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The HCO and COH formyl radical species were studied by the coupled cluster electron correlation technique
and using the augmented correlation consistent polarized core-valence basis sets of quadruple-ú quality. The
complete basis set limits for the equilibrium geometry and spectroscopic parameters of HCO were estimated:
Re(CH) ) 1.117 Å;Re(CO) ) 1.174 Å;Re(HCO) ) 124.6°. The COH isomerization energy is equal to 176
kJ/mol. The energy of the COHf HCO transition state is equal to 107 kJ/mol. The heat of formation was
found using the basis set of cc-pcv5z quality:∆fH°(298.15)) 42.3 for HCO and 218.1 kJ/mol for COH.
The thermochemistry of HCO and COH was studied beyond the rigid rotor harmonic oscillator approach.
The results were compared with available experimental data and results of previous calculations.

I. Introduction

The properties of the formyl radical have been the subject of
numerous theoretical and experimental investigations. Extensive
bibliographies can be found in refs 1 and 2. The formyl radical
has attracted the attention of chemists for the past several
decades due to its important role in astrophysics, combustion
chemistry, photochemistry, and the chemistry of stratospheric
processes. The formation of HCO is one of the possible stages
of the synthesis and decomposition of some alcohols, aldehydes,
and carboxylic acids in interstellar molecular clouds.3 This
radical is known to be an intermediate in the combustion of
hydrocarbon fuels and in atmospheric pollution processes.

The experimental geometry and fundamental vibrational
frequencies for the ground (X˜ 2A′) state of HCO were found
from early microwave spectra4 and from infrared spectra of low-
temperature matrixes.5,6 Ultraviolet absorption7 and hydrocarbon
flame emission8 spectra are also known. Some properties of the
ground and excited states (A˜ 2A′′, B̃2A′) of the formyl radical
have been studied more recently using resonance ionization,9

dispersed fluorescence,10,11 and stimulated emission pumping
spectroscopies11 (see also references therein). It has been shown
that the2Π electronic state at the linear geometry is split into
the bent X̃2A′ and linear Ã2A′′ states due to the strong Renner-
Teller effect.9 The bent B̃2A′ state correlates to the second2Π
state of linear HCO. No experimental work contains any
information about the second isomeric COH form, the isoformyl
radical, that was revealed in early theoretical investigations (see
ref 12, for instance). The possible reason is the high COH
relative energy (∆E ) 167 kJ/mol12). This value is much larger
than the enthalpy of the HCOf H + CO reaction,∆rH°(298.15)
) 65.6( 0.8 kJ/mol, measured by Chuang et al.13 On the other
hand, we have lack of theoretical data about COH as well. The
COH properties were not extensively studied in the recent
benchmark investigation of the formyl radical.2 However, we
should consider the COH radical being one of the possible

intermediate particles in various gas-phase processes. In addition,
the experimental detection of COH seems to be a matter of time.

Theoretical investigations of structural parameters and spectra
(both vibrational and electronic) of HCO were initiated at the
beginning of the 1970s. Among the publications of recent years,
we should mention refs 1, 2, and 14-19. Perićet al.1 calculated
vibrational energy levels for the two lowest electronic states
within the semirigid bender formalism. The bending potential
curves were built with use of multireference configuration
interaction (MRCI) total energies. Woon14 studied the H+ CO
f HCO reaction using the MRCI and MRCI+Q levels, the
coupled cluster (RCCSD, RCCSD(T)) methods, and Dunning’s
correlation consistent polarized valence basis sets of different
quality (up to cc-pvqz). Equilibrium geometries and harmonic
frequencies for the ground electronic state of HCO and the
H-CO transition state were computed. Keller et al.15 presented
the global potential energy surface (PES) for the X˜ 2A′ state of
HCO. Accurate description of the PES topology (including the
presence of two wells and the conical intersection at the linear
HCO configuration) was achieved by fitting an analytical
expression to about 1000 energy points computed at the MRCI
level with the quadruple-ú basis set. To study the unimolecular
dissociation of HCO, calculations of rovibrational states were
carried out. The group of Loettgers et al.,16 including some
authors of the previous work,15 performed three-dimensional
time-dependent wave packet calculations for the Renner-Teller
induced decay of the A˜ 2A′′ state of HCO. The potential curves
for both electronic states were determined using the previous
approach.15 Yamaguchi et al.17 presented equilibrium geo-
metrical parameters, harmonic frequencies, and infrared intensi-
ties calculated for the ground state with use of the augmented
triple-ú basis sets at the CISD, CCSD, and CCSD(T) levels of
theory. Dixon and Feller18 estimated the total atomization energy
and geometry of HCO at the complete basis set limit fitting
two- and three-parameter functional forms to CCSD(T) energies
computed with the aug-cc-pvnz basis sets (n ) d, t, q). The
CCSD(T)/aug-cc-pvtz harmonic frequencies were reported as
well. The paper of Serrano-Andre´s et al.19 contains results of
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CASSCF and CASPT2 calculations with atomic natural orbital
basis sets of triple-ú quality of the fundamental frequencies and
some transition properties for the HCO X˜ 2A′ and B̃2A′ states.
The CCSD(T)/aug-cc-pvqz equilibrium geometries and funda-
mental frequencies for the HCO ground state were reported by
van Mourik et al.2 The value of the bond dissociation energy
was predicted using the CCSD(T)/aug-cc-pv5z total energies
of HCO, CO, and H.

