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The potential energy surface for the ground state of HCO was obtained with 133 single-point energies calculated
with use of the augmented correlation-consistent polarized basis sets of triple-, quadruple-, and gliintuple-
quality and extrapolated then to the complete basis set level. Calculations are at the coupled-cluster singles
and doubles level augmented by a perturbative correction for connected triple excitations CCSD(T). The
relativistic and corevalence corrections were taken into consideration. A variational calculation of the HCO
vibrational spectrum was performed in a basis of products of the eigenfunctions of harmonic oscillators
expressed through Hermite polynomials. Infrared intensities of the lowest excitations were evaluated through
calculations of matrix elements of the dipole moment for the relevant transitions. The expectation values of
the structural and rotational parameters of HCO were computed. Valu€s’ 08, and H° — Ho°) are
presented for temperatures up to 2000 K.

Introduction perturbation theory caused by resonances between vibrational
levels in HCO. We expanded the anharmonicity treatment by
the inclusion of fifth- and sixth-order force constants along the
most anharmonic mode (CH) of HCO at the global minimum
area. The 3D potential energy surface was built up from single-
point CCSD(T) energies derived with complete basis set (CBS)
extrapolation. The latter diminishes possible error due to basis
set incompleteness in the restilid the previous investigation.

To the best of our knowledge, this is the first CCSD[T]/CBS
variational calculation on HCO. The influence of the curvilin-
earity of vibrational coordinates was also studied for the results
of these variational calculations. We discuss in detail our
approach to calculations of rotational constants and rotation
vibration couplings followed by computations of molecular

This paper is the second part (see the first paof our
investigation of the properties of the formyl (HCO) radical,
which is one of the organic free radicals being studied
intensively because of its important role in astrophysics,
combustion chemistry, photochemistry, and the chemistry of
stratospheric processes.

The main purpose of this work is the calculation of structural
parameters and vibrational fundamentals of HCO in the ground
electronic state. It is well known that the HCO molecule exists
in two isomeric forms (HCO and COH) separated by a high
barrier of 107 kJ/mot. The stabilization energy of the HCO
transition stateh(H—CO) = E(H—CO) — E(H) — E(CO), with
respect to COF H decay is 14 kJ/mdl.This indicates that for artition functions
benchmark calculations of the low vibrational levels we may P ) . )
use the time-independent Séhinger equation with a potential Results of the.most recent calcglatlons on HCO and experi-
energy surface describing only the global HCO minimum. A mental Obser\(atlons (microwave, mfrarec] Spectroscopy, ultra-
contribution from lower excited rovibrational energy levels is Violet absorption, hydrocarbon flame emission, and dispersed

expected to contribute to the gas-phase thermochemistry of Hcof!uorlescence of HCO) were surveyed in our previous publica-
at moderately elevated temperatures. Hence, the question of theifion-~ Here, we mention a few previously performed variational
accuracy is critical. In our previous studlye reported results ~ c@lculations on HCO. Eigenvalues and eigenfunctions were
of calculations of anharmonic vibrational frequencies for the COMPputed by Bowman et dland by Pauzat et dl(see also the
X2A" ground state of HCO calculated by standard second-orderdevelOpmem (_)f ref2_ in ref 4)_|n the basis o_f direct products of
perturbation theory, all cubic and quartic force constants being thrée harmonic oscillators with the potential energy surfaces
determined by the numerical differentiation of analytic second (PES) of HCO and COH calculated by the CISD (all singles
derivatives along normal mode displaceménhe coupled- and doubles configuration interactions) method with basis sets
cluster level [CCSD(T)] and correlation-consistent polarized ©f doubleél qugllty. Pzerlcet al® studied the vibronic structure
valence basis sets of quadruglequality were used. The of the X°A’, A?A" (17I1) spectral system of HCO within the
application of a one-reference method such as CCSD(T) is quiteS€Mirigid bender formalism with the use of multireference
justified by the high vertical energies of the excited electron cogwflguratlon interaction (MR-CISD) total energies. Keller et
states of HCO investigated at théA ground-state geomety. a!. prt_asc_anted a dynamical calculation of the unlr_nolecular
Here, we improve the results of our previous investigdtion dissociation resonances of HCO. The global potenFlaI energy
means of variational calculations of the vibrational spectrum Surface for the XA’ ground state was constructed in Jacobi
of HCO. This allows us to eliminate an error of spectroscopic ceordinates with about 1000 energy points computed at the
MRCI level with complete active space self-consistent field

