
written as

whereεg is the vibrational correction. Watson et al.46 have shown
that it is possible to expressεg approximately as a function of
the moments of inertia

This gives therm
(1) structure. When there are small coordinates,

it may be better to refine this expression as

whereN is the number of atoms in the molecule,mi is the mass
of atom i, M is the total mass of the molecule, andcg anddg

are altogether six empirical parameters to be determined together
with the structural parameters during the least-squares fit. This
procedure defines therm

(2) method.
For the O-H and O-D bonds of the molecules studied, it is

necessary to take into account the variation of the effective bond
length upon deuteration (at equilibrium the deviation in the two
bond lengths is minuscule23). Watson et al.46 assumed that the
apparent shortening of O-D as compared to O-H is propor-
tional to the respective reciprocal square root of the reduced
mass (mred) of the vibrator. The additional part of the bond length
is hence different for the O-H and O-D bonds in the following

Ig
0 ) Ig

e + εg, g ) a, b, c (1)

εg ) cgxIg
e, g ) a, b, c (2)

εg ) cgxIg
e + dg[∏i

mi

M
]1/(2N - 2)

g ) a, b, c (3)
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way

and

where δH is a common proportionality factor, determined in
the least-squares fit, andµ ) (mred)-1/2 is different for the H-
and D-containing species.

3. Equilibrium Structures of trans-HONO

Nitrous acid, HONO, plays an important role in atmospheric
chemistry.2 HONO is also an interesting and simple model for
experimental and first-principles chemical dynamics studies3 and
therefore several electronic structure and full six-dimensional
nuclear motion investigations related to it have been pub-
lished.13,14

As for the structure of HONO, Cox et al.5 determined an
effective (r0) and a substitution (rs) structure using the ground-
state moments of inertia of several isotopologues. They also
determined a zero-point average structure (rz)6 that was later
refined by them.7 They also attempted to determinere

BO of
HONO using a rather crude model cubic force field.6 As it turns
out, this last structure is rather inaccurate. Furthermore, the
rz(OH) bond length at 0.947 Å seems to be too short, as shown
below and in Table 1. Analysis of all of the fundamental
vibrational bands of HONO by Guilmot et al.47-50 provided the
vibration-rotation interaction constants (R’s) for the trans
conformer and, thus, allowed determination of equilibrium
rotational constants. Unfortunately, neglect of certain vibrational
interactions resulted inR constants that led to an inertial defect
that is much too large,∆e ) 0.013 uÅ.2

As a first application of their newly developed analytic first
geometric derivatives CCSD(T) code, Lee and Rendell12 have

determined the equilibrium structures of the cis and trans
conformers of nitrous acid at the TZ2P CCSD(T) level.
Recently, Richter et al.14 generated a full six-dimensional PES
of HONO using the CCSD(T) method and correlating all
electrons. As usual, the PES was determined through least-
squares fitting to energy points. The minimum of the PES gave
a structure significantly different from those of the previous
determinations.12,13

3.1. Ab Initio Equilibrium Structure, re
BO. The results of

geometry optimizations of this study performed at the CCSD(T)
level with the basis sets VnZ, wheren ) T, Q, 5, are reported
in Table 1. In favorable cases, CCSD(T) is able to yield results
close to the exactn-particle solution within the given basis
set.51,52Nevertheless, in the present case the coupled-clusterT1

diagnostic value is 0.021 at the VQZ CCSD(T) level, slightly
larger than the usual cutoff value, 0.020, indicating dominant
single-reference character.18 This suggests that nondynamical
electron correlation has increased relevance for computations
on HONO and that the CCSD(T) results are not fully reliable
(see below). This deficiency for HONO was already pointed
out by Lee and Rendell.12 Note thatT1 is only 0.018 at the all-
electron wCVQZ CCSD(T) level.

Improvement of the basis set from VTZ to VQZ shows that
convergence at the VTZ level is not achieved, especially for
the OdN and N-O bond lengths. Therefore, the structural
effects of further basis set improvement (VQZf V5Z) were
also investigated at the MP2 level. Going from VQZ to V5Z,
all bond distances remain almost unaffected (OdN and N-O
decrease by 0.0007 and 0.0005 Å, respectively, while O-H
increases by 0.0003 Å); the angle∠(ONO) decreases by 0.018°,
while the ∠(HON) angle increases by 0.18°. Assuming that
basis-set effects are similar at the superior CCSD(T) level, we
can conclude that convergence of the geometrical parameters
of HONO within the VnZ series is almost achieved with the
VQZ basis set.

