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Abstract The adiabatic interaction energy (IE) in the van

der Waals region of the ground H 2Sð Þ � � �CO X1Rþ
� �

and

excited H 2Sð Þ � � �CO a3Pð Þ electronic states of the H � � �CO

complex is studied in the framework of the supermolecule

approach at the RHF-CCSD(T) level of theory. Calculations

predict a minimum with be = 72�, Re = 6.89ao and

De = 34.10 cm-1 for the ground X2A0state. For the excited
4A0 state the minimum occurs at be = 104� and

Re = 5.90ao with De = 75.42 cm-1. The resulting IE of the

excited 4A00 state reveals two minima separated by a saddle

point. The most stable configuration occurs at be = 132�,

Re = 6.71ao and De = 40.03 cm-1. The corresponding

vertical excitation energies and corresponding shifts with

respect to the isolated CO molecule are calculated as a

guideline for future theoretical and experimental work. In

order to investigate the use of less demanding correlation

methods, test density functional theory calculations using

the mPW1PW exchange–correlation functional are also

presented for comparison.
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1 Introduction

The H���CO complex, held together by weak intermolec-

ular van der Waals (vdW) dispersion forces, might be

considered as an intermediate between the gas and the

condensed phase. In particular, this knowledge is essential

for the understanding of a variety of biological, chemical

and physical phenomena and represents an important step

in the chemistry of interstellar molecules [1–3]. Of main

importance, vdW molecules are nowadays accessible both

to detailed experimental and to reliable quantum mechan-

ical studies. The implementation of high-resolution state

selective spectroscopy and controllable sample conditions

have contributed to the experimental progress [4–9]. The

availability of powerful supercomputers and the develop-

ment of efficient computational algorithms have made

possible the accurate quantum mechanical study of the

properties of these vdW molecular systems [10, 11].

Experiments have provided crucial reference for theoretical

chemists, and spectral data have played an important part

in the development of potential energy surfaces for these

complexes. In some cases, however, for which none or

insufficient experimental data exist, ab initio calculations

remains the only method of choice.

Ab initio, studies of vdW interaction energies have

essentially followed two directions. The first regards the

interaction between the subsystems as a perturbation, and

partitions the energy into terms such as electrostatic,

repulsion, polarization, induction and dispersion. The sec-

ond approach considers the interacting subsystems as a

supermolecule [1–3, 10, 11]. Since all the highly effective

ab initio methods developed for single-molecule calcula-

tions are in principle applicable without change and, it also

offers a uniform treatment over the entire range of inter-

molecular separations, the vast majority of calculations of

the interaction energy of vdW complexes are carried out at

present using the supermolecule approach. The advent of

state-of-the-art computational facilities has made possible

to develop many-body methods of electronic structure
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capable of reliable calculations of potential energy sur-

faces. Single reference coupled cluster theory [12] and

configuration interaction are two successful strategies

capable of getting an accurate and reliable description of

the correlation energy. As the result of the breakdown of

single-reference theories in describing open-shell states,

multi-reference theories are most desirable [13], where

only one state at the time is to be conveniently considered

[14, 15].

The formyl (HCO) radical is an important product

formed from the interaction of Hydrogen and carbon

monoxide, which has been the subject of extensive theo-

retical and experimental research for the past several

decades (as surveyed by Marenich and Boggs [16]) but only

a previous ab initio study was focused on the detailed cal-

culation of the potential energy surface (PES) of the H���CO

interaction in the vdW region [17]. In fact, detailed work by

Lukeš et al. [17] at the UCCSD(T) level of theory, using a

combination of POL1 atom-centered basis set [18] com-

plemented with a set (3s,3p,2d) of optimized Tao’s

midbond functions [19, 20], revealed the presence of vdW

minima in the PES of the ground state H 2Sð Þ � � �CO X1Rþ
� �

complex at long interaction separations.