In this paper we report results of calculations of geometrical
parameters, anharmonic vibrational frequencies, IR intensities,
and the isomerization and saddle point energies for the ground
states of the HCO and COH radical species at the CCSD(T)
level of theory and with correlation consistent basis sets of
different quality. The vertical energies for excited states of HCO
have been first computed using the equation-of-motion coupled
cluster method in the singles and doubles approximation (EOM-
CCSD). The level in our study is somewhat higher than in the
previous ones. In particular, we carry out full electron calcula-
tions, unlike most previous CCSD studies where only correlation
of valence electrons has been treated for geometry optimization
and vibrational spectra calculations.2,14,18 The latter approach
may reduce the accuracy of computed results. Our main interest,
the thermodynamical properties of HCO, DCO, and COH, have
been obtained with more accurate geometries and force fields
using the anharmonic vibration model and centrifugal distortion
corrections in the description of the molecular rotations.
According to our knowledge, previous calculations of the
thermochemical properties of HCO were performed only using
the rigid rotor harmonic oscillator (RRHO) approximation.

II. Computational Methods

Ground-state structural and vibrational parameters of the
formyl radical were computed at the coupled cluster singles and
doubles level augmented by a perturbative correction for
connected triple excitations (CCSD(T)),20 all electrons being
correlated. CCSD calculations based on the spin unrestricted
Hartree-Fock (UHF) reference function were performed with
a local version of the ACES II program package.21 The spin
contamination effects were very small in all cases. Analysis of
the T1 amplitudes demonstrates that the wave function is
dominated by a single reference determinant. We used three
versions of the correlation consistent polarized valence basis
sets of Dunning et al.:22 (1) the standard cc-pvnz, n ) d, t, q
(further abbreviated to vnz) basis sets; (2) the augmented aug-
cc-pvnz (avnz) sets; (3) the core-valence aug-cc-pcvnz (acvnz)
basis sets for C and O and avnz for H. Single point energies of
HCO and COH were computed also at the core-valence cc-
pcv5z (cv5z) basis set. Estimates of some parameters (energies
E, for instance) at the complete basis set limit (CBS) were
obtained by means of fitting computed values of these properties
to the following expressions based on an assumed exponential
dependence of the studied parameters on the basis set expan-
sions.2,18

Use of both exponential (1a) and mixed exponential/Gaussian
(1b) functions widely adopted in the literature can help us to
estimate the probable errors in prediction of the CBS parameters.

In most cases (up to CCSD(T)/vqz) equilibrium geometries
were optimized using analytical gradients. Harmonic force fields
and infrared intensities were calculated using analytical second
derivatives of the potential energy surface and analytical first

derivatives of the dipole moment.23 All cubic and quartic force
constants were determined by numerical differentiation of
analytic second derivatives along normal mode displacements.24

Quartic centrifugal distortion parameters and vibration-rotation
interaction constants were determined as well. Analytical first
and second derivatives were not available for the acvqz basis
sets. In this case, equilibrium geometries and harmonic frequen-
cies were calculated numerically using the program ANOCOR.25

Vertical energies of the lowest excited states of HCO were
calculated using the equation-of-motion coupled cluster EOM-
CCSD theory.26

The molecular partition functions of HCO and COH were
obtained by direct numerical summations of rovibrational energy
levels. Energies of “pure” vibration quanta may be calculated
using anharmonicity correctionsxij and summing over all
vibration modes:

Rotational energy levels of a slightly asymmetric molecule
can be approximately classified byJ andK quantum numbers
and written as follows:27

The centrifugal distortion constants∆J, ∆JK, and ∆K are
related to vibrational and structural parameters of a molecule
according to definitions given by Kivelson and Wilson28 and
by Watson.29 Rotational constantsA, B, andC are taken to be
equal toA0, B0, andC0 calculated for the zero vibrational level
(4).

The partition functionQRV is obtained by summing over the
all possible vibrational and rotational energy levels (2-3)
determined by values ofVi (i ) 1, 2, 3) andJ.

The electron partition function is calculated by summing over
the two lowest excited states. The relations between the reduced
enthalpyH°T - H°0, the reduced Gibbs energyΦ°T ) -[G°T-
H°0]/T, the entropyS, the heat capacityCp at constant pressure,
and the molecular partition function and its derivatives are given
by Harris et al.27

III. Results and Discussion

Structure and Vibrational Properties of HCO. In this
section, we present the results of calculations of the formyl
(HCO) properties. The HCO ground-state total energies (Ee),
equilibrium geometry parameters (Re, Re), and harmonic fre-
quencies (ωi) are shown in Table 1. In general, our results at
the acvqz level are close to those of the most recent investiga-

E(n) ) E(CBS)+ a exp(-bn) (1a)

E(n) ) E(CBS)+ a exp(1- n) + b exp[-(1 - n)2] (1b)

G(V) ) ∑
i

ωi[Vi + (1/2)] + ∑
iej

xij[Vi + (1/2)][Vj + (1/2)] (2)

F(J,K) ) R0
2/(R0 + R1) (3)

R0 ) [A - [(1/2)(B + C)]]K2 + (1/2)(B + C)J(J + 1)

R1 ) ∆J[J(J + 1)]2 + ∆JKK2J(J + 1) + ∆KK4

A0 ) Ae + (1/2)∑
i

Ri
A

B0 ) Be + (1/2)∑
i

Ri
B

C0 ) Ce + (1/2)∑
i

Ri
C (4)

