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The adiabatic potential energy surface of the H-CO complex in the van der Waals region,
described by Jacobi coordinates (r = 1.128 A, R, ©), was investigated using the super-
molecular coupled-clusters CCSD(T) method. Our calculations indicate a minimum for bent
arrangements. It was found on the carbon side of CO molecule at R = 3.6 A (0 = 76°) with a
well depth of D, = -156.5 pE,. The saddle points are localised at linear conformations for
R=4.37 A (©=0°and R =3.91 A (© = 180°). The physical origin of the studied interaction
was analysed by the intermolecular perturbation theory based on the single-determinant
unrestricted Hartree-Fock wave function. The separation of the interaction energies shows
that the locations of the predicted stable bent structure is primarily determined by delicate
balance between the repulsive Heitler-London and attractive dispersion and induction en-
ergy components.
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Intermolecular systems involving carbon monoxide are actually of interest
not only from the point of view of the combustion processes but also from
the point of view of basic research®2. In chemistry of interstellar molecules
the reaction of hydrogen with carbon monoxide and formation of formyl
radical is assumed to be an important step in the synthesis of oxygenated
organic molecules®®. The hydrogen radical reaction with carbon monoxide
and dissociation of HCO was investigated in numerous computational stud-
ies and large effort was devoted to the study of the structure, electronic and
vibrational energies of HOC and HCO 6-1°,
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The first global ab initio potential energy surface (with only small semi-
empirical adjustment) was elaborated by Bowman, Bittman and Harding
(BBH)* and used in the studies of the bound vibrational states. The dyna-
mic studies in which the potential energy surface (PES) of BBH was used
predicted quantitatively correctly the available experimental data. On the
portion of the HCO surface investigated they found three minima corre-
sponding to HCO, HOC and H + CO and five saddle points. List of refer-
ences of the time-dependent dynamic calculations of Bowman and co-
workers can be found in latter papers of that group®11. Extensive ab initio
calculations of the bending and C-O stretching PES for low-lying doublet
electronic states for the HCO radical were reported by Lorenzen-Schmidt
et al.1?

The more accurate PES of Werner and co-workers!® is a PES based on cal-
culations performed at the multireference configuration interaction level
(MRCI) level using complete active space self consistent field (CASSCF) ref-
erence functions and a basis set of quadruple zeta quality. The resonance
energies and widths obtained from dynamics calculations based on this PES
agree very well with the experimental data'®14. An extended list of previous
experimental and theoretical studies can be also found in these papers.
Structure, stability, and harmonic vibrational frequencies of stationary
points for the HCO radical in the ground (2A’) and first excited (2A") states
were calculated by Bittererova et al.1> Among recent ab initio calculations, it
is worth mentioning the benchmark study of Woon?6, where the H + CO
reaction has been described using correlation-consistent basis sets at five
levels of theory. The predictions of the RCCSD(T) method were found close
to those of the MRCI+Q method. Hybrid density functional theory (DFT)
methods used by Jursicl’ predicted results of a similar quality to MRCI with
Q/cc-pVQZ basis sets for resonances, but offered quite a different transition
state structure and very low reaction barriers. To the best of our knowledge,
in the previous ab initio studies no special attention was focused on the de-
tailed calculation of the PES in the van der Waals region, especially either
the grid used was not sufficient or the PES has been calculated only near
the equlibrium geometries!®19, However, these weak bound van der Waals
(vdW) systems might be prereactive complexes formed in the entrance val-
leys of PES.

With respect to previous theoretical works, the main goal of this paper is
threefold: (i) to provide the detailed and improved basis set superposition
error (BSSE)-corrected?®?! characterisation of the PES of the H-CO complex
at the supermolecular coupled-clusters theoretical level, (ii) to present the
fitted functional form of the obtained ab initio results and (iii) to analyse
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the origin of the anisotropy and stability of stationary points on PES by the
intermolecular perturbation theory.