* To whom correspondence should be addressed. E-mail: james.boggs@CASSCF) reference functions and in the quadruplesis set.
mail.utexas.edu. Fax: (512)471-8696. The work of Serrano-Andeeet al” contains results of calcula-
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tions of the fundamental frequencies and some transition ),1/4
properties for the HCO 3’ and BPA’ states. ®(q) = (4)

2
( nllzznn!)l/an(Vl/zq) exp(— % )

by the use of expressions for nonvanishing 1D matrix elements
from egs 5-10 and their derivatives (eqs 11 and $29:

Details and Methods of Calculation

Nuclear Hamiltonian. The solution of the HCO nuclear
problem was performed by the diagonalization of the vibrational

Hamiltonian shown by eq 1 in a basis of products of the @, P, 0= 1 (5)
eigenfunctions of harmonic oscillators expressed through Her- v
mite polynomials® @ilHn()/llzq)lq)jD=
A 3 2" ni(itjn* ©)
Hyip = (5) Z Pig; P + V(ay, Gy d3) (1) [(n+i—§)/21G+j—n)/2(n+]j—i)2
i)=1

wheren<i+j,i<n+j,j<n+i,andn+i+j=2g(g
whereq; (i = 1—3) are arbitrary displacements of the internal is zero or an integer).
molecular coordinateR(CH), R(CO), ando(HCO) from their

values at the equilibrium nuclear configuration. The operators [@|q| D= (4y)71/2E¢I>i|Hl(y1/2q)|cI>jD (7

P« = —ihd/dgx are g-conjugate momentay; are elements of

the kinematic matrixé = Bm1B* calculated at the equilibrium @ilHn()/llzq)l‘D,-D w2 (_1)k nl

geometry of HCC. @i|q”|q>j[|: - .

In general, the displacemengsare nonlinear functions of (2\/;)n E1(n — 2K)! ki(4y)"
the Cartesian displacements For large-amplitude vibrations, n— 2k
the G matrix elements [@ijg” “ie0 n>1(8)
i +1)|22
LR daf2o [ —[%] ©)
! k= 3(X.k rrk 3(1k

may differ significantly from ¢;). calculated in the vicinity of
the global minimum. To study the role of the curvilinearity

9 i11/2

@)i —1@‘@[': [yj] (10)
effect, we presume that tl@ matrix in eq 1 is a function oy @)i q“i‘q).Dz y@p.|q”+1|q)_g— V2y( + 1)@1)_|q”|cp_+lg
S . R . agl [ i i j

(i = 1-3) and rewrite the kinetic part of eq 1 as (in hartree)

(11)
. N & 9% 9
oo = (— E)Z(g- +—'—) o

&\ agag  ag; dg

L

o ®1D:y2@i|q"+2|q)jﬂ— 7(2 + 1)@i|qn|q)j|] (12)

The parametey in eqs 4-12 is a positive value that should be
The matrix elements of the operator (eq 2) were computed by gptimized according to the principle of minimum energy.
numerical integration over the ranges of 0:8459 A (CH The potential energy in eq 1 depends on the bond-length
stretching), 0.76-1.65 A (CO stretching), and 64180° (HCO and bond-angle displacementg { = 1—3) from the reference
bending), the minimal point step being equal to 0.016 A along configuration and can be built by fitting its values to ab initio

R(CH) and R(CO) and 2 along o(HCO) with a number of  energies of chosen distorted geometries as expansions:
guadrature points up to 60 per mode. The resulting accuracy

(£1 cnm?) of the computed fundamentals of HCO was evaluated N .

by enhancing the integration ranges with more quadrature points. V(ay, G, G3) = Z a [1a" (13)
We consider the results of the variational calculations with the k=1 =

numerical integration of eq 2 to be the most accurate in the
present investigation.