QRV ) ∑
V

exp(-Gv/kT)∑
J

(2J + 1) exp(-FJ/kT) (5)
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tions.2,18Observed disagreements (0.0017 Å forRe(CH), 0.0026
Å for Re(CO), 0.1° for Re, 3-9 cm-1 for ωi; see Table 1) have
been shown by numerical experiments to be caused by using
the valence electron CCSD(T) approximation for optimization
of geometries and computation of vibrational spectra.2,18 The
choice of a reference function (UHF or ROHF) plays no role
as fluctuations of optimized parameters do not exceed 0.0002
Å or 0.01° on changing UHF to ROHF. Moreover, the use of
the core-valence (acvnz) basis sets instead of avnz makes an
appreciable improvement of the accuracy of computed param-
eters of HCO by means of more effective description of the
inner shell of the atoms. Equilibrium parameters and harmonic
frequencies of HCO were also calculated with the vqz basis
set: Ee ) -113.776 984 au,Re(CH) ) 1.1162 Å,Re(CO) )
1.1759 Å,Re(HCO) ) 124.57°, ω1 ) 1125,ω2 ) 1910, and
ω3 ) 2720 cm-1. Neglecting the diffuse and core-valence
functions in a basis set leads to deviations ofRe (0.0004-0.0015
Å), Re (0.01°), andωi (6-11 cm-1). Geometry optimization of
other alternative structures of the formyl radical (see below)
was carried out only using the vqz basis set. This circumstance
may certainly decrease the accuracy of these parameters.
However, we believe the vqz geometries are accurate enough
to be used in the single point energy calculations with larger
basis sets. Cubic and quartic force constants, vibration-rotation
interaction constants, and infrared intensities were calculated
at the CCSD(T)/vqz level.

Comparison of results obtained with sequential extension of
the acvnz basis sets (n ) d, t, q) allows us to examine the
convergence of these parameters. The complete basis set limits
estimated using eqs 1a and 1b are presented in Table 1. In
general, the estimates of CBS-1a and CBS-1b obtained with
the different extrapolation expressions are quite similar. In other
words, they can be considered reliable due to their invariance
relative to a choice of an extrapolation scheme. An exception
is the TAE values, which require more accurate determination.
In further calculations we used the CBS estimates averaged over
both methods of extrapolation. It should be noted that the
convergence ofRe(CH) andRe(HCO) is much better that ofRe-
(CO). This conclusion agrees with results of the previous
studies.2,18 Our CBS value of the total atomization energy of
HCO (TAE) is very close to the CBS estimate of this quantity

obtained using exponential extrapolation (eq 1) of the frozen
core CCSD(T)/avnz (n ) d, t, q) energies and including the
core-valence correction.18 We have also good agreement
between our values of the H-CO bond energy (De) and the
result of van Mourik et al.2 (see Table 1). In general, estimated
geometry parameters and harmonic frequencies are close to
values obtained from experimental data.

We have studied the transition state of the HCOf CO + H
reaction. Equilibrium parameters of the H-CO transition state
structure were calculated at the CCSD(T)/vqz level as follows:
Ee ) -113.740 708 au,Re(CH) ) 1.8681 Å,Re(CO) ) 1.1334
Å, andRe(HCO) ) 116.99°. These data have some differences
from results of the RCCSD(T)/vqz (frozen core) calculations:
14 Re(CH) ) 1.8360 Å,Re(CO) ) 1.1359 Å, andRe(HCO) )
116.98°. However, they are closer to results of the MRCI+Q/
vqz calculations from the same work:14 Re(CH) ) 1.8610 Å,
Re(CO) ) 1.1366 Å, andRe(HCO) ) 117.21°. The relative
energy (to H+ CO) of the H-CO structure presented here is
lower by 3-11 kJ/mol than results of previous calculations12,14

(Table 1).
Calculated fundamentals, several overtones, and combination

wavenumbers of HCO and the corresponding IR intensities are
presented in Table 2. Our fundamentals differ by 4-20 cm-1

from results of the R-UCCSD(T)/avqz (frozen core) calcula-
tions2 (ν1(bend)) 1079,ν2(CO)) 1866,ν3(CH) ) 2461 cm-1)
and by 10-30 cm-1 from available experimental values ofνi.7,10

Having assumed the weak dependence of the computed anhar-
monicity constantsxij on inclusion of the diffuse and core-
valence functions in the vqz basis set, we calculated values of
νi using the CBS estimations ofωi (Table 1) and values ofxij

calculated at the CCSD(T)/vqz level. The wavenumbers of HCO
estimated by this approach are shown in Table 2 as well. Their
deviation (1-14 cm-1) from the results2 can be explained by
neglect of the core-valence correlation in the previous calcula-
tions.2 The disagreements between the observed values and ours
do not seem too large (1-2%). They are likely to be caused by
the inaccuracy of computational methods including some
incompleteness of the basis sets, incomplete account for the
electron correlation, and the inaccuracy in calculations of
anharmonicities by the perturbation theory. However, the
difference of about 30 cm-1 between the valueν3 measured by

TABLE 1: Geometry and Vibrational Parameters of HCO and Relative Energies of Alternative Structures Calculated with
Different Basis Setsa

present work previous work

property acvdz acvtz acvqz CBS-1a CBS-1b theoryb expt

Re(CH) 1.1342 1.1192 1.1177 1.1175 1.1172 1.1194 1.1191f

Re(CO) 1.1918 1.1805 1.1763 1.1738 1.1739 1.1789 1.1754f

Re(HCO) 124.19 124.52 124.58 124.59 124.61 124.48 124.43f

ω1(A′) 1100 1112 1117 1121 1120 1114 1126g

ω2(A′) 1849 1888 1899 1903 1905 1890 1920g

ω3(A′) 2676 2708 2714 2715 2717 2706 2790g

Ee + 113.0 -0.680 42 -0.800 40 -0.836 55 -0.852 13 -0.856 82 -0.721 12
TAE 1082.9 1138.8 1157.5 1166.9 1168.2 1166.5c