TABLE 1: Molecular Structure of trans-HONO, with Distances (r) in Å and Angles (∠) in Degrees

methoda basis set r(OdN) r(N-O) r(O-H) ∠(ONO) ∠(HON)

MP2 (fc) VTZ 1.1777 1.4224 0.9677 110.78 101.20
MP2 (fc) VQZ 1.1747 1.4175 0.9665 110.80 101.62
MP2 (fc) V5Z 1.1740 1.4171 0.9669 110.78 101.80
MP2 (fc) A'V5Z 1.1741 1.4172 0.9674 110.80 101.88
MP2 (fc) wCVQZ 1.1745 1.4167 0.9667 110.80 101.65
MP2 (ae) wCVQZ 1.1727 1.4128 0.9658 110.86 101.76
CCSD(T) (fc) VTZ 1.1743 1.4280 0.9664 110.65 101.53
CCSD(T) (fc) VQZ 1.1711 1.4218 0.9651 110.69 102.00
CCSD(T) (ae) VQZ 1.1690 1.4178 0.9634 110.76 102.08
CCSD(T) (ae) AVDZ 1.1831 1.4486 0.9734 110.32 101.82
CCSD(T) (ae) AVTZ 1.1697 1.4227 0.9662 110.72 102.13
CCSD(T) (ae) AVQZ 1.1691 1.4180 0.9647 110.78 102.33
CCSD(T) (ae) wCVQZ 1.1693 1.4175 0.9644 110.75 102.12
re

BO b 1.1689 1.4180 0.9651 110.75 102.35

re
SE c 1.1686(1) 1.4258(1) 0.9651(3) 110.654(4) 102.035(22)

re
SE d 1.1689(3) 1.4250(3) 0.9647(6) 110.691(8) 102.086(45)

re(from rz) e 1.171(2) 1.425(2) 0.950(3) 110.6(2) 101.7(3)

rm
(1) 1.1726 1.4354 0.9646 (fix) 110.730 102.020

re
f 1.1730 1.5430 0.9660 110.500 101.400

re
g 1.1660 1.4330 0.9690 111.200 102.900

re
h 1.1711 1.4272 0.9647 110.700 101.900

re
i 1.163(5) 1.433(5) 0.954(5) 110.7(1) 102.1(3)

a fc ) frozen-core approximation, ae) all electrons correlated.b Assumed complete basis set (CBS) CCSD(T) structure, obtained using the
additivity approximation all-electron wCVQZ CCSD(T)+ frozen-core [A′V5Z - wCVQZ] MP2. c Using vibration-rotation interaction constants
obtained from a TZ2Pf B3LYP cubic force field.d Using vibration-rotation interaction constants obtained from an all-electron VTZ CCSD(T)
cubic force field.e See the text.f Reference 12.g Reference 13.h Reference 14.i Reference 6.

rH ) rm + δHµH (4)

rD ) rm + δHµD, (5)
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Because the O and N atoms are highly electronegative, the
effect of adding diffuse functions to the basis must be
investigated.25 To estimate this correction, the MP2 method was
used together with the A'V5Z basis set. The results are reported
in Table 1. Going from V5Z to A'V5Z MP2, the change in the
structural parameters is negligible.

The wCVQZ basis set was first employed at the MP2 level
in order to estimate the core correlation effects on the computed
molecular structure of HONO. The wCVQZ MP2 core correc-
tion leads to the expected shortening of the O-H and OdN
bonds, by 0.0009 and 0.0018 Å, respectively, and a much larger
shortening of the N-O bond (-0.0039 Å), whereas the angles
are affected only slightly. To check the validity of the assump-
tion that MP2 and CCSD(T) core corrections are highly similar,
we calculated the core correction at the CCSD(T) level using a
completely uncontracted VTZ basis supplemented by an ap-
propriate (1p3d2f) set of primitive Gaussian-type orbitals for
non-hydrogen atoms. The exponents of these additional func-
tions were generated according to ref 53, except for not rounding
them to the nearest integer or half-integer. These calculations,
as well as those at the wCVQZ CCSD(T) level, indicate that
the wCVQZ MP2 core correction is accurate. Adding the core
corrections to the valence-only VQZ CCSD(T) structural
parameters, we arrive at an improved theoretical estimate of
the equilibrium structure of HONO. The resulting structural
parameters are almost identical to the all-electron wCVQZ
CCSD(T) ones. There is another way to calculate there

BO

equilibrium structure of HONO: the CCSD(T) method is used
together with the VQZ basis set but with all electrons (AE)
correlated. This method is known to give accurate structural
results for molecules containing first-row atoms.52 This holds
in the present case, as well, the VQZ and wCVQZ basis sets
give almost identical results at the all-electron CCSD(T) level
(Table 1).

The equilibrium structure obtained in this study at the
CCSD(T) level is in good agreement with the one obtained by
Richter et al.,14 except for the N-O bond length. As anticipated,
the agreement of the structural parameters is worse with the
B3LYP results of Luckhaus.13 The agreement with the CCSD-
(T) structure of Lee and Rendell12 is not pleasing either; it seems
that the TZ2P basis set is too small. In comparison with the
experimental and semi-experimental results (Section 3.2 and
3.3), it appears that the ab initiore

BO(N-O) bond length
corresponding to the all-electron complete basis set (CBS)
CCSD(T) level is too short by 0.01 Å. Because the largest basis
sets used for the actual computations are obviously close to
being complete, the problem must lie in the treatment of electron
correlation, as also indicated by theT1 diagnostic value
mentioned before.