METHODOLOGY AND DEFINITIONS

In order to investigate the weak interaction within the radical vdWw system,
we will use the standard ab initio supermolecular approach??-25, At a given
level of perturbation or CCSD(T) theory, the interaction energy is calcu-
lated from the expression:

AEM =E) -E(M -E™  n=HF, 2, 3,4,..o0r CCSD(T), (1)

int

where E,p is the energy of the supersystem AB, and E, (Eg) stands for the
energy of the non-interacting monomer A (B). The level of theory is indi-
cated by the superscript “n”, e.g. AE>) denotes the MP2 interaction energy.
To analyse the supermolecular results, the interpretation tools based
on the intermolecular perturbation theory (I-PT) are applied at the SCF
as well as at post-HF levels of theory?6-2°. In the case of the open-shell
systems, the interaction energy contributions can be calculated in the
framework of single-determinant restricted Hartree-Fock (RHF) and/or
unrestricted Hartree-Fock (UHF) approaches3°-33, In spite of some advan-
tages, their application is associated with certain problems. In general, the
Hamiltonian matrix elements provided by the RHF solutions for radical
monomers are not invariant to the arbitrary orthogonalisation procedure.
On the other hand, the use of UHF wave function is associated with diffi-
culties resulting from its spin contamination. If this contamination is not
serious, I-PT based on the UHF determinant is conceptually more
straighforward than that based on the RHF determinant because of the
presence of an additional one-particle operator3®31,
The UHF-SCF interaction energy can be decomposed as follows

AEYF = AETH +AE(§’;'F, (2)
where AE™ is the Heitler-London (HL) energy®334 and AE " represents the
UHF deformation contribution. The AE™ energy may be further divided
into the first-order Hartree-Fock electrostatic E{* (for the perturbation
terms notation, see, e.g., ref.?4) and HL exchange-penetration AE/.. compo-
nents

AEMS = AEPL 4 p@00) (3)

exch els
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The UHF deformation energy defined by Eq. (2) originates from mutual
electric polarisation effects and exchange effects due to the Pauli principle.
An important and the simplest exchangeless approximation to AESS" is the
second-order UHF Coulomb induction energy (EZ%)242527 |t may be
viewed as the classic induction effect between the permanent and induced
multipole moments resulting from the polarisation of the monomer A by
the permanent multipole moments of the monomer B and vice versa. The
exchange penetration counterpart represents the E®” energy?’.

Similarly to the closed-shell cases, the second-order UMP2 correlation in-
teraction energy can be partitioned as

AE(Z) - E(200) + E(12) +AE 2

int disp els other * (4)

Ede and ES’0. represent the second-order coulombic?627:3 and exchange
Hartree—Fock dispersion?®27 energies. They result from interactions of in-
duced instantaneous electric moments. E{” denotes the second-order
electrostatic correlation energy (containing E{* and E(*® energies). It de-
scribes electrostatic interactions of the correlated multipole moments of the
monomer A with uncorrelated moments of the monomer B and vice versa.
The remaining term AEZ encompasses the exchange and deformation cor-
relation corrections as well as the response effects?427.

Using the diagrammatic techniques, it is possible to distinguish the
third-order interaction energy contributions like the dispersion-correlation
(ES) . ESY)) and Hartree—Fock third-order (EJ) and fourth-order (E:) dis-
persion energies?%28, However, complete physical interpretation of higher
than second-order contributions of interaction electron-correlation energies

is not straightforward.

CALCULATION DETAILS

All 1-PT calculations were performed using our own program codes inter-
faced to the Gaussian 94 program package®®. The supermolecular BSSE was
determined via the counterpoise method of Boys and Bernardi?®. The pre-
sented UHF interaction energy terms were developed using dimer-centered
basis sets of the constituent monomers?!. The HL energy was obtained us-
ing the standard Gram-Schmidt orthogonalisation procedure. All electrons
were correlated in the presented calculations.

The standard polarised basis set POL reported by Sadlej and Urban37-38
has been used for the atoms studied. It consists of the near triple- quality
basis set augmented by the polarisation functions optimised to reproduce
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molecular electric properties, in particular polarisabilities. In order to im-
prove the effects of the basis set on the quality of the interaction energy
calculations, we have also used the modified set of the midbond functions
[3s3p2d] of Tao and Pan (with the exponents 0.9, 0.3, 0.1 for sp; 0.6, 0.2
for d and 0.3 for f)*°. These bond functions are fixed at the center of the
axis defined by the H and CO centers of mass. The corresponding extended
basis set is denoted as POL+bf.

