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Abstract
Ab initio near-equilibrium potential energy and dipole moment surfaces for the bent CuNO, AgNO, and AuNO molecules 
have been calculated under the Feller–Peterson–Dixon (FPD) composite framework at the coupled cluster level of theory 
including complete basis set extrapolation, outer-core correlation, scalar relativistic effects, and spin–orbit coupling. The 
Brueckner coupled cluster doubles with perturbative triples method, BCCD(T), was used to greatly improve upon CCSD(T), 
which was particularly problematic for CuNO. In the latter case, the BCCD(T) vibrational frequencies showed significant 
differences compared to CCSD(T), e.g., nearly 65 cm−1 for the NO stretching frequency, and BCCD(T) also resulted in much 
better agreement with the available experimental frequencies. A full range of ro-vibrational spectroscopic constants are given 
for all three molecules of this study using the accurate composite potential energy functions and employing second-order 
vibrational perturbation theory.
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1 Introduction

Nitric oxide, NO, is one of the most common ligands bind-
ing to a transition metal center. Particularly, nitric oxide 
interacting with coinage metals,[1] such as Cu, has found 
its application in many different areas such as NO decompo-
sition [2], corrosion processes [2], and biochemical catalysis 
[3]. Since 1991, various experimental techniques have been 
applied to characterize the CuNO molecule. The gas-phase 
existence of the molecule was first identified by mass spec-
trometry by Sulzle et al. [4], while other experimental char-
acterizations have included matrix FTIR [5–10] and UV–Vis 
spectroscopy [5].

In past studies, there have been some controversy about 
the ground electronic state of the CuNO molecule. In the 
early study of Hrušák et al. [11], the 3A′′ state was found to 
be lower in energy than the 1A′ state with the Hartree–Fock 
(HF), coupled cluster singles and doubles (CCSD), and con-
figuration interaction (CI) methods. CCSD with perturbative 
triples, CCSD(T), however, gave the opposite conclusion 
that the singlet should be the ground state, particularly for 
larger basis sets. Several years later, Uzunova [12] used 
complete active space second-order perturbative theory 
(CASPT2) with unrestricted natural orbitals (UNO) and 
found that the triplet was the ground state, but CCSD(T) 
calculations again favored the singlet. Meanwhile, several 
density functional theory (DFT) calculations were also 
applied to study the CuNO molecule [5, 8, 10, 12–14], but 
failed to achieve consensus; the pure functionals gave a sin-
glet ground state, while the hybrid functionals preferred a 
triplet ground state. In 2012, Marquardt and co-workers [13, 
15] used multi-reference configuration interaction (MRCI) 
with several different sizes of reference spaces, as well as 
CCSD(T), to study this molecule. Unlike the CASPT2 study, 
the MRCI and CCSD(T) calculations both definitively sup-
ported a singlet ground state. Throughout the present work, 
a singlet ground state has been assumed for all three species.
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Since they are proposed to have similar catalytic appli-
cations as CuNO, an extension down the periodic table 
has included previous experimental studies of both AgNO 
[16, 17] and AuNO [18–23]. As with CuNO, spectroscopic 
investigations have been limited to observation in rare gas 
matrices. In addition, only limited theoretical studies have 
been performed on these molecules, and these have been 
carried out nearly exclusively at the DFT level,[16, 18, 21, 
23] although Tielens et al. [18] did carry out some calcula-
tions of the binding energy of NO to Au at the CCSD(T) 
level of theory.

In this study, the near-equilibrium potential energy sur-
faces (PESs) of all three coinage metal nitrosyls (CuNO, 
AgNO, AuNO) have been accurately calculated using the 
Feller-Peterson-Dixon (FPD) coupled-cluster-based com-
posite methodology [24] in order to determine their spec-
troscopic properties. In addition, the electric dipole moment 
surfaces have also been calculated to obtain pure rotational 
and infrared intensities.

2  Computational details

Initial calculations on the CuNO molecule were carried out 
at the coupled cluster singles and doubles with perturba-
tive triples, CCSD(T) [25], level of theory with correla-
tion consistent basis sets, [26–28] aug-cc-pVnZ (n = D–5)
for N and O and aug-cc-pVnZ-PP (n = D–5) with a small 
core relativistic pseudopotential (PP) for Cu [29]. It became 
apparent, however, that CCSD(T) was somewhat problem-
atic. This manifested itself in two ways: (i) after sampling 
the near-equilibrium PES (see below) the fitting errors 
were much larger than expected and (ii) the calculated N–O 
stretching harmonic frequency (calculated with analytical 
gradients and thus not subject to the possible instabilities 