De 69.9 79.9 81.2 81.4 81.7 80.9
h(COH) 166.9 171.8 174.0 175.8 175.3 167.4d

h(HCO#) 109.9 105.8 106.6 106.5 107.3 119.7d

h(HCO) 16.7 14.1 13.7 13.6 13.5 24.3,d 16.1e

h(HOC) 140.7 136.3 137.1 137.0 137.8 151.5d

a Values and dimensions:Re (Å), Re (deg), harmonic frequenciesω1(bend),ω2 (CO), andω3 (CH) (cm-1), total energiesEe (au) (at the acvnz
equilibrium geometries). Values of the total atomization energy TAE) E(H) + E(C) + E(O) - Ee(HCO), the H-CO bond energyDe ) Ee(CO)+E(H)
- Ee(HCO), and relative energies (h) of alternative structures of HCO (see text) are given in kJ/mol. Valuesh areh(COH) ) E(COH) - E(HCO),
h(HCO#) ) E(HCO#) - E(COH), h(H-CO) ) E(H-CO) - E(H) - E(CO), andh(H-OC) ) E(H-OC) - E(H) - E(CO), valuesE being
computed at the vqz equilibrium geometries. The CBS limit parameters were found using eqs 1a and 1b. expt) experimental data.b These are
results of R-UCCSD(T)/avqz (frozen core) calculations.2 c TAE(CBS), CCSD(T)/avnz (n ) d, t, q).18 d CISD+Q.12 e RCCSD(T)/vqz (fc).14 f The
analysis of experimental vibration-rotation constants.30 g Laser photoelectron spectroscopy, harmonic frequencies.31
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Sappey and Crosley10 and our value (and also the value from
ref 2) brings into question the accuracy of the measurements10

and is not likely due only to computational errors. The observed
values ν3 have actually some disagreement between them-
selves: 2483,7 2440,31 and 243510 cm-1. We also calculated
the vibrational spectrum of DCO (Table 2). These results do
not change conclusions made above with respect to HCO, but
stronger mixing of the stretching vibration modes of DCO
should be noted. Actually, in the case of HCO theω1, ω2, and
ω3 normal modes clearly correspond to the HCO bending, the
CO stretching, and the CH stretching. The analysis of normal
modes of DCO shows thatω2 has 74% of the CO stretching
contribution and 25% of the CD contribution, andω3 has 71%
of CD and 29% of CO. Unlike HCO, the IR intensity of
fundamental bands in the DCO spectrum is essentially lower
in the case ofν1 andν2 and larger in the case ofν3. Comparison
of the theoretical and experimental DCO spectra demonstrates
a satisfactory agreement between them except for the 2ν3 value,
a deviation that is likely caused by an error of assignment.11

Table 3 contains calculated centrifugal distortion, rotation,
and anharmonicity constants. Rotation constantsA0, B0, andC0

of the ground vibrational state of HCO are connected with
equilibrium valuesAe, Be, andCe through rotation-vibration
interaction constantsRi

X (X ) A, B, C; i ) 1, 2, 3) according
to eq 4. The latter magnitudes depend on both the Coriolis
interaction constants and force field constants of a higher than
second order. Calculated anharmonicity constantsxij are pa-
rameters of eq 2. We can make a comparison of our results
with available experimental values of HCO. Theoretical values
A0, B0, andC0 have reasonable agreement with the experimental
ones of Brown et al.32 as well as the results of Hirota.30 Relative
deviations are less than 1%. However, the absolute error ofA0

(0.23 cm-1) is higher than deviations inB0 and C0. The
disagreement of theory and experiment in determination of
centrifugal distortion constants is larger because of their high
sensitivity to errors of computations or measurements. Moreover,
theoretical values are always the equilibrium ones whereas
experimental centrifugal distortion constants are equal to

TABLE 2: Wavenumbers (νi, cm-1) and Infrared Intensities (km/mol, in Parentheses) of Several Vibrational Transitions in
HCO, DCO, and COHa

HCO DCO COH

level vqz CBS expt level vqz exptc level vqz

ν1(bend) 1097 (37) 1093 1087b ν1(bend) 858 (19) 849 ν1(bend) 1108 (108)
ν2(CO) 1885 (70) 1878 1868b 2ν1 1700 (0.5) 1675 ν2(CO) 1375 (68)
2ν1 2168 (0.3) 2160 2142c ν2(CO) 1814 (21) 1805 2ν1 2191 (4)
ν3(CH) 2465 (78) 2460 2435b ν3(CD) 1910 (102) 1928 ν1 + ν2 2473 (0.3)
ν1 + ν2 2980 (2) 2969 2942c ν1 + ν2 2678 (0.1) 2635 2ν2 2726 (0.2)
ν1 + ν3 3558 (1) 3548 3476c ν1 + ν3 2765 (0.9) 2741 ν3(OH) 3144 (27)
2ν2 3749 (3) 3735 3709c 2ν2 3607 (0.5) 3638 ν1 + ν3 4227 (12)
ν2 + ν3 4344 (4) 4331 4302c ν2 + ν3 3670 (2) 3786 ν2 + ν3 4510 (12)
2ν3 4682 (3) 4670 2ν3 3722 (4) 3535 2ν3 5957 (42)

a vqz ) calculations at the CCSD(T)/vqz levels, CBS) the estimation with use ofωi(CBS) (see Table 1 and text), and expt) experimental data.
b Laser fluorescence.10 c Laser fluorescence.11

TABLE 3: Rotation ( A, B, C), Centrifugal Distortion ( r, ∆), and Anharmonicity xij Constants (cm-1)a

HCO

experimentproperty this work COH this work

Ae 24.344 23.188
Be 1.501 1.402
Ce 1.413 1.322
A0 24.562 24.317b 24.330c 23.428
B0 1.498 1.468b 1.494c 1.401
C0 1.403 1.368b 1.399c 1.315
∆J 0.379× 10-5 0.392 (2)× 10-5 b 0.395 56 (53)× 10-5 c 0.494× 10-5