In the present study, we shall be concerned with

the ground H 2Sð Þ � � �CO X1Rþ
� �

and the excited

H 2Sð Þ � � �CO a3Pð Þ electronic states of the H � � �CO com-

plex interaction in the vdW region. The electronic structure

of the low-lying states of HCO can be better understood

starting from these two vdW structures [21]. The PES of

these vdW complexes has predominant single-reference

character, which allows us to use open-shell coupled

cluster theories from a high-spin RHF reference wave

function [22, 23]. This ansatz represents an alternative size-

consistent economical method available for a reliable cal-

culation of interaction energies. It will be also important to

offer an educated guess of the electronic ‘‘vertical’’ exci-

tation energies lying in the ultraviolet region, which can

serve both as guideline for designing high resolution

fluorescence spectra experiments to search for such system

and, eventually, for the interpretation of the experimental

results.

2 Methodology

The interaction potential of the H � � �CO vdW systems

examined here has been obtained in the framework of the

supermolecule approach at the partially spin restricted

open-shell coupled cluster with perturbative triples cor-

rections RHF-RCCSD(T) level of approximation for the

total energy, as described by Knowles et al. [22, 23] and

implemented in the MOLPRO package of ab initio pro-

grams [24]. In the present study, we have used the large

spdfg-type basis set of Jankowski and Szalewicz [25],

which includes a set of optimized bond function: 3s

(a = 0.553063, 0.250866, 0.117111), 2p (a = 0.392,

0.142), 1d (a = 0.328), to insure the best possible repre-

sentation of the vdW dispersion interaction. The bond

functions were placed at the midpoint of the vector R,

which joins the center of mass of CO and H. This combi-

nation of atom-centered and midbond functions has been

used successfully in describing the H2���CO ground state

interaction energy [25], keeping the size of the basis sets

within practical limits with respect to resources as storage

and computational time.

The interaction energy is defined as:

IE Rð Þ ¼ E H � � �CO; Rð Þ � E H � � �X; Rð Þ
� E X � � �CO; Rð Þ; ð1Þ

where E(H–X; R) and E(X–CO; R) are used here to indi-

cate that the monomer energy (H and CO) is derived in the

dimer-centered basis set. This amounts to apply the coun-

terpoise procedure of Boys and Bernardi [26] to correct for

the basis set superposition error at each molecular config-

uration R.

In contrast to closed-shell procedures, the counterpoise

open-shell calculations cause additional complications for

P states. For example, the electron configuration of CO in

its electronic excited 3P state corresponds to: (1r)2

(1r*)2(2r)2 (2r*)2 (1p)4 (3r)1 (2p*)1. The degeneracy of

the 2p* orbital is removed by its partner H for any non-

linear geometry of the molecular vdW complex. This

Renner–Teller effect, lifts the degeneracy of these two

states giving rise to the A0 and A00 (in Cs symmetry) states,

respectively [27]. The A0 state corresponds to a configu-

ration where the electrons occupy a p* orbital located

‘‘parallel’’ to the C–O–H plane. In the A00 state, the elec-

trons are occupying a p* orbital located ‘‘perpendicular’’ to

the C–O–H plane. All the calculations reported in the

present contribution are based on the Bohr–Oppenheimer

approximation, which provide A0 and A00 adiabatic poten-

tial-energy surfaces in the absence of spin-orbit splitting.

3 Results and discussion

3.1 GroundH 2Sð Þ � � �CO X1Rþ
� �

state

In the present study, we have re-examined the H���CO

ground-state energy as described in previous section, where

all necessary energies were calculated by allowing all

electrons to correlate. The final counterpoise-corrected

interaction energies were computed according to Eq. 1,

where the bond length of CO X1Rþ
� �

was kept rigid at its

experimental equilibrium bond length r(CO) of 2.1319ao

[28]. The H���CO geometry is specified by R, which
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represents the distance between the center of mass of CO

and H, and by the polar angle of orientation b of the vector

along the C–O bond (directed from the C to the O atom),

with respect to the vector along R. In this convention,

b = 08 denotes the linear orientation H���C–O, while

b = 180� designates the linear orientation H���O–C.