leading to the poor fits) was much higher than experiment. 
Subsequent calculations indicated that these problems were 
eliminated when the Brueckner coupled cluster doubles 
with perturbative triples method, BCCD(T) [25, 30, 31], 
or CCSD with full iterative triples, CCSDT [32, 33], were 
used. Table 1 shows the results of tests on all three mol-
ecules of this study using the aug-cc-pVDZ (N,O) and aug-
cc-pVDZ-PP (Cu, Ag, Au) basis sets. These results show 
that CuNO is the exception, e.g., the CCSD(T) value for the 
N–O stretching harmonic frequency is larger than BCCD(T) 
and CCSDT values by more than 70 cm−1. Relatively, large 
differences are also observed for the Cu–N bond length, 
nearly 0.02 Å. For the other two molecules, the differences 
between CCSD(T) and BCCD(T) is nearly negligible for 
the vibrational frequencies although the CCSD(T) values 
of r(M–N) appear to be too long, particularly for AgNO. In 
the case of CuNO, CCSDT(Q) calculations were also car-
ried out with an increased frozen-core definition, i.e., the 
O 2 s was not correlated, and with just the cc-pVDZ-PP 
basis set on Cu and aug-cc-pVDZ on N and O. Compared 
to analogous CCSDT results, the equilibrium geometry was 
nearly unchanged (–0.0001 Å in re(N–O), –0.0023 Å in 
re(Cu–N), + 0.4º in the bond angle), while the NO stretch-
ing frequency decreased by just 7 cm−1 (about -2 cm−1 in 
the bend and unchanged for the Cu–N stretch). Also shown 
in Table 1 for CuNO are two variants of how the (T) correc-
tion is included in BCCD(T). One uses a triples correction 
based on the assumption that canonical orbitals are used and 
the other does not make this assumption and thus includes 
all non-Brillouin terms in the determination of the (T) cor-
rection. For the properties shown in Table 1, the differences 
are small but are appreciable for the Cu–N bond length, 
nearly 0.005 Å. In the remainder of this work, only the non-
Brillouin version of BCCD(T) has been utilized. It should be 
noted that at its equilibrium geometry with this basis set, the 

Table 1  A comparison of 
coupled cluster methods 
for the determination of the 
equilibrium structure (Å 
and degs.) and harmonic 
vibrational frequencies  (cm−1). 
Unless indicated otherwise, 
the aVDZ-PP/aVDZ basis 
set combination was used 
throughout

a BCCD(T) using the Molpro closed-shell code for the (T) contributions
b BCCD(T) using the Molpro open-shell code for the (T) contributions. Unlike the default closed-shell 
implementation in Molpro, this includes all non-Brillouin terms and is used throughout the current work

Method re (Cu–N) re (N–O)  < (CuNO) �
1
 (N–O) �

2
 (bend) �

3
 (Cu–N)

CuNO
CCSD(T) 1.9302 1.1848 120.0 1699 404 250
BCCD(T)a 1.9124 1.1875 119.1 1623 437 268
BCCD(T)b 1.9077 1.1876 119.2 1622 439 271
CCSDT 1.9123 1.1905 119.3 1622 436 267
AgNO
CCSD(T) 2.3929 1.1840 117.8 1741 289 138
BCCD(T)b 2.3839 1.1752 117.5 1743 334 138
AuNO
CCSD(T) 2.0772 1.1738 117.8 1729 493 257
BCCD(T)b 2.0709 1.1711 117.7 1735 504 260
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 T1 diagnostic [34] in the CCSD calculations of CuNO was 
rather large at 0.082, but there were no doubles amplitudes 
larger than 0.05, indicating multireference character was not 
an issue. Likewise, the  T1 diagnostics for AgNO and AuNO 
were 0.077 and 0.065, respectively.

A full set of spectroscopic properties was derived for all 
3 species from near-equilibrium potential energy surfaces 
(PES) of each molecule. The energy of each sampled point 
on the PES was obtained via the FPD composite approach 
[24], where in this work the total energy was expressed as:

In Eq. (1), the first term on the right-hand side represents 
the frozen-core total energy extrapolated to the complete 
basis set limit (CBS) at the BCCD(T) level of theory [25]. 
Correlation consistent basis sets, aug-cc-pVnZ (n = D–5) 
[26, 27] for N and O and aug-cc-pVnZ-PP (n = D–5) [28] 
with small core relativistic pseudopotentials [29] (PPs) for 
coinage metal elements, were used. For convenience, these 
are abbreviated as aVnZ below. The Hartree–Fock energies 
were extrapolated by the formula of Karton and Martin [35],

where  En are the HF energies calculated by aVQZ and aV5Z 
sets (n = 4 and 5). The BCCD(T) correlation energies were 
extrapolated by a two-parameter formula, Eq. (3), also using 
aVQZ and aV5Z data [36, 37],

The final CBS limit for a given geometry on the PES, ECBS, 
is the sum of the results of Eqs. (2) and (3).