A system of Jacobi coordinates (r, R, ®) was used in all our calculations.
The coordinates r, R and © represent the intramolecular C-O distance, the
distance from H atom to the centre of mass of CO molecule, and the Jacobi
angle, respectively. If this convention is used, ©® = 0° denotes the linear-
orientation H-CO, while ©® = 180° designates the linear-orientation H-OC.
In this work, the r distance was kept at the value of 1.128 A (ref.49).

RESULTS AND DISCUSSION

Features of the PES

The two-dimensional PES (data are available on request) of the ground elec-
tronic state of the H-CO van der Waals complex was calculated in the
range of R from 3.0 to 10.0 A and © from 0 to 180°. The calculated potential
energy points were fitted for the future use in the molecular dynamics cal-
culations to the following general functional form

by O

Ee (R, e)—ZP (cos e@ak[exp (-a(R-2,))]" + +T% (5)

where P°(cos ©) denotes a Legendre polynomial of order L. The rigorous
least-square fitting procedure based on the singular value decomposition
was used to determine all 58 variational parameters (Table 1). Prior to the
least-square calculation, the original grid of 133 calculated potential energy
points have been expanded by the bicubic spline interpolation procedure*!
to 4126 points (the points above the energy of 100 UE,, were excluded from
the calculation). The average absolute deviation of the fit was 4.1 pE,,. The
evaluated PES reveals three stationary points (Fig. 1). The potential energy
minimum occurs for a bent geometry at © = 76° (carbon side of the CO sys-
tem) and R = 3.61 A, and its interaction energy amounts to -156.5 pE,
(Table I1). The linear orientations correspond to the saddle points localised
at R =4.37 A (©=0°and R =3.91 A (© = 180°). The similar shape of PES
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and relatively weak anisotropy in the region of bent orientation was also
indicated in the cases of the interaction of CO molecule with rare gas atoms
(He-CO %%, Ne-CO #?, Ar-CO 43),

Within the supermolecular calculations, the truncation effect of the cor-
relation treatment on the values of interaction energies is important. Its
role is illustrated in Table Il. The major repulsive contribution originates

TABLE |

Parameters of the analytical potential (see Eq. (5)) (a; = 1.23997, a, = 4.24637, all parame-
ters are in atomic units)

L L L L

L a a; a a ay by b,

0 -11.75591 -1013.46129 -248.68390 309.52089 -37.04960 -0.15397 -0.00597

1 0.79774 -405.07743 50.68797 265.16103 -53.58048 -0.04840 -0.00170
2 -2.90894 -312.52684 -356.36881 588.62144 -99.98263 -0.02756 -0.00325
3 1.56062 -87.13955 79.50010 150.42779 -33.87777 -0.00601 -0.00005
4  0.40517  -19.68653 5.37288 130.53434 -27.48882 0.00392 -0.00010
5  0.73224  -20.59330  46.05904  3.52619 -2.22304 -0.00042  0.00011
6 0.29969 -4.26760 20.87769 -7.28833 1.42606  0.00270 0.00005
7  -0.75009 18.84521 -40.59325 21.49944 -3.12704 0.00551 -0.00012
6.0 . .

Fic. 1
Contour plot of the PES calculated at the CCSD(T)/POL+bf level of theory. The solid (dotted)
lines stand for negative (positive) values of the interaction enegies. The spacing between solid
(dotted) contours is 20 YE,, (250 pE;)
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from the UHF interaction energy (AEYHF). A dominant part of the interac-
tion correlation energy naturally originates from the values computed at
the UMP2 level of theory. Despite the fact that the contributions of AE®)
(AE® - AER)) and AE@ (AELY — AEL)) are smaller (ca 10-30% with respect to

the AE®@ value), they affect the value of the interaction energies. The inter-
action energies calculated using the CCSD(T) method for the basis sets used

TasLE 1l
Individual contributions to the interaction energy (in pE,) of the vdWw H-CO complex