To correct for the deficiencies of the single-reference
CCSD(T) technique, one must use the single-reference CCSDTQ
technique, that is, including all excitations up to quadruples in
the CC treatment. However, CCSDTQ calculations, although
avoiding the usual problems associated with multireference
electronic structure computations, are considerably more ex-
pensive than CCSD(T) because they scale with the tenth power
of the number of basis functions. Therefore, complete geometry
optimizations can be attempted only sparingly at this level of
theory. Nevertheless, because onlyre

BO(N-O) appears to be
problematic, constrained one-dimensional (1D) geometry opti-
mizations have been performed for this parameter of HONO to
check the frozen-core CCSDTQ- CCSD(T) difference. The
basis set used is a relatively small DZ(P) basis, constructed from
the pVDZ basis of Ahlrichs54 on the middle atoms and the VDZ

basis of Ahlrichs54 on the terminal atoms. To understand the
trends better, constrained optimizations have also been carried
out with this basis set at the frozen-core CCSD, CCSD(T), and
CCSDT levels. The results are detailed in Table 2. The five
constrained structural parameters, optimized at the all-electron
cc-pVQZ CCSD(T) level, are the same as those given in Table
1.

It is clear from these constrained optimizations that the level
of electron correlation chosen for the optimization has a huge
effect on the N-O distance. The higher the level of electron
correlation, the longer the computed N-O distance. In particular,
the CCSDTQ - CCSD(T) difference is+0.008 Å. This
correction is to be added to the large-basis CCSD(T) results in
order to have an improved estimate of the N-O distance. The
pleasing outcome is that now the computed and the empirical
N-O distances are almost in full agreement.

3.2. Semi-experimental Structure,re
SE. The anharmonic

force field of trans-HONO and its isotopologues has been
computed at two levels of theory, all-electron VTZ CCSD(T)
and TZ2Pf B3LYP.

The theoretical vibration-rotation interaction constants de-
duced from the ab initio cubic force fields were combined with
the known experimental ground-state rotational constants of
H16O14N16O, H16O15N16O, H18O14N16O, H16O14N18O, and DONO
to yield the appropriate semi-experimental equilibrium rotational
constants. The experimentalg constants were taken from ref
55. The equilibrium inertial defect,∆e, is more than 2 orders
of magnitude smaller than the ground-state inertial defect (∆0

) 0.0824 uÅ2 vs ∆e ) 0.0006 and 0.0024 uÅ2 at the B3LYP
and CCSD(T) levels, respectively), indicating that the equilib-
rium rotational constants are rather accurate. However, the
equilibrium inertial defect is not exactly zero as it should be.
This is probably due to the limited accuracy of the computed
rotation-vibration interaction constants. The semi-experimental
structure was determined using the iteratively reweighted least-
squares method.56 The objective of this method is to find suitable
weights to compensate for the deficiencies of the model. A
preliminary non-weighted regression gives residuals that are
used to calculate a set of weights. A weighted least-squares fit
allows us to obtain new residuals that are used to calculate new
weights. This procedure is repeated until self-consistency is
achieved. To determine the weights, we used Tukey’s biweight
estimator.57 The residualsei are first scaled by the median of
absolute values of nonzero residuals:ri ) ei/(1.4826× median).
If ri > 4.685, then the corresponding datum is excluded from
the fit. Otherwise, the estimator of the weight is calculated using
the formula

In our particular case, no data needed to be excluded from the

TABLE 2: Constrained Optimization of the r(N-O) Bond
Length (in Å) in trans-HONO Using Various Levels of
Theory

methoda r(N-O)b

CCSD 1.401
CCSD(T) 1.421
CCSDT 1.424
CCSDTQ 1.429

a The pVDZ basis of Ahlrichs54 for the middle two atoms and the
VDZ basis of Ahlrichs54 for the two terminal atoms have been used.
The frozen-core approximation is employed throughout.b The other
structural parameters were fixed atr(OsH) ) 0.9634 Å,r(NdO) )
1.1690 Å,∠(ONO) ) 110.7642°, and∠(HNO) ) 102.0827°.

wi ) [1 - (ri/4.685)2]2 (6)
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fit. Furthermore, the final weights were quite similar for all
moments of inertia and the condition number was only 92. This
indicates that the results of the fit are likely to be reliable
although the standard errors of the parameters are certainly much
too small because they do not take into account the remaining
systematic errors. The results are reported in Table 1. The
agreement between the structural parametersre

SE and those of
Richter et al.14 is quite good. Likewise, the agreement between
re

BO and re
SE is also quite good, except for ther(N-O) bond

length when it is computed at the CCSD(T) level.
3.3. Experimental Structures.Before trying to determine

anrm structure, we determined an effective structure (r0, which
assumesεg ) 0) in order to check the conditioning of the system
of normal equations. The condition number was found to be
rather large,κ ) 415. Furthermore, all of the structural
parameters were found highly correlated (variance decomposi-
tion proportions larger than 0.93 and equal to 1.0 for the N-O
and NdO bond lengths, respectively).