Approaching H(2S) along a linear patch to CO X1Rþ
� �

results in the ground 2Rþ state of the linear complex, which

correlates to the X2A0 state along the bending coordinates.

The investigation of the PES was carried out for R

ranging from 5 to 20ao and for b every 11.25�, from 0� to

180�. The calculated grid of 334 counterpoise-corrected IE

points were fitted to a function of the form

IE ¼
X10

i¼0

cosðbÞi :
X10

j¼0

Cj Exp ½�bðR� aÞ� j ; ð2Þ

where the energies are given in cm-1. The least-square

fitting parameters were obtained using Matematica [29]

with a RMS error of 0.014 cm-1 and can be obtained from

authors by request. The resulting contour plot of the PES

for the X2A0 state with respect to R and b is depicted in

Fig. 1, where points above 120 cm-1 were excluded from

the fitting. The calculated IE reveals that the most stable

configuration occurs at be = 72� with an equilibrium dis-

tance of Re = 6.89ao.

A plot of the maximum IE depth (with respect to R) along

the angle b is depicted Fig. 2, which shows more clearly the

equilibrium dissociation energy De = 34.10 cm-1 at

be = 72� along the bending coordinate. The above figures

also show that the linear orientations correspond to saddle

points, with IE of -24.96 cm-1 at a distance of R = 8.26ao

for b = 0� and IE of -25.49 cm-1 at a distance of

R = 7.41ao for b = 180�, which results in an forward acti-

vation energy of about 8.61 cm-1 (and of 9.14 cm-1 for the

backward activation energy) along the bending coordinate.

Further point wise optimization of the CO bond length of the

H 2Sð Þ � � �CO X1Rþ
� �

vdW complex at its equilibrium con-

formation (be = 72� and Re = 6.89ao) results in a value of

r(CO) of 2.1379ao, which is 0.0060ao longer than the ori-

ginal value of 2.1319ao and makes the complex only

0.07 cm-1 more stable. Molecular orbital analysis reveals a

weak bonding interaction among the CO(3r) and H(1s)

orbitals, which causes a bond weakening and further small

increase in the bond distance of CO in the complex.

The present results are in close agreement with the

values of De = 34.35 cm-1, be = 76� and Re = 6.82ao as

found at the UCCSD(T) level of theory by Lukeš et al.

[17], by using a slightly smaller CO bond length (2.1316ao)

and also a relative smaller basis set (POL1 ? Tao). This

comparison shows that, although the angular position of the

minimum is changed by as much as 4�, the values of Re and

De are only marginally affected by the change to a more

accurate basis set. It would be of great interest at this point

to investigate, by using intermolecular perturbation theory,

how the physical origin of the present PES anisotropy

compares to previous results [17].

3.2 Excited H 2Sð Þ � � �CO a3Pð Þ state

Although the CO X1Rþ
� �

! CO a3Pð Þ transition is well

known experimentally [30], there is no any direct experi-

mental evidence of the formation of the excited

H 2Sð Þ � � �CO a3Pð Þ complex. Since we are interested in

vertical excitation energies, the supermolecule IE calcula-

tions were performed at different geometries (as specified
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Fig. 1 Contour plot for the ground X2A0 state as a function of R and

b at the RHF-RCCSD(T) level of theory. The spacing between the

lines corresponds to 1.5 cm-1

0 22.5 45 67.5 90 112.5 135 157.5 180
β
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Fig. 2 Bending potential curve for the ground X2A0 state at the RHF-

RCCSD(T) level of theory. The values represent the maximum IE

depth with respect to R at each angle b. All energies are in cm-1
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by R and by the Jacobi angle of orientation b) but keeping

the stretching coordinates of CO fixed at the ground bond

length of 2.1319ao. As for the ground state, the necessary

energies were calculated allowing all the electrons to cor-

relate. Approaching H(2S) along a linear patch to CO(a3P)

leads to the excited 4P state of the linear vdW complex. As

explain before, the Renner–Teller effect will split the linear
4P state into the 4A0 and 4A00 states along the bending

coordinate. As before, the calculated PES was obtained for

R ranging from 5 to 20ao and for b ranging from 0� to 180�.