R=361A 0=76° R=3.91A ©=180° R=437A 0=0°

Energy
POL POL+bf POL POL+bf POL+bf POL+bf
AE VTR 181.7 177.3 97.1 94.8 124.1 127.9
= -187.2 -261.5 -145.1 -185.6 -137.2 -184.9
AEY -5.5 -84.2 -48.8 -90.8 -13.1 -57.0
AEECH -213.0 -292.7 -150.9 -191.9 155.4 -208.8
AED -31.3 -115.4 -53.8 -97.1 -31.3 -80.9
AE@*3*9 -238.0 -327.4 -180.1 —225.7 -181.0 -238.6
AE -56.3 -150.3 -83.0 -130.9 -56.9 -110.7
AECSPD -242.1 -332.4 -178.9 -225.4 -183.1 -240.9
DESEPD -60.4 -155.1 -81.8 -130.6 -59.0 -113.0
AE™ 210.0 207.9 114.0 111.8 141.4 146.7
E{ -69.8 -72.0 -52.6 -55.4 -51.6 -50.0
AES 279.8 279.9 166.6 167.2 193.0 196.7
DAEF -28.3 -30.6 -16.9 -17.0 -17.3 -18.8
EZ0 -54.0 -55.8 -39.8 -39.7 -16.4 -16.8
E®D 46.6 46.9 36.2 35.9 12.3 12.3
E -7.2 -12.0 -4.2 -10.1 -2.2 -35
EZ -229.0 -304.4 -181.6 -220.5 -148.1 -203.7
E& % 17.4 25.4 14.8 18.4 19.9 17.3
AEQ, 31.6 29.5 25.1 26.6 13.1 5.0
E&Y + ESY -21.8 -35.0 -0.2 -5.0 -21.2 -32.9
ES) 1.8 12.2 0.7 5.4 1.0 8.7
E\%0) -12.4 -17.1 -8.0 -11.7 -7.7 -12.0

disp
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appear to be slightly deeper around the localised minima when compared
with the UMP4 values. All these data clearly indicate weak bonding for the
investigated complex in its electronic ground state. In order to check the
sensitivity of the interaction energy to the position of the bond functions,
we performed test calculations for R = 2.9 A and © = 0°. Our results indicate
that £0.2 A shifts of these functions to the C atom leads to ca 1% changes
in interaction energies. In all cases, the spin contamination was negligible
because the [320= 0.750 corresponds to the exact value in radical monomer
as well as dimer.

Partitioning of Interaction Energies

The next step of this study is to discuss the physical origin of the stability
of indicated vdW structures. Using the decomposition of the super-
molecular UMP interaction energy, we can analyse and estimate how the
fundamental components determine its anisotropy in the region near 3.6 A.
These dependences are shown in Figs 2 and 3.

The UHF interaction energies (AEVHF) display a striking angular depend-
ence. In the linear arrangement (© = 0°), the total UHF interaction energy
curves show a maximum, while the second linear one (® = 180°) corre-

I. T T T T
2000 | 1
- o
/‘;-. ‘
o HL
AN AE
AEUHF T
wf 1000 |- . g
R E (200) LN
3 ex-ind .
5]
f=
L
£ 200) -
'"d.‘__,1<\ E(|100)
~1000 LY | | | | I |
0 30 60 90 120 150 . ° 180
FiG. 2

Angular dependence of the HF interaction energies and their components at R = 3.6 A (calcu-
lated in the POL+bf basis set). All energies are in LE,. ® AEN, B AEY"F, A EZ®) O AEZF, A

ex-ind?
(200) (100)
Eind ! v Eels

Collect. Czech. Chem. Commun. (Vol. 69) (2004)



9

Weak Interaction Between H and CO

sponds to a second maximum of AEVHF (see also Table 11). A minimum ap-
pears at the perpendicular geometry. The decomposition of the AEVHF en-
ergy leads to the repulsive HL and attractive AES"" terms. The angular de-
pendence of the above-mentioned terms shows also three extreme points in
the investigated range. Consecutive separation of the HL energy according
to Eq. (3) reveals that the positive value of this term comes out only from
the repulsive character of the HL exchange-penetration energy contribu-
tions (AE[:, ). The attractive character of the Coulomb forces represented
by ES* energy evidently appears at the carbon side of CO molecule (see
Fig. 2). This might be explained by stronger nuclear and mainly electron re-
pulsion between the hydrogen atom and oxygen side of the CO system.
The maximal values of these repulsion contributions appear around the
perpendicular arrangement. The flattening of AE, and E{* angular de-
pendence close to the oxygen atom might indicate the flattening of the dif-
fuse part of the electron density.