Determination ofrm structures involves at least three ad-
ditional parameters (cg of eq 2), resulting in an even larger
condition number and higher correlation. This means that the
derived parameters will be sensitive to small errors either in
the input data or in the model. To keep the number of fitted
parameters as small as possible, we have used therm

(1) method
(eq 2) and keptrm

(1) (O-H) fixed at the ab initio value (0.9646
Å, Table 1) because that is likely to be reliable.

Comparison of therm
(1) structure (given in Table 1) with the

ab initio re
BO structure shows fair agreement except for the

N-O bond length whoserm
(1) value is much larger. However, it

has to be noted thatrm(N-O) might not be very accurate
because thea(N) Cartesian coordinate is small (0.15 Å).
Furthermore, theb(O) Cartesian coordinate is not much larger
either (-0.22 Å). In such a situation, utilization of therm

(2)

technique would be required. Unfortunately, it increases the
number of parameters in such a way that the system becomes
extremely ill-conditioned and, therefore, the derived parameters
are inaccurate.

Overall, the rm
(1) structure also indicates that the directly

computed CCSD(T)r(N-O) bond length is too short.
3.4. Estimation of re from rz. The correctionrz - re can be

calculated exactly using an ab initio cubic force field,58

computed at the TZ2Pf B3LYP level in the present case. A huge
correction ofrz - re ) 0.0158 Å results for ther(NdO) bond
length (Table 1). Again, an extremely pleasing agreement is
found with the structure of Richter,14 except for ther(O-H)
bond length, which seems to be too small by about 0.015 Å. It
is interesting that the correctionsrz - re used by Finnigan et
al.6 are different from the values deduced from the cubic force
field. Finnigan et al.6 assumed that a good portion of the cubic
force constants comes from the nonlinear transformation of the
quadratic constants. They found (in Å, exact values from the
cubic force field are in parentheses)rz - re[O-H] ) 0.005
(-0.003),rz - re[N-O] ) 0.009 (0.016), andrz - re[NdO] )
0.007 (0.002).

4. Equilibrium Structure of Nitrosyl Fluoride, FNO

The experimental equilibrium structure of FNO has been
determined by Degli Esposti et al.8 using the equilibrium
rotational constants of F14N16O and F14N18O. These authors also
determined an experimental force field up to cubic terms.
Estimates tore

BO have been given at relatively high levels of
theory by Lee,9 Dibble et al.,10 and Martin et al.11 The results
have been collected and compared by Martin et al.,11 who also

computed the anharmonic force field at the VTZ CCSD(T) level
of theory, adding diffuse Gaussian basis functions on F.
However, as to the structure of FNO, the highest level of theory
employed previously is AVTZ CCSD(T) on a molecule whose
multi-
reference character has been noted some time ago.10

Because all fundamental bands of FNO have been reanalyzed
recently,59,60 testing the accuracy of the experimental structure
of Degli Esposti et al.8 is relatively straightforward. The
reanalysis59 proved to be particularly important for theν1 band
that is perturbed by a Coriolis interaction. The vibration-
rotation interaction constants used by Degli Esposti et al.8 and
those obtained in ref 59 are reported in Table 3. The agreement
is almost perfect between the two sets of constants, indicating
that the structure of Degli Esposti et al. is likely to be accurate.
As part of the present work, anharmonic force fields have been
computed at the all-electron AVTZ CCSD(T) level for the three
isotopologues F14N16O, F15N16O, and F15N18O, whose ground
state rotational constants are available.8,59,61TheR constants of
FNO derived from an ab initio force field are also given in Table
3. Their agreement with the experimental values is satisfactory.

The semi-experimental structure of FNO was calculated using
the same method as for HONO. The semi-experimental rota-
tional constantsAe, Be, andCe of F14N16O, andBe and Ce of
F15N16O and F15N18O have been utilized (no accurateA0

constants have been determined for the latter two isotopologues).
The experimentalg constants were taken from ref 62. The results
are given in Table 4 together with the experimental equilibrium
structure of Degli Esposti et al.8 As expected, the agreement is
excellent, confirming the accuracy of the equilibrium structure.