The second term in Eq. (1), CV, recovers the correlation 
energy contribution from outer core electrons. For N and O, 
the core electrons include 1 s electrons, while for Cu, Ag, 
and Au the outer core electrons outside the PPs are 3s3p, 
4s4p, and 5s5p, respectively. Both the frozen-core and outer-
core correlation energies energies were calculated with the 
BCCD(T) method using aug-cc-pwCVQZ (N and O) and 
aug-cc-pwCVQZ-PP (Cu, Ag, Au) basis sets. The value of 
ΔCV is given by the difference in these two calculations.

The third term, ΔDK, provides the scalar relativistic con-
tribution from the light atoms and a correction for the use of 
the PP for the metals. The all-electron Douglas–Kroll–Hess 
(DKH) scalar relativistic Hamiltonian [38–40] was used 
for these contributions with aug-cc-pVTZ-DK basis sets 
(denoted aVTZ-DK) for all atoms [28, 41] at the BCCD(T) 
level of theory. Second-order DKH was used for CuNO and 
AgNO, while the 3rd-order DKH Hamiltonian was utilized 
for AuNO. The energy difference between these calculations 
and the analogous PP-based ones using aVTZ sets yielded 
the ΔDK contributions.

(1)E = ECBS + ΔCV + ΔDK + ΔSO

(2)En = ECBS + A(n + 1)e−9
√

n

(3)En = ECBS + A∕
(

n +
1

2

)4

The final term is the spin–orbit correction, ΔSO. In this 
work, two-component (2-c) DFT using the B3LYP functional 
[42] was used with the spin–orbit potential included with the 
ECP [29, 43]. Uncontracted aVDZ basis sets were used in 
these calculations. 2-c DFT was chosen instead of 2-c (or 4-c) 
CCSD(T) since a PES incorporating the latter displayed large 
fitting errors just as in the scalar relativistic CCSD(T) case 
discussed above.

The potential energy functions for each molecule were 
defined by fits to 84 FPD energies that covered the geometry 
ranges –0.3ao ≤ R(MN) – Re(MN) ≤  + 0.5ao, –0.3ao ≤ r(NO) 
– re(NO) ≤  + 0.5ao, and –30º ≤ θ(MNO) – θe(MNO) ≤  + 30º 
to functions of the form

 where Q1 = R(M–N) – Re(M–N), Q2 = r(N–O) – re(N–O), 
and Q3 = A0Δθ + A1Δθ2 + A2Δθ3 where Δθ = θ(MNO) 
–θe(MNO) [44]. For the bending coordinate, the parameters 
A1 and A2 were chosen to satisfy the boundary conditions 
at linearity of Q3 = 1 and dQ3/dθ = 0. The value of A0 was 
roughly optimized in the fitting procedure. The expansion 
coefficients are given explicitly in Table S1 of the Supple-
mentary Information (SI). Using Eq. (4), the calculated ener-
gies were reproduced with root-mean-square errors of less 
than 1 cm−1 and maximum errors of no more than 2.3 cm−1. 
The derivatives from Eq. (4) were transformed by the usual 
L-tensor algebra [45] to a quartic forcefield in dimension-
less normal coordinates, and these were then used in stand-
ard second-order perturbation theory treatments [45] of the 
spectroscopic constants. Both the fitting of the surfaces and 
the latter spectroscopic constant analyses were carried out 
with the Surfit program of Senekowitsch [46].

The electric dipole moment surfaces are calculated at the 
BCCD(T) level of theory with the aVTZ basis sets for each 
molecule at the same 84 geometries as the potential energy 
surfaces described above. A finite field approach was used 
with field strengths of ± 0.001 a.u. The resulting dipole 
moment surfaces were first rotated into an Eckart frame [47] 
and the resulting a and b principal axes components were 
then fit to fourth-order polynomials in simple displacement 
coordinates. The expansion coefficients Da

ijk
 and Db

ijk
 are 

given in Table S2 of the SI. The derivatives of the dipole 
moments corresponding to each vibrational normal coordi-
nate were then obtained via the Surfit program and were 
used to calculate the intensities for each mode using [48]

where ωi is the harmonic frequency (in  cm−1) for each mode 
and �′

i,a
 and �′

i,b
 are the first derivatives of dipole moments 

(4)V
(

Q1,Q2,Q3

)

=
∑

ijk

Cijk

(

Q1

)i(

Q2

)j(

Q3

)k

(6)
Ii(cm

−2atm−1 at 300 K) = 65.785 × �i ×

(

�
�
i,a

)2

+
(

�
�
i,b

)2

2
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(in a.u.) along the a and b principal axes, respectively, for 
the ith normal mode.