3

In other words, we can treat HCO as a pseudo-rigid molecule
) . .. with highly anharmonic vibrations. Coefficieragof eq 13 were
Anther way we used to estimate the role of the curV|I|near|.ty evaluated by the least-squares method as fitting values of eq
effect in the kinetic part of eq 1 was based on the assumption 13 v, the CCSD(T)/CBS energies calculated for 133 geometries
that theG-matrix dependence o is close to linear: with an accuracy better than 0.05 chThe V(qs, g, Gs) in eq
13 describes the HCO potential surface equilibrium area with
5 ( 1) 3 ( & (3911) 0 minimal intervals of 0.005 A and 02®etween points along a
ib =

5 z (gu‘)e + aq . coordinate and contains 33 terms corresponding to the first- and
i

=1 900 e second-order derivatives of the potential energy, all cubic and
3 [99; & quartic force constants (except those of the fgum andgaand

— | On () and the quinticpi111; and sexticgr11111 constants for the CH
=100/ - 0000 mode that may exhibit dissociative nature at larger values of
0. Our numerical experiment demonstrated that the inclusion
The matrix @j)e and tensor dgj/ddn)e €lements are calculated  of the cubicgane constant and other higher-order constants did
at the equilibrium geometry. not lead to appreciable shifts in frequencies (less thanZxm

The matrix elements of the operators in egs 1 and 3 may be Some expansion of the potential surface area covered by eq 13
computed analytically in the basis df.8 may improve evaluations of high-energy levels of HCO, but it

Vi
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decreases the accuracy of calculated fundamentals and the lowestpvqz, and apv5z, respectively). The frozen-core (1s for C and

overtones. The matrix elements\dfvere evaluated by the use
of eq 8.

To evaluate the significance of rotatiowibration interactions
for the calculation of the thermodynamic partition functions,
we expressed the total nuclear Hamiltonian of HCO using
Watson'’s simplification of the rotatienavibration kinetic energy
operator®

n—(l) 32+(1) 33,4900 — Pl +
. Zﬂm 5 it Iedy + I — P,

o, (1 A
(E)/"zzpz - (é)g oo + Hvib (14)

o, B =XV, Z ugs is determined to bg an element of the
inverse of the instantaneous inertia mattdy,is a component
of the rovibrational angular momentum operator along the

O atoms) approximation was applied. The geometric extrapola-
tion of total energy was used in calculations of single-point
energies

E(CBS)= E(n) — [E(n) — E(n — 1)]{E(n) — 2E(n — 1) +
E(n—2)]* (15)

wheren is the level of the apwz basis set. The corevalence

correction (or inner-shell correlation) E{CBS) was calculated
at the core-valence apvqgz (apcvqz) basis $&The relativistic

(Darwin and massvelocity) correctiod* was evaluated with
the apcvtz basis sét.

We have no strong physical justification for the CBS
extrapolation by eq 15. However, using the mixed exponential/
Gaussian extrapolation, we found that another equation widely
adopted in the modern literature,

molecule fixed axes and is expressed by means of three Euler E(n) = E(CBS)+ aexp(1— n) + b exp[—(1 — n)z] (16)

angles ¢, ®, X) to describe the orientation of the molecular

fixed axes in the reference (equilibrium) configuration relative
to the space fixed axis system with the origin at the nuclear
center of mas8. The operatorp, is a component of the

gives the CBS optimal geometry and harmonic frequencies
similar to ones evaluated by eq 15. The discrepancies in
harmonic frequencies of HCO calculated with the use of eqs

vibrational angular momentum operator expressed through thel5 and 16 do not exceed 2 cwith optimal geometries of

Coriolis coupling constants (see details in ref 8). Equation 14
satisfies the condition that the molecule lies in theplane.

Ro(CH) = 1.1171 A R(CO) = 1.1753 A, anda (HCO) =
124.5F by eq 15 andR{(CH) = 1.1172 A R{(CO) = 1.1749

Hence, the other possible terms of eq 14 must vanish becauséd, and ag(HCO) = 124.52 by eq 16. All of the dynamical

the values of«y, anduy, and all of the derivatives df andpy

are zero. We representegl, iy, Uz anduyy as functions of

the lengths and valence angle distortions of HCO in the manner
of eq 13 with the use of the,s values for 133 geometries around
the equilibrium configuration.