The calculated grid of counterpoise-corrected IE points

was fitted to a function of the form given by Eq. 2 by using

Matematica [29].

The resulting IE contour plots of the excited 4A0 and 4A00

states are depicted in Fig. 3a and b, respectively, where

points above 120 cm-1 were excluded from the fitting. In

order to account for the larger anisotropy of the resulting

PESs, the grid was increased, as compared to the ground

state, to 717 and 528 points, which allows to obtain a final

small RMS error in the fitting of 0.010 and 0.012 cm-1,

respectively (fitting parameters can be obtained from

authors by request). The corresponding plots of the maxi-

mum depth of IE (with respect to R) along the bending

coordinate (defined by the angle b) for the 4A0 and 4A00

states are depicted in Fig. 4.

The resulting IE of the excited 4A00 state reveals two

minima separated by a saddle point. The most stable con-

figuration occurs at be = 132� and Re = 6.71ao with an

equilibrium dissociation energy of De = 40.03 cm-1. The

second minimum occurs at b = 68� and R = 6.90ao with a

depth of 38.31 cm-1. The saddle point connecting these

minima is located at b = 96� and R = 6.64ao with a depth of

36.12 cm-1. This results in a forward energy barrier of

2.69 cm-1 in going from the minimum at b = 68� to the

minimum at b = 96� (and of 3.89 cm-1 for the backward

energy barrier) along the reaction coordinate. Point wise

optimization of the CO bond length in the 4A00 state of the

H 2Sð Þ � � �CO a3Pð Þ complex at its equilibrium conformation

(be = 132� and Re = 6.71ao) results in a value of 2.2816ao,

which makes the complex 2.07 cm-1 more stable than its un-

relaxed counterpart does. In the 4A00 state, the CO(2p*)

antibonding orbital is ‘‘perpendicular’’ to the C–O–H plane,

which does not have the right symmetry to bond with the

H(1s) orbital. Thus, it is again the weak bonding interaction

among the CO(3r) and H(1s) orbitals (although relative

stronger than in the ground state) that causes the bond

weakening and further increase in the bond CO distance in

the complex.

The calculated PES for the excited 4A0 state reveals that

the most stable configuration occurs at be = 104� at an

equilibrium distance of Re = 5.90ao with an equilibrium

dissociation energy of De = 75.42 cm-1. It also reveals

two saddle points with IE of -6.56 cm-1 at a distance of

R = 9.58ao for b = 51� and IE of -28.56 cm-1 at a dis-

tance of R = 7.22ao for b = 145�, which connect the

absolute minimum with secondary minima located at

b = 0� and b = 180�, respectively. This result in forward

activation energy of 46.86 cm-1, and of 68.86 cm-1 for
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Fig. 3 Contour plots for the

excited states 4A0 (in panel a)

and 4A0 0 (in panel b) as a

function of R and b at the RHF-

RCCSD(T) level of theory. The

spacing between the lines
corresponds to 3.2 cm-1 for 4A0

and 2.2 cm-1 for 4A0 0

0 22.5 45 67.5 90 112.5 135 157.5 180
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Fig. 4 Bending potential curves at the RHF-RCCSD(T) level of

theory for the 4A0 and 4A0 0 excited states. The values represent the

maximum IE depth with respect to R at each angle b. All energies are

in cm-1
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the backward activation energy along the reaction coordi-

nate. Further point wise optimization of the CO bond

length of the 4A0 state of the H 2Sð Þ � � �CO a3Pð Þ complex at

its equilibrium conformation (be = 104� and Re = 5.90ao)