Except for the spin–orbit calculations, which utilized the 
DIRAC program [49], all other calculations were carried out 
using the MOLPRO suite of ab initio programs [50].

3  Results and discussion

3.1  Potential energy surfaces and spectroscopic 
properties

Tables 2, 3 and 4 summarize the basis set convergence, indi-
vidual FPD contributions, and final composite results for 
the equilibrium geometries and harmonic frequencies for 
CuNO, AgNO, and AuNO, respectively. In each case, these 
properties were derived from separate potential energy func-
tions accurately fit via Eq. (4) to 84 energies representing the 

Table 2  Equilibrium bond 
lengths (Å), bond angles (deg.) 
and harmonic  frequenciesa 
 (cm−1) of the CuNO molecule 
calculated from the fitted 
potentials with respect to the 
basis set and contributions 
of different FPD terms. All 
calculations except ΔSO 
correspond to the BCCD(T) 
method. See the text

Aa1 = NO stretch, 2 = bend, 3 = Cu–N stretch

Re(Cu–N) re(N–O) �
e

�
1

�
2

�
3

AVDZ 1.9077 1.1876 119.24 1621.6 438.7 270.8
AVTZ 1.8847 1.1774 119.48 1618.2 463.5 283.5
AVQZ 1.8787 1.1740 119.45 1630.9 469.6 286.7
AV5Z 1.8789 1.1732 119.32 1631.9 469.5 286.7
CBS[Q5] 1.8792 1.1727 119.22 1632.6 469.2 286.5
ΔCV − 0.0019 − 0.0021 0.0 9.7 5.5 2.9
ΔDK 0.0030 − 0.0003 − 0.1 0.2 1.2 − 0.1
ΔSO − 0.0001 0.0000 0.0 − 0.1 0.0 0.0
Composite 1.8802 1.1704 119.11 1642 476 289

Table 3  Equilibrium bond 
lengths (Å), bond angles (deg.), 
and harmonic frequencies 
 (cm−1) of the AgNO molecule 
calculated from the fitted 
potentials with respect to the 
basis set and contributions 
of different FPD terms. All 
calculations except ΔSO 
correspond to the BCCD(T) 
method. See the text

Aa1 = NO stretch, 2 = bend, 3 = Ag–N stretch

Re(Ag–N) re(N–O) �
e

�
1

�
2

�
3

AVDZ 2.3839 1.1752 117.49 1742.6 334.0 138.1
AVTZ 2.3052 1.1657 117.80 1720.8 356.8 158.5
AVQZ 2.2912 1.1622 117.74 1731.4 362.9 163.5
AV5Z 2.2903 1.1614 117.63 1733.1 364.1 163.7
CBS[Q5] 2.2900 1.1608 117.56 1734.5 364.7 163.7
ΔCV − 0.0450 − 0.0013 0.1 − 2.1  + 15.5  + 14.0
ΔDK  + 0.0070 − 0.0002 − 0.1  + 0.6 − 0.9 − 1.2
ΔSO  + 0.0009  + 0.0001 0.0 − 0.3 − 0.5 − 0.2
Composite 2.2529 1.1593 117.64 1733 379 176

Table 4  Equilibrium bond 
lengths (Å), bond angles (deg.), 
and harmonic frequencies 
 (cm−1) of the AuNO molecule 
calculated from the fitted 
potentials with respect to the 
basis set and contributions 
of different FPD terms. All 
calculations except ΔSO 
correspond to the BCCD(T) 
method. See the text