Finally, the structure of FNO was calculated at the CCSD(T)
level, all electrons being correlated using the AVTZ and
ACVQZ basis sets (Table 4). As for the N-F bond length, the
all-electron ACVQZ CCSD(T) value is too short by almost
0.005 Å as compared to either the experimental or semi-
experimental structures. It might be argued that convergence is

TABLE 3: Vibration -Rotation Interaction Constants (in
MHz) for FNO

Degli Esposti et al.8 ref 59 AVTZ CCSD(T)a

R1
A 393.2 394.096(33) 363.55

R1
B -14.42 -14.4237(33) -19.86

R1
C -8.958 -8.9387(29) -13.52

R2
A -327.8 -327.874(62) -344.89

R2
B 30.12 30.0956(55) 28.07

R2
C 45.49 45.4860(58) 42.53

R3
A -620.0 -620.009(14) -572.74

R3
B 89.02 88.9824(14) 85.48

R3
C 91.12 91.1555(14) 89.09

Ae - A0 -277.3 -276.893(36) -277.04
Be - B0 52.36 52.3272(33) 46.85
Ce - C0 63.826 63.8514(33) 59.05
∆e

b -0.00074 0.00119

a This work, all-electron computation.b Equilibrium inertial defect.

TABLE 4: Molecular Structure of FNO, with Distances (r)
in Å and Angles (∠) in Degrees

method r(NsF) r(NdO) ∠(FNO)

re
expa 1.51658(25) 1.13155(23) 109.9220(72)

re
SE 1.51681(23) 1.13176(21) 109.9361(66)

re
BO[AVTZ CCSD(T)] 1.5145 1.1329 109.975

re
BO[ACVQZ CCSD(T)] 1.5120 1.1322 109.975

a Reference 8.
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not yet achieved at the quadruple-ú level but, because a larger
basis set is expected to give a still shorter bond, it should be
concluded that this effect is a result of the multireference
character of the ground electronic state of FNO.

5. Equilibrium Structure of Nitrosyl Chloride, ClNO

The experimental equilibrium rotational constants of
35Cl14N16O and35Cl15N16O were derived, and the equilibrium
structure of ClNO was determined from these constants by
Cazzoli et al.63 By combining ab initio and experimental results
and utilizing a cubic force field, the authors were able to
determine the semi-experimental equilibrium rotational constants
of a larger set of isotopologues and obtain an estimate of the
equilibrium structure of ClNO. More recently, the MW spectrum
of ClNO was remeasured by MW Fourier-transform (MWFT)
spectroscopy64 and a substitution structure (rs) was determined.
It was found to be in good agreement with the equilibrium
structure of Cazzoli et al.63 (Table 5). Thus, the accuracy of
this equilibrium structure seems to be well established. To
provide further evidence, we determined newre

BO and rm
(2)

structures for ClNO. ClNO is a case where therm
(2) method

should give dependable results. It is a small molecule without
hydrogens and the ground-state rotational constants have been
determined for several isotopologues.64 Therm

(2) structure (Table
5) is indeed precise and it is in good agreement with there

structure, confirming the accuracy of the latter. It has to be noted
that ther(N-Cl) bond length, 1.973 Å, is much longer than
the normal single N-Cl bond length in NH2Cl, where it is
rs(N-Cl) ) 1.748(1) Å.65 Although this latter value corresponds
to a substitution structure and it is probably less accurate than
stated, the large difference cannot be questioned.

The anharmonic force field of ClNO has also been calculated
at the AVTZ CCSD(T) level for those six isotopologues
(35Cl14N16O, 37Cl14N16O, 35Cl15N16O, 37Cl15N16O, 35Cl14N18O,
and 37Cl14N18O), whose ground-state rotational constants are
available.63,64 The semi-experimentalre

SE structure of ClNO
was calculated using the same method as for HONO and FNO.
The derived structural parameters are also given in Table 5.
The internal consistency of there,63 rm

(2), and re
SE structures is

remarkable, the bond lengths and the∠(ClNO) bond angle agree
with each other to better than 0.002 Å and 0.13°, respectively.
Especially pleasing is the agreement betweenre and re

SE.
Estimates of there

BO structure of ClNO have already been
computed ab initio several times. In particular, Lee66 used the

CCSD(T) level of theory but, as for HONO, with the TZ2P
basis set, which is slightly too small. Quite recently, Coriani et
al.15 recalculated the structure of ClNO at the CVQZ CCSD(T)
level, all electrons being correlated. They noticed a disagreement
with the experimental structure for there(N-Cl) bond length
and suggested to revise the experimental determination. The
accuracy of the experimentalre structure of ClNO being
confirmed above, we have recomputed the ab initio structure
of this molecule at the MP2 and CCSD(T) levels using several
basis sets. For the Cl atom, we used the cc-pV(n+d)Z basis
sets, which are more appropriate for a second-row atom.67,68

The results are reported in Table 5. The coupled-clusterT1

diagnostic is 0.021 at the V(Q+d)Z CCSD(T) level, the same
as for HONO. Although the ab initior(NdO) and∠(ClNO)
parameters are in good agreement with the corresponding
experimental values, the ab initior(Cl-N) bond length seems
to be much too short at the CVQZ CCSD(T) level. Furthermore,
the convergence is not yet fully achieved at this level and, going
from V(Q+d)Z to V(5+d)Z shortens the bond even further.
Addition of diffuse functions also shortens the bond. Therefore,
the single-reference CCSD(T) technique is not sufficient to
obtain a reliable estimate ofre

BO of ClNO.