results in a value of 1.7501ao, which makes the complex a

significant 18.88 cm-1 more stable than its un-relaxed

counterpart does. In view of the relative large geometry

relaxation experimented by point-wise optimization of the

CO bond length in the 4A0 state of the H 2Sð Þ � � �CO a3Pð Þ
complex frozen at its equilibrium conformation, we leave

open the possibility of optimizing simultaneously r(CO), R

and b in order to find a more accurate minimum for this

electronic state. In this state, the CO(2p*) orbital is located

‘‘parallel’’ to the C–O–H plane and it has the right sym-

metry to form a relative strong bonding interaction with the

H(1s) orbital, which in turn, withdraws electron density

from the antibonding CO(2p*) orbital to stabilize it and

further decrease the bond CO distance in the complex.

3.3 DFT representation of the ground state

In view of the recent successfully reported study on the

structure and bonding properties of the ground

N2ðX1Rþg Þ � � �Heð2SÞ electronic state by means of the

mPW1PW exchange–correlation functional of Adamo and

Barone [31], using DFT local-spin-optimized atom-cen-

tered basis sets complemented with bond functions

optimized at the mPW1PW level of theory [32], we have

decided to perform similar less-demanding calculations on

the ground H 2Sð Þ � � �CO X1Rþ
� �

electronic states of

H���CO, which are to be compared to the RHF-RCCSD(T)

reference calculations presented in Sect. 3.1. The DFT

calculations were performed in the framework of the

supermolecule approach applying the Kohn–Sham for-

malism [33], where the counterpoise-corrected interaction

energy is defined as before by Eq. 1. The mPW1PW [31]

exchange–correlation functional was tested as imple-

mented in the Gaussian 03 molecular package [34] for the

total energy. In the DFT calculations, we have used the

TZVP atom-centered Gaussian basis sets, which have

been optimized for local-spin DFT calculations by

Godbout et al. [35]. They were complemented with a basis

set of bond functions modified to increase the ground-state

dispersion-energy interaction at the mPW1PW level of

theory. These DFT-optimized bond functions are referred

here as BF-DFT, and they consist of three s functions

(exponents 1.1, 0.3 and 0.1), two p functions (exponents:

0.9, 0.3), one d functions (exponents: 0.6), one f function

(exponent: 0.5) and one g function (exponent: 0.5) placed

at the midpoint of the vector R joining the center of mass

of CO and H, where the bond length of CO X1Rþ
� �

was

kept rigid at its experimental equilibrium bond length

r(CO) of 2.1319ao.

The resulting PES of the ground H 2Sð Þ � � �CO X1Rþ
� �

electronic states of H���CO at the mPW1PW/TZVP ?

BF - DFT level of theory reveals a single-minimum sur-

face with the most stable configuration located at be = 79�,

Re = 8.46ao and dissociation energy De = 11.21 cm-1,

which is too shallow as compare to the reference calcula-

tion (De = 34.10 cm-1 at be = 72�). This can be seen

clearly from the plot of the maximum depth of IE (with

respect to R) along the angle b as depicted in Fig. 5, where

the ground RHF-RCCSD(T) reference calculation (lower

curve) is also included for comparison. This figure shows

that the linear orientations correspond to the saddle points,

with IE of -3.09 cm-1 for b = 0� and IE of -3.48 cm-1

for b = 180�, which results in an forward activation energy

of 7.72 cm-1 and of 9.11 cm-1 for the backward activation

energy along the reaction coordinate. These values com-

pare relative well to the values of 8.61 cm-1 and of

9.14 cm-1 obtained for the reference calculations. Further

point wise optimization of the CO bond length of the

complex H 2Sð Þ � � �CO X1Rþ
� �

at its equilibrium confor-

mation (be = 79� and Re = 8.46ao) results in a value of

r(CO) of 2.1371ao, which is 0.0052ao longer than the the

original value of 2.1319ao (making the complex only

0.02 cm-1 more stable) in complete agreement also with

the reference results for thr r(CO) optimization presented

in Sect. 3.1.