a 1 = NO stretch, 2 = bend, 3 = Au–N stretch

Re(Au–N) re(N–O) �
e

�
1

�
2

�
3

AVDZ 2.0709 1.1711 117.70 1735.4 504.0 259.5
AVTZ 2.0370 1.1608 117.97 1732.8 527.9 277.0
AVQZ 2.0320 1.1571 117.95 1748.2 531.5 279.2
AV5Z 2.0298 1.1563 117.88 1749.7 532.6 280.0
CBS[Q5] 2.0284 1.1558 117.83 1751.0 533.4 280.5
ΔCV − 0.0170 − 0.0018  + 0.1  + 7.7  + 14.2  + 11.6
ΔDK − 0.0031 0.0000 0.0 − 1.6  + 1.2  + 1.2
ΔSO − 0.0052  + 0.0005  + 0.2 − 3.2 − 1.3  + 2.4
Composite 2.0031 1.1545 118.16 1754 547 296
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stated basis set or FPD contribution, e.g., the ΔCV values 
were derived as the difference between spectroscopic con-
stants calculated from the BCCD(T)/CBS[Q5] PES and the 
BCCD(T)/CBS[Q5] + ΔCV PES, where ΔCV in this latter 
context is the contribution due to outer-core correlation at 
each of the 84 points as described in the previous section. 
As seen in these tables, the BCCD(T) geometries and har-
monic frequencies are well converged even with the aVQZ 
basis sets. Further extensions and extrapolation to the CBS 
limits changes the bond lengths by only a few thousandths 
of an Angstrom and the frequencies by no more than 3 cm−1.

The effects of correlating the outer-core electrons are 
nearly negligible for CuNO in regard to the equilibrium 
structure although the frequencies increase by 3–10 cm−1. 
Correlation of the outer-core has the largest effect on AgNO, 
decreasing the Ag–N bond length by 0.045 Å and increasing 
the bending and Ag–N harmonic frequencies by 15.5 and 
14.0 cm−1, respectively. The CV effect on these properties 
in AuNO are intermediate between the Cu and Ag cases, but 
as in AgNO the largest changes were a decrease in the Au–N 
bond length and increases in�2 and �3 . The two remaining 
modifications to the PESs, Δ DK and ΔSO , resulting in only 
small changes to these properties, particularly in regard to 
ΔSO The largest effect from using the PP is calculated for 
AgNO where the Ag–N bond length is increased with DK 
calculations by 0.007 Å. The analogous changes for CuNO 
and AuNO were just + 0.003 Å and -0003 Å, respectively. 
In all cases the harmon[48]ic frequencies changed by less 
than 2 cm−1. Not surprisingly the effects of SO coupling was 
nearly negligible for these closed-shell molecules. The larg-
est SO effect was for AuNO where Re(Au–N) decreased by 
0.005 Å with a concomitant increase in the Au–N harmonic 
frequency by 2.4 cm−1.

Using the final FPD composite PESs, a large number of 
spectroscopic constants were calculated via second-order 
vibrational perturbation theory for all three molecules. The 
rotational and ro-vibrational constants are shown in Table 5 
while the pure vibrational constants are given in Table 6. The 
bond lengths of Table 5 are expected to be accurate to within 
about 0.005 Å while the harmonic frequencies of Table 6 
have expected accuracies on the order of 15 cm−1. No sig-
nificant resonances were identified for these molecules, so 
it is expected that vibrational perturbation theory should be 
very reliable in these cases. In regard to previous calcula-
tions, DFT methods have tended to yielded bond lengths for 
both the M–N and N–O bonds that are too long, by as much 
as 0.09 and 0.02 Å, respectively, but with a lot of variation 
depending on the functional and basis set employed [8, 16, 
18, 23]. In regard to the vibrational data of Table 6, the larg-
est variations between the current harmonic frequencies and 
previous DFT results is in the NO stretching vibration. Con-
sistent with predicting too short NO bond lengths, B3LYP 
tended to yield values for the NO stretching frequency that 

are too high by up to 60 cm−1 (CuNO) [8]. The BP86 or 
BPW91 functionals yielded results much closer to the cur-
rent BCCD(T)-based values, although the NO stretch for 

Table 5  Calculated rotational and ro-vibrational  constantsa obtained 
with the final composite PESs for CuNO, AgNO, and AuNO (most 
abundant isotopomers)

a 1 = NO stretch, 2 = bend, 3 = M–N stretch

Constant CuNO AgNO AuNO

Re (M–N, Å) 1.8802 2.2529 2.0031
re (N–O, Å) 1.1704 1.1593 1.1545
θe(deg.) 119.11 117.64 118.16
Ae (MHz) 97,321 87,645 93,300
Be (MHz) 4682 3112 3388
Ce (MHz) 4467 3006 3270
�
AAAA

 (MHz) − 55.66 − 43.31 − 31.62
�
BBBB

(MHz) − 0.0201 − 0.0170 − 0.0076
�
CCCC

(MHz) − 0.0150 − 0.0143 − 0.0062
�
AABB

(MHz) 0.484 0.256 0.207
�
BBCC

(MHz) − 0.0172 − 0.0155 − 0.0068
�
CCAA

(MHz) 0.323 0.188 0.154
�
ABAB

(MHz) − 0.0856 − 0.0611 − 0.0359
α1A(MHz) 1932 1368 1259
α2A (MHz) − 2137 − 2071 − 1649
α3A (MHz) − 710 − 224 − 531
α1B (MHz) − 8.6 − 29.7 − 4.1
α2B (MHz) 41.4 21.9 20.6
α3B (MHz) 10.4 34.1 13.1
α1C (MHz) − 4.0 − 26.2 − 2.4
α2C (MHz) 41.3 24.0 21.8
α3C (MHz) 14.3 33.0 13.4