∆K 0.0256 0.0307 (2)b 0.031 404 2 (57)c 0.0109
∆JK 0.240× 10-4 0.15 (20)× 10-4 b 0.154 03 (39)× 10-4 c 0.190× 10-3

δJ 0.344× 10-6 0.297× 10-6

δK 0.941× 10-4 0.113× 10-3

R1
A 2.041 1.459

R2
A -0.0938 -0.0778

R3
A -1.509 -0.901

R1
B 0.005 30 0.003 95

R2
B -0.0119 -0.0151

R3
B 0.000 372 0.009 58

R1
C -0.005 44 -0.007 28

R2
C -0.0110 -0.0120

R3
C -0.003 49 0.006 04

x11 -12.703 -14.2d -11.7e -13 (4)g -12.314
x12 -1.741 -3.8d -4.0e -10 (7)g -9.922
x13 -4.409 -49.3e -27 (12)g -25.052
x22 -10.346 -12.5d -12.4e -17 (5)g -11.702
x23 -6.610 -1.4e -22 (16)g -8.991
x33 -124.441 -165 (14)g -165.620

a All the values are calculated at the CCSD(T)/vqz level except the valuesA, B, andC of HCO obtained with use of the CBS geometry (Table
1). b Reference 30.c Reference 32.d Reference 10.e Reference 11.g Reference 31.
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vibrationally averaged values. Our diagonal valuesx11 andx22

are close to the results of spectroscopy studies.10,11,31The other
xij values have more significant deviations from the experimental
values (especiallyx13). Deuteration of HCO leads to a change
in the value ofx33 from -124.4 to-49.3 cm-1 and in the value
of x23 from -6.6 to-54.3 cm-1. The DCO values ofx11, x12,
x13, andx22 are equal to (cm-1) -8.3, 5.5,-4.0, and-10.4,
respectively.

The EOM-CCSD calculations of vertical energies of the two
lowest excited states of HCO yielded 2.16 (A˜ 2A′′) and 6.29
(B̃2A′) eV. These values have reasonable agreement with results
of CASPT2 calculations19 (2.07 and 6.25 eV).

Structure and Vibrational Properties of COH. Equilibrium
geometry parameters of COH calculated at the CCSD(T)/vqz
level areEe ) -113.710 301 au,Re(OH) ) 0.9755 Å,Re(CO)
) 1.2742 Å,Re(COH) ) 112.92°, ω1 ) 1150,ω2 ) 1408, and
ω3 ) 3492 cm-1. Frequencies and IR intensities of the lowest
vibrational transitions of COH are shown in Table 2. Centrifugal
distortion, rotation, and anharmonicity constants of COH are
presented in Table 3. The COH molecule has a longerRe(CO)
and a more bent structure than HCO. The analysis of theω1,
ω2, andω3 normal modes shows that they clearly correspond
to the COH bending (97% of the COH bending contribution),
the CO stretching (97%), and the CH stretching (100%),
respectively. The anharmonicity of the OH stretching of COH
is larger than that of the CH stretching of HCO (seex33 in Table
3). Unlike HCO, some transitions between the lowest vibra-
tionally excited states of COH have quite high IR intensities
compared with ones of fundamental transitions (see, for instance,
42 km/mol for 2ν3). Attila Császár33 has suggested that this is
most likely due to a minimum in the dipole moment surface
near the experimental geometry, as previously noted for H2S.

It has been found that the COH structure is less stable than
HCO by 176 kJ/mol (Table 1) and is separated from the latter
by a barrier HCO# of 107 kJ/mol. Equilibrium parameters
corresponding to the saddle point HCO# are equal toEe )
-113.669 577 au,Re(CH) ) 1.3131 Å,Re(CO) ) 1.2765 Å,
and Re(COH) ) 51.79°. This fact allows both isomers to be
approximated as two independent molecular species separated

by an infinitely high barrier. We used this presumption in
calculations of thermodynamic properties of the formyl radical
species. Although the H-OC bond energy of COH is less than
zero,De(CBS,COH)) -94 kJ/mol, the H-OC barrier energy
h(H-OC) calculated relative to the CO+ H total energy is
equal to 137 kJ/mol. Equilibrium parameters corresponding to
the saddle point H-OC are equal toEe ) -113.693 362 au,
Re(OH) ) 1.2295 Å, Re(CO) ) 1.1863 Å, andRe(COH) )
120.83°. A high value ofh(H-OC) stabilizes the COH molecule
with respect to decay to H and CO. Hence, the lowest vibrational
states of COH should be observable.

Our results are in reasonable agreement with values calculated
previously with the CISD+Q method using the augmented
valence double-ú basis set.12 For comparison, those values for
COH areEe ) -113.509 00 au,Re(OH) ) 0.980 Å,Re(CO) )
1.300 Å,Re(COH) ) 112.7°, ω1 ) 1167,ω2 ) 1382, andω3

) 3613 cm-1.12 The difference between the results of Bowman
et al.12 and ours (in particular,ω3) are likely to be caused by
some underestimation of the electron correlation effects in ref 12.

The EOM-CCSD calculations of vertical energies of the two
lowest excited electronic states of COH yielded 0.95 (A˜ 2A′′)
and 4.24 (B̃2A′′) eV. It is clear that the lowest excited states of
COH lie closer to the ground state than in the case of HCO.