Although the PES is too shallow as compare to the ref-

erence RHF-RCCSD(T) calculations, Fig. 5 shows that, on

the whole, the exchange–correlation functional mPW1PW

[31] using DFT-optimized bond functions [32] gives an

‘‘excellent’’ qualitative representation of the interaction

energy of the ground H 2Sð Þ � � �CO X1Rþ
� �

electronic states

of vdW H���CO complex, where the detailed anisotropy of

the potential is undoubtedly very well represented. Since

the mPW1PW/TZVP ? BF - DFT potential resulted too

0 22.5 45 67.5 90 112.5 135 157.5 180
β

30

20

10

0
IE cm 1

mPW1PW

RHF RCCSD T

Fig. 5 Bending potential curve for the ground X2A0 state at the

mPW1PW and RHF-RCCSD(T) levels of theory. The values
represent the maximum IE depth with respect to R at each angle b.

All energies are in cm-1
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shallow for the ground state (although qualitatively correct),

no further steps were taken to ansatz for the excited states.

3.4 Excitation energy

In this section, we present the electronic ‘‘vertical’’ exci-

tation energies for the H���CO vdW complex using a one-

dimensional stretching model, which can be used to set up

initial experimental conditions in laser induced fluorescence

spectroscopy experiments of H gas seeded with CO at low

temperatures. This simple stretching model has been pre-

sented previously by Salazar et al. for He���CO [36], and

more recently for He���CO? [37] and Ar���CO [38]. The

H 2Sð Þ � � �CO X1Rþ
� �

! H 2Sð Þ � � �CO a3Pð Þ vertical exci-

tation spectrum of H � � �CO, frozen at its ‘‘tilted’’ most-

stable ground-state geometry [r(CO) = 2.1379ao and

b = 72�] is depicted in Fig. 6. The calculated counterpoise-

corrected IE points were fitted to a function of the form

given in Eq. 2, but only in the stretching coordinate R. The

least-square fitting parameters were again obtained using

Mathematica [23] with a RMS error of 0.008 cm-1.

Vibrational energies were calculated from the fitted poten-

tial curves using the numerical Numerov–Cooley procedure

[39] by treating H–CO as a diatomic system with only one

degree of freedom R. This procedure shows that for the

ground X2A0 electronic state (lower curve in Fig. 6), the

minimum occurs at Re of 6.89ao, De = 34.18 cm-1 and the

calculated dissociation energy corresponds to Do =

5.35 cm-1, with only one vibrational states supported by

this ground IE curve. Present calculations also shows that

the minimum of the excited 4A00 interaction (upper curve in

Fig. 6), occurs at Re of 6.58ao, De = 38.69 cm-1 and

Do = 5.80 cm-1, with only one vibrational states supported

by this excited state. This amounts to a small red shift of

0.45 cm-1 for the transition X2A0 ? 4A0 with respect to the

corresponding CO X1Rþ
� �

! CO a3Pð Þ excitation in

absence of H. In addition, the upper panel of Fig. 6 depicts

the fitted potential of the excited 4A0 state with Re of 8.60ao

and De = 9.63 cm-1, which does not support any vibra-

tional state.