Table 6  Calculated vibrational  constantsa obtained with the final 
composite PESs for CuNO, AgNO, and AuNO (most abundant iso-
topomers)

a 1 = NO stretch, 2 = bend, 3 = M–N stretch

Constant CuNO AgNO AuNO

�
1
 (cm−1) 1642.5 1732.8 1753.9

�
2
 (cm−1) 475.9 378.8 547.5

�
3
   (cm−1) 289.3 176.4 295.8

Χ11 (cm−1) − 15.9 − 19.8 − 15.7
Χ22  (cm−1) − 4.7 − 3.0 − 3.7
Χ33  (cm−1) − 0.8 − 3.2 − 0.1
Χ12  (cm−1) 6.0 3.3 2.8
Χ13  (cm−1) − 0.8 5.5 0.3
Χ23  (cm−1) − 6.5 0.7 − 7.4
�1  (cm−1) 1613 1698 1724
�2  (cm−1) 466 375 538
�3  (cm−1) 284 173 292
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AgNO resulting from BPW91 was smaller by about 60 cm−1.
[16] Last, in the matrix isolation spectroscopy work of Krim 
et al. [5] values were evaluated for the  X11 and  X22 anhar-
monicity constants, -16.5 and -4.8 cm−1, respectively. These 
are in excellent agreement with the results obtained from the 
current composite PES, -15.9 and -4.7 cm−1.

Table 7 compares the calculated anharmonic vibrational 
frequencies of this work as derived from the final composite 
PESs with the available experimental values obtained in rare 
gas matrices. In every case the present ab initio values are 
higher than the values from the matrix IR experiments. As 
anticipated, the present results do agree better overall with 
the Ne matrix results, generally within less than 1% for the 
NO stretch ( �1). Larger matrix shifts, at least on a percentage 
basis, are observed for the lower frequency �2 and �3 modes.

3.2  Dipole moment surfaces and normal mode 
intensities

The expansion coefficients for the Eckart frame dipole 
moment functions of CuNO, AgNO, and AuNO are shown 
in Table S2. In these cases the molecules at equilibrium 
are oriented with the N–O bond nearly aligned along the 
a-axis with the O atom in the positive ab quadrant (ori-
gin at the molecular center of mass). A positive sign of 
an equilibrium dipole moment component implies the 
positive end of the dipole vector lies along the positive 
a or b axis. In all cases, the equilibrium values are rela-
tively small: µa =  − 0.408   D, µb =  − 0.132 D (CuNO); 
µa = 0.041 D, µb = 0.004 D (AgNO); µa = 0.741 D,  µb = 
− 0.088 D (AuNO). The corresponding total equilibrium 
values are given in Table 8. With such small magnitudes, 
these molecules are expected to have relatively weak pure 
rotational spectra and AgNO will be particularly chal-
lenging to observe. The infrared intensities of the funda-
mental vibrational normal modes for each molecule are 

also listed in Table 8. The N–O stretching modes have the 
largest intensities by far, followed by the bending modes 
and then the M–N stretching modes. The intensity of �1 
decreases along the series from CuNO to AuNO. Based on 
the relatively small magnitudes of the dipole moment sec-
ond derivatives with respective to dimensionless normal 
coordinates shown in Table S3, most of the overtones are 
not expected to have unusually large intensities. An excep-
tion may be the bending mode since the second derivative 
terms �′′

22
 are larger (CuNO and AgNO) or nearly as large 

(AuNO) as the corresponding first derivatives.

4  Conclusions

Accurate near-equilibrium potential energy functions 
have been calculated for the coinage metal nitrosyl mol-
ecules CuNO, AgNO, and AuNO using the Feller–Peter-
son–Dixon (FPD) composite methodology that included 
CBS extrapolations and contributions from outer-core 
correlation, all-electron relativistic corrections, and 
spin–orbit coupling. The present work also found that the 
BCCD(T) level of theory was much more reliable com-
pared to CCSD(T), particularly for CuNO. This correlated 
with the relatively large value for the T1 diagnostic in 
CuNO but otherwise the apparent lack of multideterminan-
tal character. A large set of spectroscopic constants, both 
rotational and vibrational, was determined for all three 
molecules which will hopefully facilitate their observation 
by experiment in the gas phase. Full three-dimensional 
dipole moment functions were also determined in this 
work at the BCCD(T) level of theory. The pure rotational 
spectra are predicted to be relatively weak for all three 
molecules, particularly AgNO. In agreement with the 
available IR experiments, the �1 stretch is predicted to be 
much more intense than the bend or M–N stretch.
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Table 7  Comparison of the composite FPD anharmonic vibrational 
frequencies  (cm−1) with the available experimental values