Thermochemical Properties of HCO, DCO, and COH.
Thermodynamic functions of HCO, DCO, and COH calculated
within the nonrigid rotor anharmonic oscillator (NRAO) ap-
proach are presented in Tables 4-6. For calculation of the high
temperature partition function we followed the summation
procedure described and analyzed in detail by Harris et al.27

and Forst.34 The sum was truncated so that energies of levels
for J > Jmax, Vi > Vimax were not included inQRV. Values of
Vimax were estimated by the condition∂G(Vi)/∂Vi ) 0,34 i )
1-3: Vimax ) 44, 92, 10 (HCO); 52, 87, 20 (DCO); 45, 59, 10
(COH).Jmax was taken to be equal to 110 since further increase
of Jmax does not lead to appreciable changes of the values shown
in Tables 4-6. On increasingJ up to 130, the maximal changes
are less 0.1% forH°T - H°0 and S, and about 3% forCp. The
lower convergence of the heat capacity values is caused by the
slow convergence of the second derivative ofQRV onJ because

TABLE 4: Thermochemical Properties of HCOa

NRAO

direct summation analytical calculation RRHO

T, K H°T - H°0, J/mol C°p S°p, J/(mol K) Φ°T H°T - H°0, J/mol C°p S°p, J/(mol K) Φ°T H°T - H°0, J/mol C°p S°p, J/(mol K) Φ°T
100 3 322 33.3 187.6 154.4 3 322 33.3 187.6 154.4 3 326 33.3 187.6 154.3
200 6 659 33.5 210.7 177.4 6 660 33.6 210.7 177.4 6 656 33.4 210.6 177.4
298.15 10 001 34.6 224.3 190.7 10 001 34.7 224.3 190.7 9 979 34.4 224.1 190.7
300 10 064 34.7 224.5 191.0 10 064 34.7 224.5 190.9 10 042 34.5 224.4 190.9
400 13 626 36.6 234.7 200.7 13 627 36.6 234.7 200.7 13 571 36.2 234.5 200.6
500 17 397 38.8 243.1 208.3 17 400 38.9 243.1 208.3 17 293 38.2 242.8 208.2
600 21 398 41.2 250.4 214.8 21 402 41.2 250.4 214.8 21 222 40.3 249.9 214.6
700 25 626 43.4 256.9 220.3 25 632 43.4 256.9 220.3 25 356 42.3 256.3 220.1
800 30 066 45.4 262.9 225.3 30 076 45.4 262.9 225.3 29 683 44.2 262.1 225.0
900 34 699 47.2 268.3 229.8 34 713 47.3 268.3 229.8 34 184 45.8 267.4 229.4

1000 39 504 48.8 273.4 233.9 39 522 48.9 273.4 233.9 38 839 47.3 272.3 233.4
1500 65 473 54.5 294.4 250.7 65 522 54.6 294.4 250.7 63 802 52.0 292.5 249.9
2000 93 667 58.1 310.6 263.7 93 746 58.1 310.6 263.7 90 468 54.4 307.8 262.6
2500 123 468 61.1 323.8 274.4 123 510 60.8 323.9 274.5 118 000 55.6 320.1 272.9
3000 154 687 63.8 335.2 283.6 154 506 63.1 335.2 283.7 146 015 56.4 330.3 281.6
3500 187 182 66.1 345.2 291.8 186 495 64.8 345.0 291.8 174 324 56.8 339.0 289.2
4000 220 707 67.9 354.2 299.0 219 253 66.1 353.8 299.0 202 823 57.1 346.6 295.9
4500 254 908 68.8 362.2 305.6 252 581 67.1 361.6 305.5 231 447 57.4 353.4 301.9
5000 289 380 69.0 369.5 311.6 286 313 67.8 368.7 311.5 260 168 57.5 359.4 307.4
5500 323 740 68.4 376.0 317.2 320 322 68.2 375.2 317.0 288 956 57.6 364.9 312.4
6000 357 676 67.3 382.0 322.3 354 512 68.5 381.2 322.1 317 795 57.7 369.9 317.0

a NRAO ) nonrigid rotor anharmonic oscillator; RRHO) rigid rotor harmonic oscillator; the reduced Gibbs energyΦ°T ) -[G°T - H°0]/T. All
values are calculated using molecular parameters obtained at the vqz level and the CBS estimates for HCO (Tables 1-3).
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the function ofF(J,K) (3) has a finite limit atJ f ∞. This
circumstance accompanied by the vibrational level truncation
may lead to considerable error ofCp(T) calculated atJ > 200
and T > 6000 K. We observed also the remarkable maxima
(probably erroneous) of the heat capacityCp(T) curves of HCO,
DCO, and COH at temperatures of about 5000 K and above as
Harris et al.27 did in calculations ofCp for H2O. It was
reasonable to limit our results with values ofJ not higher than
110. To evaluate the accuracy of the thermodynamics function
values obtained by the method of direct summation, we
recalculated them using an approximate analytical expression
for the rotational partition function (Tables 4-6, analytical
calculation). The expressions for the centrifugal distortion
corrections to the classical rigid rotor partition function and its
derivatives were taken from ref 35. Values of thermodynamics

functions calculated in this way are in good agreement with
the results of direct summation. Average deviations between
them at high temperatures do not exceed 1% (the maximum
one is equal to 6% in case ofCp(6000 K) for DCO) and might
be considered as an error bar of our calculations.

The inclusion of excited electronic state energies plays no
role in determination of thermochemical properties at moderately
high temperatures (T < 2000 K). The contributions of the two
excited electronic states taken into account for any ofH°T -
H°0, Cp, or S at 4000-6000 K do not exceed 2%.