After vertical excitation from the ground state, the

excited COða3PÞ � � �Hð1SÞ state could relax its geometry

before the optical transition back to the ground state. In

particular, it is noticeable from Fig. 4 the relative large

geometry relaxation experimented by the excited 4A0 state,

which is thus studied in more detail here. The vertical
4A0 ? X2A0 emission is depicted in Fig. 7, where the

conformation of the ground X2A0state is frozen at the most

stable excited 4A0 geometry [r(CO) = 1.7502ao and

b = 104�]. Vibrational energies were calculated from the

fitted potential curves (as explained above) by using again

the numerical Numerov-Cooley procedure [39]. This pro-

cedure shows that for the excited 4A0 electronic state (upper

curve in Fig. 7), the optimal calculated interaction occurs

at Re of 5.73ao, De = 92.32 cm-1 and the dissociation

energy corresponds to Do = 30.88 cm-1, with only one

vibrational state supported by this excited IE curve. Present

calculations also show that the minimum of the ground

X2A0 interactions (lower curve in Fig. 7) occurs at Re of

6.78ao, De = 27.95 cm-1 and Do = 2.56 cm-1, with only

one vibrational state supported. We can see that after

relaxation, vertical emission shows a large red shifts of

28.32 cm-1 for the 4A0 ? X2A0 transition, with respect to

the corresponding CO a3Pð Þ ! CO X1Rþ
� �

transition in

absence of H.

4 Final remarks

In the present study, ab initio calculations at the RHF-

RCCSD(T) level of theory in the framework of the super-

molecule approach were used to study the H���CO vdW

complex. The interaction energy of the ground

H 2Sð Þ � � �CO X1Rþ
� �

and excited H 2Sð Þ � � �CO a3Pð Þ elec-

tronic states, as a function of the distance R between the H

atom and the center of mass of CO and the angle b among

the monomers, were determined in order to calculate the
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Fig. 6 Vertical X2A0 ? 4A0 excitation for H���CO at its ‘‘tilted’’

most-stable ground X2A0 state geometry [r(CO) = 2.1379ao and

b = 72�]
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corresponding equilibrium values: be, Re and De. These

calculations indicated a ground X2A0 most-stable interac-

tion with be = 72�, Re = 6.89ao and De = 34.10 cm-1 and

an excited most-stable 4A0 interaction with be = 104�,

Re = 5.90ao and De = 75.42 cm-1. They also indicate and

excited 4A00 state with two minima separated by a saddle

point: the most stable configuration occurring at be = 132�,

Re = 6.71ao and De = 40.03 cm-1 with the secondary

minimum occurring at be = 68�, Re = 6.90ao and

De = 38.31 cm-1.

Calculations at the mPW1PW/TZVP ? BF - DFT level

of theory for the ground H 2Sð Þ � � �CO X1Rþ
� �

electronic

state of the vdW H���CO complex revealed that the resulting

PES is too shallow as compare to the reference RHF-

RCCSD(T) calculations. Nevertheless, it gives an ‘‘excel-

lent’’ qualitative representation of the interaction energy,

where the detailed anisotropy of the potential is undoubtedly

very well represented. In our opinion, density functional

theory calculations with the mPW1PW exchange–correla-

tion functional using DFT local-spin-optimized atom-

centered basis sets complemented with DFT-optimized bond

functions are qualitatively correct and can be used as a

guideline for more demanding computational work on

ground-state vdW complexes.

A small red shifts of 0.45 cm-1 was obtained for the

X2A0 ? 4A00 vertical excitation energy with respect to the

corresponding CO X1Rþ
� �

! CO a3Pð Þ excitation in

absence of H, while the electronic 4A0 state remains inac-

cessible by a vertical excitation from the ground X2A0

electronic state frozen at its ‘‘tilted’’ most-stable ground-

state geometry: r(CO) = 2.1379ao and b = 72�. A relaxed

vertical 4A0 ? X2A0 transition is also described (where the

conformations of the electronic states involved are frozen

at the most-stable 4A0 state geometry: r(CO) = 1.7502ao

and b = 104�), which exhibits a large red shifts of

28.32 cm-1 with respect to the corresponding CO a3Pð Þ !
CO X1Rþ
� �

transition in absence of H. All the vertical

excitation spectra described here are to be taken as a

qualitative guide because we have only included the most

stable conformer into account. A realistic approach must

involve the complete IE surfaces for both the ground and

excited states, which is underway in our laboratory and the

results will be published elsewhere.
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