6. Equilibrium Structure of Nitrylfluoride, FNO 2

The ab initio structure of FNO2 has been computed before69

at the CCSD(T) level but, as for HONO and ClNO, only with
the somewhat too small TZ2P basis set. Alternatively, there are
several structures available from experimental studies. Legon
and Millen70 determined the ground-state rotational constants
of three different isotopologues by MW spectroscopy. They also
obtained an effective (r0) structure of FNO2. Recently, the gas-
phase infrared spectrum of FNO2 was analyzed under high
resolution, permitting the determination of reliable rotational
constants for all fundamental states as well as improved ground-
state constants.71,72Unfortunately, this work allows us to derive
experimental equilibrium rotational constants only for the main
isotopologue. This is not enough to determine a complete
structure of FNO2 because, with the molecule being planar, we
have only two independent constants but three structural
parameters. However, it should allow us to check the accuracy
of the ab initio structure. Before this, one needs to check the
accuracy of the experimental data.

The {ν5, ν3, ν6, ν2} Coriolis interacting tetrad of FNO2 has
been analyzed carefully taking into account all interactions.71

TABLE 5: Molecular Structure of ClNO with Distances ( r) in Å and Angles (∠) in Degrees

method basis set r(ClsN) r(NdO) ∠(ClNO) comment

re 1.97263(7) 1.13571(7) 113.405(3) ref 63
rs 1.9721(4) 1.1364(2) 113.56(2) ref 64
re

SE 1.97308(32) 1.13566(32) 113.380(16) this work

rm
(2) 1.97096(8) 1.13670(3) 113.51(2) this worka

CCSD(T) (fc) TZ2P 2.001 1.141 113.4 ref 66
CCSD(T) (ae) CVQZ 1.9658 1.1358 113.339 ref 15
CCSD(T) (fc) V(Q+d)Z 1.9714 1.1376 113.335 this work
CCSD(T) (fc) V(5+d)Z 1.9662 1.1372 113.298
CCSD(T) (ae) AVTZ 1.9759 1.1382 113.410
CCSD(T) (ae) AV(Q+d)Z 1.9608 1.1362 113.420
MP2 (fc) wCVQZ 2.0151 1.1332 113.611
MP2 (ae) wCVQZ 2.0087 1.1313 113.635
MP2 (fc) V(Q+d)Z 2.0161 1.1334 113.629
MP2 (fc) AV(Q+d)Z 2.0136 1.1338 113.669

a The claimed uncertainties correspond to standard deviations of the fit and do not correctly reflect inherent modeling errors, which are expected
to be much larger.
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Thus, the derived constants are likely to be reliable. TheV4 )
1 level was found to be unperturbed.72 Therefore, if there is a
problem with the experimental spectroscopic constants, it can
only come from theV1 ) 1 state, which is perturbed. A
satisfactory fit was obtained for the corresponding fundamental
band fitted using a triad model. Nevertheless, the derived
centrifugal distortion constants are significantly different from
those of the ground state, indicating that some perturbations
are perhaps not taken into account correctly. To check whether
this problem has a significant effect on the derived equilibrium
rotational constants, we first calculated the equilibrium inertial
defect, which was found to be quite small,∆e ) -0.0022 uÅ2,
unlike the ground-state inertial defect,∆0 ) 0.157 uÅ2.
Furthermore, we compared the experimental rovibrational
corrections to those computed ab initio at the AVTZ B3LYP
level of theory. The results are (in MHz, calculated values in
parentheses)Ae - A0 ) 78.8 (62.3),Be - B0 ) 73.3 (60.1),
andCe - C0 ) 51.3 (42.3). There is a small systematic deviation
that probably indicates that the chosen level of theory is not
good enough but, what is more important, these results show
that the experimental values have the right order of magnitude.