The UHF deformation term (AE;;") has a reciprocal character to the de-
pendence of HL energy and has a minimal effect on the total UHF interac-
tion energy around the perpendicular configuration. The origin of the larg-
est value of the AE; energy (especially around © = 0°) is also interesting.

An important part of this energy is the UHF induction term (EZ”), which
200 T T T T T ]
(200)
exch-disp
100 4
op b2
[ AE@ B RS T
c N, e R g
& _400 - ‘\ .
é AE® e @ /‘ ------
[
S sof w1 fem i
) --._f:.u:p_-”.._-_! E(‘jf;)
=l ... °- *-Q a0 A
-800 |- N AT L -
& _100 ESY " o i
’: -~ E o
-150 - & dip 4
1 1 1 1 1 1
30 60 90 120 150 0180
~1200 I I I © ! I
30 60 90 120 150 _ . 180
Fic. 3

Angular dependence of the interaction correlation UMP-n as well as CCSD(T) energies and
their components at R = 3.6 A (calculated in the POL+bf basis set). All energies are in pE,. A
ECO ., B AED, O AE®, @ AE®, ¥ EED, O AECCSP(M; jnset: m ES™, @ ES?, A E®

exch-disp ? disp ? disp 7 isp
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describes the classic charge-induction. As can be seen from Fig. 2, the in-
duction interaction between the neutral hydrogen atom and CO molecule
is dominant for © < 60°. The large differences between EZ” and AE}Y" ener-
gies indicate that the repulsive exchange-induction energies play a
non-negligible role in the UHF deformation energy?*2°,

The correlation components are plotted in Fig. 3. As expected, AE@ s im-
portant in forming the shape of the total UMP2 interaction energy curves.
The E{Y makes the dominant attractive contribution within the interac-
tion correlation energy (see Table I1). Similar to the case of E® energy, the
dispersion component favours linear arrangements. A comparison of the in-
teraction energy components calculated within the POL and POL+bf basis
sets shows that extension of the basis set affects primarily the dispersion
energies. The remaining calculated Coulomb terms represent the electro-
static correlation energy (Eé,lf)) Interestingly, it has maxima at 0 and 90°
and minima at 50 and 180°. It seems that the reshaping of the electron den-
sity due to the second-order correlation effects occurs mainly at the side of
the carbon atom. The repulsive contributions collected in AE?) energy also
affect the second-order interaction correlation energy AE®@.

The higher-order dispersion corrections (E5;.”, EG2Y and E() that appear
in the third-order interaction correlation energy (AE®) are presented in Fig.
3 and Table II. The sum of the higher-order dispersion corrections approxi-
mates very well (in both basis sets used) the third-order contribution of the
interaction correlation energy around the vdW stationary point. The im-
portance of the higher-order dispersion energies within the fourth-order in-
teraction correlation contributions indicate the non-negligible negative val-
ues of the E{ energies (see Table I).

CONCLUSIONS

The ab initio potential energy surface for the H-CO interaction was evalu-
ated at the supermolecular CCSD(T) level. The minimum occurs at bent
geometry and the transition states at both the linear conformations. The
angular dependence of the interaction energy at R = 4.6 A was analysed
using the I-PT. The interaction energies were separated into four fundamen-
tal components — electrostatic, exchange-penetration, induction and disper-
sion — which have a similar physical interpretation to those arising between
the closed-shell species (see, e.g., refs?6:27). The analysis of these compo-
nents reveals that the UHF interaction energies calculated around the per-
pendicular arrangements are practically determined by the repulsive HL en-
ergy. In both investigated geometries, the attractive E{; energy dominates

Collect. Czech. Chem. Commun. (Vol. 69) (2004)
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AE@ and the dispersion interactions play also the leading role in the AE®)
and AE® energies. However, the main stabilisation effect of E??? is slightly

disp
compensated due to the repulsive contributions included in the EZ’0 and

AE®  energies.

other

The obtained PES can be used later as inputs for the modelling of dy-
namic processes. Furthermore, the separation of the interaction energy into
fundamental parts can be also helpful for deeper understanding the physi-
cal stability as well as to test the quality of the basis set used.

This work was supported by the Slovak Scientific Grant Agency (projects No. 1/0055/03 and No.
1/0052/03). IBM Slovakia Ltd. is acknowledged for computing facilities.
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