Eigenvalues and eigenfunctions of eq 14 could be found in
principle in the basis of products of eigenfunctions of eq 1 and
rotational wave functionsP{2, ®, X) expressed through
Wigner polynomialsd’nk using three quantum numbeidsk,
andm. This approach, however, is too computationally expen-

sive and was not used. Instead, we evaluated perturbative

contributions of coupling terms of eq 14, which mix different
vibrational states by means of calculations of the matrix elements
of [hagl, LN, andld, DAL between several low vibrational
levels marked agandj. The expectation values @f,; as the
average over any vibrational stateof the HamiltonianH,i,

led to the principal rotational constams, B,, C,. Comparing

A, B,, andC, to their equilibrium valued\, Be, andC, also
determines whether the rigid rotor approximation is valid in
the determination of the thermodynamical properties of HCO.

The solution of the nuclear problem in DCO, the deuterium-
substituted HCO radical, was also performed in the same way
as for HCO. Al calculations were carried out with use of Fortran
programs from refs 1113.

Solution of the Electronic Problem and the Complete Basis
Set Estimate of the Total Energy.Calculations of single-point
total energies to obtain the analytical representations of the
potential energy of HCO and optimizations of geometry
parameters were performed with a local version of the ACES
Il program packagé at the coupled-cluster singles and doubles
level augmented by a perturbative correction for connected triple
excitations [CCSD(T)P using only the spin-unrestricted Har-
tree—Fock function. The spin contamination effects were very
small in all cases. An analysis of tligamplitudes demonstrates
that the wave function is dominated by a single reference

calculations were performed with use of the CBS geometry of
HCO evaluated by eq 15.

We also found the band intensitiesf a transition from the
ground vibrational stat®" to a chosen excited o€’ to be

|(km/mol) = 2.5066/(cm (@' |d(D)[y"' ¥  (17)

where the square of the vibrational transition moment is

(@' |djy" D7 = (@' |dly" DP+ (@' d, [y OF + (@' |y
(18)

The Cartesian dipole moment componettsd,, andd, were
obtained from summations similar to eq 13 by fitting values of
eq 13 to relevant values of the dipole moment calculated by
the CCSDI[T]/apcvtz method for 31 geometries. These functions
were expressed through the following derivative8d.(dg;)e,
(2do/3000))e, (33da/30%)e, and (*da/0G%)e, Wherei andj run
over 1, 2, and 3 and. runs over, y, andz. The integrals on
the right side of eq 18 were calculated by the use of eg8.5
The expectation value of the absolute magnitidi®f the dipole
moment was also computed for some low vibrational states.

Results and Discussion

Vibrational Spectra of HCO and DCO. The eigenfunctions
and eigenvalues of eq 1 were found by diagonalization of the
Hamiltonian matrix in the basig n, nsJof the products of
functions®(n;) from eq 4, where corresponds to coordinates
01, Gz, andgz. The maximum basis size applied consisted of
13 824 functions. For the fundamentalwavenumbers com-
puted with an accuracy of 0.01 ¢ the variational limit could
be achieved dtLl1 7 T1The low-lying vibrational levels of HCO
and DCO are shown in Table 1. The expectation values of some
molecular properties including the infrared intensities calculated
for transitions from the ground vibrational state to a given

determinant. We used the augmented correlation-consistentexcited one are also presented there. All of these calculations

polarized valence basis sets of Dunning et!&lof triple-,
quadruple-, and quintuplequality (further abbreviated to apvtz,

took the curvilinear property of vibrational coordinates into
account by means of the numerical integration of eq 2.
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TABLE 1: Selected Properties of HCO and DCO in the Ground and Excited Vibrational State$

HCO DCO

E weigh ls F R(CH) R(CO) «(HCO) A B C E weight lo )
2812 0.9600 00 1560 1.146 1179 1244 24594 1493 1.397 2349 [@U70] 1.580
3889 0950010 47 1540 1.151 1.180 1249 27.169 1499 1.394 3195 (0960 28 1.568
4697 0930100 81 1582 1.146 1.187 1241 24.461 1482 1.386 4022 (0.9 0.3 1.548
4935 0910020 0.2 1509 1.157 1.180 1254  30.306 1.503 1.392 4141 [0.690 7 1.538