We have computed the ab initio structure of this molecule at
levels similar to the preceding molecules. The results are
reported in Table 6. The coupled-clusterT1 diagnostic is 0.019
at the VQZ CCSD(T) level, slightly smaller than the values
found for HONO, FNO, and ClNO. It is interesting to note that
the frozen-core VnZ and AVnZ CCSD(T) structural parameters
converge toward the same limit for the NdO bond length and
the bond angles though for the N-F bond length the conver-
gence seems to be extremely slow. If we use the ab initio
equilibrium values to calculate the moments of inertia, we find
values that are extremely different from the corresponding
experimental ones, the difference being as large as 0.34 uÅ2

for Ib and Ic. Trial and error calculations indicate that the ab
initio r(NdO) bond length and the∠(FNO) bond angle are
compatible with the experimental equilibrium moments of inertia
but the ab initior(N-F) bond length is much too short, similar
to the r(N-X) bond lengths in the XNO (XdHO, F, Cl)
molecules discussed previously. The correct equilibrium value
should be close to 1.458 Å, that is, about 0.007 Å larger than
the ab initio value. It has to be noted that this bond length is
much longer than the normal single N-F equilibrium bond
length, which is 1.422 Å in NH2F.73

Finally, as a check, we also calculated the semi-experimental
structure using the AVTZ B3LYP anharmonic force field and
the experimental ground-state rotational constants (F14N16O2,
F15N16O2, and F14N18O2).70,71 FNO2 has small rotational con-

stants, there is no isotopic substitution available for the fluorine
atom, and the N atom is close to the center of mass (0.2 Å).
For these reasons, the system of normal equations is not well
conditioned and the derived semi-experimental structure given
in Table 6 cannot be very precise. Nevertheless, in good
agreement with the preceding discussion, we can conclude that
the ab initio N-F bond length is too short.

At this stage, we can confirm that the coupled-clusterT1

diagnostic seems to be an indicator of the importance of
nondynamical electron correlation and, consequently, it is
difficult to compute, using single-reference ab initio techniques,
ther(NsX), XdF, Cl, OH bond length in the molecules studied.

To gain further insight into the reliability of theT1 diagnostics,
we have computed the ab initio structure of nitrous oxide, N2O,
for which theT1 diagnostic has a value quite similar to that
found for HONO, FNO, ClNO, and FNO2, though the bond
lengths are short in N2O.

7. Equilibrium Structures of Nitrous Oxide, N 2O

The structure of the simple linear molecule N2O has been
studied thoroughly; in particular, a very accurate experimental
equilibrium structure is available for it.74 The ab initio structure
and the anharmonic force field of N2O has been calculated
repeatedly.75-78

In this study, estimates of there
BO structure of N2O have

been computed at the MP2 and CCSD(T) levels (Table 7). The
coupled-clusterT1 diagnostic is 0.0198 at the VQZ CCSD(T)
level, slightly larger than for FNO2, but slightly smaller than
that for HONO and FNO. The bestre

BO structure derived is in
excellent agreement with the experimental equilibrium structure,
the deviations being only 0.0006 and 0.0003 Å forr(NN) and
r(NO), respectively.

8. Equilibrium Structures of Nitrosyl Hydride, HNO

HNO is somewhat different from the XNO and XNO2

molecules of this study because H is not highly electronegative
and, consequently, theT1 diagnostic value characterizing HNO
is small, 0.013 at the VQZ CCSD(T) level. Nevertheless, HNO
has an important similarity to those molecules, namely, that its
NH bond has the longest known length, 1.053 Å, the next
longest NH bond length is 1.036 Å for the radical NH.73 The
ab initio structure of HNO has been calculated repeatedly.73,79

The anharmonic force field of HNO has been computed at the
frozen-core VTZ CCSD(T) level.80 An experimental cubic force

TABLE 6: Molecular Structures of FNO 2 with Distances (r)
in Å and Angles (∠) in Degrees

r(F-N) r(NdO) ∠(FNO) ∠(ONO)

r0
a 1.467(15) 1.180(5) 112.0 136.0(15)

CCSD(T) (fc) TZ2Pb 1.471 1.184 112.2 135.7
CCSD(T) (fc) VTZ 1.4502 1.1836 112.27 135.45
CCSD(T) (fc) VQZ 1.4512 1.1799 112.20 135.60
CCSD(T) (fc) V5Z 1.4521 1.1791 112.16 135.69
CCSD(T) (fc) AVDZ 1.4886 1.1923 111.93 136.14
CCSD(T) (fc) AVTZ 1.4635 1.1829 112.03 135.94
CCSD(T) (fc) AVQZ 1.4556 1.1799 112.12 135.76
CCSD(T) (fc) uncTZc 1.4500 1.1802 112.24 135.53
CCSD(T) (ae) uncTZc 1.4485 1.1783 112.24 135.53
CCSD(T) (ae) CBSd 1.4506 1.1772 112.16 135.69
re

SE 1.4560(28) 1.1792(12) 112.26(15) 135.49(30)

a Reference 70.b Reference 69.c uncTZ) completely uncontracted
VTZ basis, supplemented by an appropriate 1p3d2f set [see the text
(Section 3.1)].d Using the additivity assumption CCSD(T)(fc)/V5Z+
[CCSD(T)(ae)/uncTZ- CCSD(T)(fc)/uncTZ].