a 1 = NO stretch, 2 = bend, 3 = M–N stretch

Molecule Source �
1

�
2

�
3

CuNO FPD, this work 1613 466 284
Exp [5]. (Ar) 1587.4 452.6 278.2
Exp [8]. (Ne) 1602.2
Exp [6]. (Ar) 1610.5

AgNO FPD, This work 1698 375 173
Exp [16]. (Ar) 1680.3
Exp [16]. (Ne) 1711.8/1707.3

AuNO FPD, This work 1724 538 292
Exp. [23]. (Ne) 1710.4 523.8
Exp. [23]. (Ar) 1701.9 517.6

Table 8  Calculated BCCD(T)/aVTZ equilibrium dipole moments  
µe (in Debye) and infrared intensities Ii (in  cm−2  atm−1).The latter 
are calculated within the double harmonic approximation for the ith 
vibrational  modea

a 1 = NO stretch, 2 = bend, 3 = M–N stretch

 µe I1 I2 I3

CuNO 0.428 7026 77.3 27.6
AgNO 0.042 5272 65.1 19.4
AuNO 0.746 3536 63.7 18.3



Theoretical Chemistry Accounts (2020) 139:81 

1 3

Page 7 of 7 81

References

 1. Andrews L, Citra A (2002) Chem Rev 102:885–912
 2. Pietrzyk P, Piskorz W, Sojka Z, Broclawik E (2003) J Phys Chem 

B 107:6105–6113
 3. Pietrzyk P, Sojka Z (2005) J Phys Chem A 109:10571–10581
 4. Sulzle D, Schwarz H, Moock KH, Terlouw JK (1991) Int J Mass 

Spectrom 108:269–272
 5. Krim L, Wang XF, Manceron L, Andrews L (2005) J Phys Chem 

A 109:10264–10272
 6. Chiarelli JA, Ball DW (1994) J Phys Chem 98:12828–12830
 7. Jiang L, Xu Q (2007) J Phys Chem A 111:2690–2696
 8. Zhou M, Andrews L (2000) J Phys Chem A 104:2618
 9. Ball DW, Chiarelli JA (1995) J Mol Struct 372:113–125
 10. Ruschel GK, Nemetz TM, Ball DW (1996) J Mol Struct 

384:101–114
 11. Hrušák J, Koch W, Schwarz H (1994) J Chem Phys 101:3898–3905
 12. Uzunova EL (2009) J Phys Chem A 113:11266–11272
 13. Krishna BM and Marquardt R (2012) J Chem Phys 136:
 14. Blanchet C, Duarte HA, Salahub DR (1997) J Chem Phys 

106:8778–8787
 15. Cornaton Y, Krishna BM, Marquardt R (2013) Mol Phys 

111:2263–2282
 16. Citra A, Andrews L (2001) J Phys Chem A 105:3042–3051
 17. Chao C-C, Lunsford JH (1974) J Phys Chem 78:1174–1177
 18. Tielens F, Gracia L, Polo V, Andres J (2007) J Phys Chem A 

111:13255–13263
 19. Jiang L, Kohyama M, Haruta M, Xu Q (2008) J Phys Chem A 

112:13495–13499
 20. Teng YL, Kohyama M, Haruta M, and Xu Q (2009) J Chem Phys 

130:
 21. Kuang XJ, Wang XQ, Liu GB (2011) Eur Phys J D 61:71–80
 22. Olvera-Neria O, Bertin V, Poulain E (2011) Int J Quantum Chem 

111:2054–2063
 23. Citra A, Wang XF, Andrews L (2002) J Phys Chem A 

106:3287–3293
 24. Feller D, Peterson KA, and Dixon DA (2008) J Chem Phys 129:
 25. Hampel C, Peterson KA, Werner HJ (1992) Chem Phys Lett 

190:1–12
 26. Dunning TH Jr (1989) J Chem Phys 90:1007–1023
 27. Kendall RA, Dunning TH, Harrison RJ (1992) J Chem Phys 

96:6796–6806
 28. Peterson KA, Puzzarini C (2005) Theor Chem Acc 114:283–296
 29. Figgen D, Rauhut G, Dolg M, Stoll H (2005) Chem Phys 

311:227–244
 30. Dykstra CE (1977) Chem Phys Lett 45:466–469
 31. Handy NC, Pople JA, Head-Gordon M, Raghavachari K, Trucks 

GW (1989) Chem Phys Lett 164:185–192
 32. Noga J, Bartlett RJ (1987) J Chem Phys 86:7041
 33. Scuseria GE, Schaefer HF (1988) Chem Phys Lett 152:382
 34. Lee TJ and Taylor PR (1989) Int. J. Quantum Chem. 36(Suppl. 