Thermochemical properties calculated within the more so-
phisticated model (NRAO) are more accurate than the ones
obtained using the rigid rotor harmonic oscillator (RRHO)
approach (see also Tables 4-6). At low temperatures the NRAO
results are quite similar both to the RRHO results obtained in

TABLE 5: Thermochemical Properties of DCOa

NRAO

direct summation analytical calculation RRHO

T, K H°TH°0, J/mol C°p S°p, J/(mol K) Φ°T H°TH°0, J/mol C°p S°p, J/(mol K) Φ°T H°TH°0, J/mol C°p S°p, J/(mol K) Φ°T
100 3 323 33.3 191.5 158.2 3 323 33.3 191.5 158.2 3 326 33.3 191.4 158.2
200 6 677 34.0 214.7 181.3 6 678 34.0 214.7 181.3 6 671 33.9 214.6 181.2
298.15 10 103 35.9 228.6 194.7 10 104 35.9 228.6 194.7 10 076 35.6 228.4 194.6
300 10 170 35.9 228.8 194.9 10 170 36.0 228.8 194.9 10 142 35.7 228.6 194.8
400 13 885 38.4 239.5 204.8 13 886 38.4 239.5 204.8 13 818 37.9 239.2 204.6
500 17 852 41.0 248.3 212.6 17 855 41.0 248.3 212.6 17 724 40.2 247.9 212.5
600 22 078 43.5 256.0 219.3 22 083 43.6 256.1 219.3 21 866 42.6 255.4 219.0
700 26 550 45.9 262.9 225.0 26 558 45.9 262.9 225.0 26 233 44.7 262.2 224.7
800 31 245 48.0 269.2 230.1 31 256 48.0 269.2 230.1 30 800 46.6 268.3 229.8
900 36 138 49.9 275.0 234.8 36 153 49.9 275.0 234.8 35 541 48.2 273.9 234.4

1000 41 207 51.5 280.3 239.1 41 227 51.5 280.3 239.1 40 430 49.5 279.0 238.6
1500 68 585 57.5 302.4 256.7 68 637 57.5 302.5 256.7 66 367 53.6 300.0 255.7
2000 98 277 61.0 319.5 270.3 98 348 61.0 319.5 270.4 93 693 55.4 315.7 268.9
2500 129 477 63.7 333.4 281.6 129 476 63.4 333.4 281.6 121 676 56.4 328.2 279.5
3000 161 924 66.1 345.2 291.2 161 684 65.4 345.2 291.3 150 015 56.9 338.5 288.5
3500 195 525 68.3 355.6 299.7 194 901 67.4 355.4 299.7 178 563 57.2 347.3 296.3
4000 230 113 70.0 364.8 307.3 229 118 69.4 364.5 307.3 207 246 57.5 355.0 303.2
4500 265 400 71.0 373.1 314.1 264 280 71.2 372.8 314.1 236 020 57.6 361.8 309.3
5000 301 026 71.3 380.6 320.4 300 258 72.7 380.4 320.3 264 858 57.7 367.8 314.8
5500 336 628 71.0 387.4 326.2 336 882 73.8 387.4 326.1 293 743 57.8 373.3 319.9
6000 371 886 70.0 393.5 331.6 373 967 74.5 393.8 331.5 322 664 57.9 378.4 324.6

a NRAO ) nonrigid rotor anharmonic oscillator; RRHO) rigid rotor harmonic oscillator; the reduced Gibbs energyΦ°T ) -[G°T - H°0]/T.

TABLE 6: Thermochemical Properties of COHa

NRAO

direct summation analytical calculation RRHO

T, K H°TH°0, J/mol C°p S°p, J/(mol K) Φ°T H°TH°0, J/mol C°p S°p, J/(mol K) Φ°T H°TH°0, J/mol C°p S°p, J/(mol K) Φ°T
100 3 322 33.3 188.3 155.1 3 322 33.3 188.3 155.1 3 326 33.3 188.3 155.1
200 6 657 33.5 211.4 178.1 6 657 33.5 211.4 178.1 6 656 33.4 211.4 178.1
298.15 10 008 35.0 225.0 191.5 10 008 35.0 225.0 191.5 9 989 34.7 224.9 191.4
300 10 073 35.0 225.3 191.7 10 073 35.0 225.3 191.7 10 053 34.7 225.1 191.6
400 13 691 37.4 235.6 201.4 13 691 37.4 235.6 201.4 13 634 37.0 235.4 201.3
500 17 559 39.9 244.3 209.1 17 560 39.9 244.3 209.1 17 451 39.3 243.9 209.0
600 21 665 42.2 251.7 215.6 21 667 42.2 251.7 215.6 21 493 41.4 251.3 215.5
700 25 981 44.1 258.4 221.3 25 983 44.1 258.4 221.3 25 729 43.2 257.8 221.1
800 30 480 45.8 264.4 226.3 30 484 45.8 264.4 226.3 30 131 44.8 263.7 226.0
900 35 141 47.4 269.9 230.8 35 145 47.4 269.9 230.8 34 676 46.1 269.0 230.5

1000 39 945 48.7 274.9 235.0 39 951 48.7 274.9 235.0 39 346 47.3 274.0 234.6
1500 65 700 54.0 295.8 252.0 65 719 54.0 295.8 252.0 64 131 51.5 294.0 251.3
2000 93 707 57.9 311.8 265.0 93 752 58.0 311.9 265.0 90 497 53.8 309.2 263.9
2500 123 547 61.3 325.1 275.7 123 637 61.5 325.2 275.7 117 762 55.2 321.3 274.2
3000 154 981 64.3 336.6 284.9 155 149 64.5 336.7 285.0 145 563 56.0 331.5 282.9
3500 187 780 66.8 346.7 293.1 188 073 67.1 346.8 293.1 173 700 56.5 340.1 290.5
4000 221 696 68.8 355.8 300.3 222 174 69.2 355.9 300.4 202 062 56.9 347.7 297.2
4500 256 475 70.3 364.0 307.0 257 200 70.8 364.2 307.0 230 579 57.2 354.4 303.2
5000 291 861 71.2 371.4 313.0 292 896 71.9 371.7 313.1 259 207 57.4 360.5 308.6
5500 327 604 71.7 378.2 318.7 329 016 72.5 378.6 318.8 287 919 57.5 365.9 313.6
6000 363 462 71.7 384.5 323.9 365 320 72.6 384.9 324.0 316 693 57.6 370.9 318.2

a NRAO ) nonrigid rotor anharmonic oscillator; RRHO) rigid rotor harmonic oscillator; the reduced Gibbs energyΦ°T ) -[G°T - H°0]/T.
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our work and to the HCO ideal gas data presented by JANAF.36