TABLE 7: Molecular Structure of N 2O with Distances (r) in
Å

method basis r(NN) r(NO)

re
a 1.1273 1.1851

MP2 (fc) VQZ 1.1514 1.1777
MP2 (fc) AVQZ 1.1516 1.1784
MP2 (fc) V5Z 1.1508 1.1776
CCSD(T) (fc) VDZ 1.1477 1.1955
CCSD(T) (fc) VTZ 1.1329 1.1896
CCSD(T) (fc) VQZ 1.1292 1.1869
CCSD(T) (fc) AVDZ 1.1490 1.2021
CCSD(T) (fc) AVTZ 1.1328 1.1910
CCSD(T) (fc) wCVQZ 1.1288 1.1868
CCSD(T) (ae) wCVQZ 1.1267 1.1848
CCSD(T) CBSb 1.1267 1.1854

a Reference 74.b Obtained using the following additivity approxima-
tions: CCSD(T)(fc)/VQZ+ [CCSD(T)(ae)/wCVQZ- CCSD(T)(fc)/
wCVQZ] + [MP2/AVQZ - MP2/VQZ] + [MP2/V5Z - MP2/VQZ].
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field is also available.81 As part of this study, the cubic force
field was computed at the all-electron VTZ CCSD(T) level.

We extended the ab initio determination of the structure of
HNO up to the all-electron AV5Z CCSD(T) level (Table 8).
For the NH bond length, there is almost no difference starting
from the VQZ CCSD(T) level, indicating that convergence is
achieved at the CCSD(T) level. As for the NO bond length,
there is a decrease of 0.001 Å when going from VQZ to AV5Z,
in agreement with the conclusions of Demaison et al.73 There
is excellent agreement between the frozen-core CCSD(T)
structural parameters of Feller and Dixon79 and those obtained
here at the all-electron CCSD(T) level.

The anharmonic force field of HNO permitted evaluation of
the semi-experimental equilibrium rotational constants of HNO
and DNO, which were used to determine a semi-experimental
structure. Only theB andC rotational constants have been used
during the least-squares refinement because the vibrational
correction for theA rotational constants is so large that the
perturbational calculation is probably not valid. The derived
semi-experimental structure,re

SE, is also given in Table 8.
Because it has been determined from only four rotational
constants, it is difficult to assess its accuracy. Nevertheless, if
we assume that the uncertainty of the ab initio structure is as
much as 0.002 Å for the bond lengths, there

BO and re
SE

structures are in good agreement.

9. Conclusions

It has been accepted, see, for example, ref 10, that it is not
easy to calculate accurate ab initio structures for the XNO and
XNO2 molecules (where XdF, Cl, OH). Nevertheless, it has
been often assumed, implicitly or explicitly, see, for example,
ref 15, that the CCSD(T) method gives reliable structural results,
provided that a large basis set with diffuse functions is used.
We have shown here that this is not necessarily true and that
the T1 diagnostic indicates the lack of accuracy of the single-
reference CCSD(T) method for these systems. Note that in the
case of HONOT1 is somewhat sensitive to the choice of the
basis set. TheT1 value is 0.021 with the VQZ basis set in the
frozen core approximation but only 0.018 with the wCVQZ basis
set, all electrons being correlated, falling below the usually
applied cutoff value of 0.02 indicating dominant single-reference
character. Note also that CASSCF calculations indicated14 that
the wave function of the ground electronic state of HONO has
only one leading configuration. It is noteworthy that only the
unusually long N-X bond is calculated unreliably at the
CCSD(T) level, the rest of the structural parameters are predicted
with the expected precision.12,15,52It seems that the CCSDTQ
method could give highly reliable results but, unfortunately, it
is still too expensive for everyday use, even for these small
systems.

The semi-experimental method, where the experimental
ground-state rotational constants are corrected for vibrational
effects using an ab initio cubic force field, seems to be much
less sensitive to systematic errors. For this class of compounds,
the semi-experimental techniques provide the most reliable
equilibrium structures, because (a) for them accurate ground-
state rotational constants of several isotopologues have been
determined experimentally; and (b) the vibrational corrections
are only a very small percentage of the rotational constants (less
than 1%). Accuracy of the semi-experimental structures deter-
mined is better than 0.001 Å and 0.1°.

The mass-dependent method of Watson et al.46 seems to be
significantly less accurate than the semi-experimental technique
because (a) more parameters need to be determined, for example,
for HONO not only the five geometric parameters but seven
additional ones would need to be determined during the least-
squares refinement; and (b) the method does not work well for
X-H (XdN, O) bond lengths.

As a result of the above conclusions, we tried to employ the
semi-experimental methodology for the unstable ClNO2 mol-
ecule, for which theT1 diagnostic is 0.021 at the VTZ CCSD-
(T) level. Unfortunately, there is not enough experimental data
available to determine a reliable equilibrium structure for this
molecule.

In conclusion, this work provides further evidence that for
small molecules the best approach to determine equilibrium
structural parameters with an accuracy of about 0.001 Å and
0.1° is through the semi-experimental technique.
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