S23):199

 35. Karton A, Martin JML (2006) Theor Chem Acc 115:330–333
 36. Feller D, Peterson KA, and Hill JG (2011) J Chem Phys 135:
 37. Martin JML (1996) Chem Phys Lett 259:669–678
 38. Douglas M, Kroll NM (1974) Ann Phys (New York) 82:89–155
 39. Jansen G, Hess BA (1989) Phys Rev A 39:6016–6017
 40. Reiher M, Wolf A (2004) J Chem Phys 121:10945–10956
 41. de Jong WA, Harrison RJ, and Dixon DA (2001) J Chem Phys 

114:48–53
 42. Becke AD (1993) J Chem Phys 98:5648–5652
 43. Lee YS, Ermler WC, Pitzer KS (1977) J Chem Phys 67:5861–5875
 44. Carter S, Handy NC (1987) J Chem Phys 87:4294
 45. Hoy AR, Mills IM, Strey G (1972) Mol Phys 24:1265
 46. Senekowitsch J, Ph.D. thesis, Universität Frankfurt, 

Frankfurt,Germany, 1988.
 47. Eckart C (1935) Phys Rev 47:552
 48. Adler-Golden SM, Carney GD (1985) Chem Phys Lett 

113:582–584
 49. Saue T, DIRAC, a relativistic ab initio electronic structure pro-

gram, Release DIRAC18 (2018), written by T. Saue, L. Visscher, 
H. J. Aa. Jensen, and R. Bast, with contributions from V. Bakken, 
K. G. Dyall, S. Dubillard, U. Ekström, E. Eliav, T. Enevoldsen, E. 
Faßhauer, T. Fleig, O. Fossgaard, A. S. P. Gomes, E. D. Hedegård, 
T. Helgaker, J. Henriksson, M. Iliaš, Ch. R. Jacob, S. Knecht, S. 
Komorovský, O. Kullie, J. K. Lærdahl, C. V. Larsen, Y. S. Lee, 
H. S. Nataraj, M. K. Nayak, P. Norman, G. Olejniczak, J. Olsen, 
J. M. H. Olsen, Y. C. Park, J. K. Pedersen, M. Pernpointner, R. Di 
Remigio, K. Ruud, P. Sałek, B. Schimmelpfennig, A. Shee, J. Sik-
kema, A. J. Thorvaldsen, J. Thyssen, J. van Stralen, S. Villaume, 
O. Visser, T. Winther, and S. Yamamoto (available at https ://doi.
org/10.5281/zenod o.22539 86, see also http://www.dirac progr 
am.org).

 50. Werner H-J (2019) MOLPRO, version 2019.2, a package of 
ab initio programs, H.-J. Werner, P. J. Knowles, G. Knizia, F. R. 
Manby, M. Schütz, P. Celani, W. Györffy, D. Kats, T. Korona, R. 
Lindh, A. Mitrushenkov, G. Rauhut, K. R. Shamasundar, T. B. 
Adler, R. D. Amos, S. J. Bennie, A. Bernhardsson, A. Berning, 
D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, E. Goll, 
C. Hampel, A. Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. 
Köppl, S. J. R. Lee, Y. Liu, A. W. Lloyd, Q. Ma, R. A. Mata, A. 
J. May, S. J. McNicholas, W. Meyer, T. F. Miller III, M. E. Mura, 
A. Nicklass, D. P. O’Neill, P. Palmieri, D. Peng, K. Pflüger, R. 
Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A. J. Stone, R. Tarroni, 
T. Thorsteinsson, M. Wang, and M. Welborn, , see https ://www.
molpr o.net.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.5281/zenodo.2253986
https://doi.org/10.5281/zenodo.2253986
http://www.diracprogram.org
http://www.diracprogram.org
https://www.molpro.net
https://www.molpro.net

	Coupled cluster spectroscopic properties of the coinage metal nitrosyls, M–NO (M = Cu, Ag, Au)
	Abstract
	1 Introduction
	2 Computational details
	3 Results and discussion
	3.1 Potential energy surfaces and spectroscopic properties
	3.2 Dipole moment surfaces and normal mode intensities

	4 Conclusions
	Acknowledgements 
	References