Our valuesH°T - H°0, Cp, andSat 298.15 K (Table 4) are close
to the JANAF ones given below:H°T - H°0 ) 9989 J/mol,Cp

) 34.597, andS ) 224.649 J/(mol K).
The heats of formation∆fH°(298.15) of HCO presented in

some recent experimental investigations of the formyl radical
are (in kJ/mol) 41.8(8),13 42.5(5),37 and 44.29(43).38 These
values were obtained using laser induced fluorescence detection
of the acetaldehyde H2CO photolysis products including HCO13,37

and from the kinetics study of H2CO flash photolysis in its
reactions with HI and HBr.38 We should note a result of the
W2 theory calculations (∆fH°(298.15)) 42 kJ/mol) by Parthiban
and Martin.39 They used the total atomization energy of HCO
that consists of several components corresponding to the SCF
limit, separated contributions of the CCSD valence correlation,
the connected triple excitations and the inner-shell correlation,
the scalar relativistic contribution, the sum of the atomic spin-
orbit corrections, the molecular zero point energy, and thermal
corrections.39

In the present work the heats of formation of HCO and COH
were calculated using the enthalpy of atomization reaction
∆aH°(0) ) TAE - ZPE and the integrated heat capacities
H°298.15- H°0 presented above as well as the JANAF values of
∆fH°, H°298.15 - H°0 for H, C, and O ideal gases.36 The zero
point energy of HCO (ZPE) 33.84 kJ/mol) was determined
as (1/2)∑ωi(CBS)+ ∆anh, where theωi(CBS) values were taken
from Table 1; an anharmonic correction∆ was obtained from
the CCSD(T)/vqz anharmonic field calculations. The zero point
energy of COH (ZPE) 35.49 kJ/mol) was obtained from results
of the CCSD(T)/vqz anharmonic field calculations of COH. The
scalar relativistic contribution to TAE,δrel(HCO) ) -1.15 kJ/
mol, was calculated as the sum of the one-electron Darwin and
mass-velocity corrections40 to the total energies of HCO, H,
C, and O at the CCSD(T)/cvqz level. The valueδrel is found to
depend weakly on changes of the geometry or further basis set
extension. In the case of COH, the value ofδrel is -1.18 kJ/mol.

It is well-known39 that for the nondegenerate ground state of
an open shell molecule the spin-orbit correction to TAE is
approximately equal to the sum of the spin-orbit corrections
to the atomic total energies, in our case to the energies of C
and O. These atomic spin-orbit corrections are equal to-0.37
(C, 3P), -0.95 (O,3P) kJ/mol,41 andδSO ) -1.32 kJ/mol.

Using values of ZPE,δrel, δSO, and TAE(CBS-1a)) 1166.9
kJ/mol (Table 1), we obtain the following values for HCO:
∆aH°(0) ) 1130.7,∆aH°(298.15)) 1140.1,∆fH°(0) ) 43.4,
and ∆fH°(298.15) ) 43.7 kJ/mol. Although our value of
∆fH°(298.15) is within the interval spanned by the experimental
ones (42-44 kJ/mol), it is slightly larger than the theoretical
value of 42 kJ/mol predicted by Parthiban and Martin.39 The
usage of TAE(CBS-1b) yields the value∆fH°(298.15)) 42.4
kJ/mol, closer to∆fH°(298.15) from ref 39. To improve the
accuracy of both our results obtained by using only the acvdz,
acvtz, and acvqz basis sets, we studied the role of further basis
set extension in calculations of TAE. We calculated the total
energies using the cvdz, cvtz, cvqz, and cv5z basis sets at the
acvdz, acvtz, and acvqz optimized geometries and the estimated
acv5z parameters of HCO.

The correction to TAE(CBS) (Table 1) was determined as the
difference between TAE(tq5)) 1166.51 kJ/mol and TAE(dtq)

) 1165.21 kJ/mol, where the tq5 and dtq values are the estimates
of TAE(CBS) (eqs 1a and 1b) obtained using the cvtz, cvqz,
cv5z and cvdz, cvtz, cvqz energies, respectively. Hence, the
corrected value of TAE(CBS-1a)) 1168.2 kJ/mol should be
considered more accurate than the value in Table 1. The TAE-
(CBS-1a)) 994.5 kJ/mol of COH was calculated in the same
way except for use of the vqz optimized parameters as the
reference geometry. The same values obtained with the ex-
trapolation (1b) are as follows: the corrected value of TAE-
(CBS-1b)) 1168.6 kJ/mol for HCO and TAE(CBS-1b)) 993.8
kJ/mol for COH. The final values of the enthalpies of atomi-
zation and the heats of formation we recommend are presented
below (kJ/mol):

These values were calculated as the mean ones for the results
found by the two extrapolation schemes (1a) and (1b). The
values in parentheses correspond to the absolute deviations
between these results and mean ones.

The enthalpy of the decomposition of HCO to CO and H
was calculated using the reference data ofH°298.15 - H°0 for
CO36 and the relation

whereδrel ) -0.47 kJ/mol, the CBS estimation of ZPE(CO) is
equal to 13.18 kJ/mol, and the ones ofDe(HCO) and ZPE(HCO)
are given above. The calculated value of∆dH°(298.15)) 65.1
kJ/mol is similar to experimental ones of 65.6(8)13 and
63.18(46)38 kJ/mol.
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