0.731000 113 1.397 1.205 1.175 123.7 22.824 1496 1.385 4270 |Q.0100 137 1.533
5769 0.910110 1 1.561 1.151 1.188 124.6 26.989 1.487 1.383 4831 &3] 0.05 1.523
5951 0.850031 0.1 1.468 1.163 1.181 126.0 34.068 1509 1.389 4980 |0.6QJ 0.05 1.516
6273 0.651010 1 1.368 1.211 1.176 123.9 25,109 1503 1.383 5108 (@&6] 1 1.524
6566 0.840200 2 1.607 1.146 1.195 123.9 24319 1472 1375 5625 @©D34] 0.08 1.491
6812 0.860127 0.04 1.529 1.157 1.189 125.1 30.077 1.492 1.380 5781 0.2 0.07 1.448

0.3

4

CO~NOTOWNEFRO| .
a1
N
N
[e¢]

10 6941 0.770040 1415 1170 1.182 126.4 37.923 1515 1.386 5847 |08 0.1 1.420
11 7111 0.69110d 1406  1.207 1.183 123.4 22,581 1485 1373 5926 (@%81] 0.07 1.508
12 7274 0471020 0.2 1316 1.224 1.176 124.1 27.083 1508 1.380 6006 [0.2300 0.5 1.547
13 7405 0.232000 0.9 1240 1.254 1172 123.3 22450 1502 1.376 6169 0460 5 1.520
14 7634 0800210 0.04 1585 1.151 1.196 124.3 26.794 1477 1.372 6415 10.65] 0.0008 1.456
15 7824 0.79013J 0.02 1.487 1.164 1.190 125.7 33.770 1498 1.377 6573 [0.181 0.005 1.410

aValues and dimensionith eigenvaluée (cm™Y), infrared intensityto of transition “0-i"(km/mol), dipole moment absolute valagD), distances
R (A), valence anglex(deg), principal rotational constants B, andC (cm2). All of the magnitudes ofl, R, a, A, B, andC shown here are
expectation values calculated for each vibrational stafdey differ from their equilibrium values marked with the subscript “e” and mentioned
in the text.” Weights of one single normal oscillator calculated as the square of a relevant coefficient in the ortho-normalized basis expansion of
this eigenfunction to be considered.

The approximate assignments of wavenumbers for HCO andhigh overtone-state energy using the standard spectroscopic
DCO in Table 1 were made in terms of the normal coordinates (Dunham) expansion:
by an analysis of the calculated eigenfunctions of eq 1. The ! 1 !
harmonic frequencies were also calculated (§m 2713 ), _ - - -

1906 (), and 1119 §s) for HCO; 2036 (1), 1856 (v5), and ) = Z‘”i(”i + 2) Y% (”i + 2)(”1 + 2) (19)
871 (w3) for DCO. Let us discuss the results of the HCO
calculations first. The HCO vibrational states shown in Table However, we did try eq 19 to treat the lowest vibrational
1 are mostly assigned as single-mode oscillations. This is doneenergies of HCO (Table 1) corresponding to wavenumbgrs
when there is a dominating (more than 0.5) weight of a certain 2v;, andv; + v;. Calculated coefficients; (x11 = —119.3,X22
normal-mode harmonic oscillator function. The weights were = —7.8, X33 = —15.0,X12 = —1.9, X413 = —31.0, andxs =
determined as squares of the relevant coefficients in the basis—4-0 cnT*) agree somewhat with values obtained by Tobiason
expansion of the vibrational eigenfunction being discussed. In et al. from the disperse fluorescence spectroscopy Stixy:
some cases when wave functions were not dominated by one™ 112'4’)(33: —11.7,x2 = 1.4,x13 = —49.3, andzs = —4.0
harmonic oscillator function, assignments were based on antm ™ The authors of ref 17 poncluded that the standard
examination of the expectation values of geometric parametersg)r(]gi;se's%eigl}z; misQférgﬁlzltfnrg:%eggi;:f,r?Z?iﬂéeﬁttsvr;ns
and the values of infrared intensities from the zero level to higher , | large in comparison with the regular error of the experi-
excitations. For instance, the energy le#gh = 7405 cnrt

] ; ) mental method. We also tried to include cubic terms in eq 19
can be assigned to CH-stretching overtome tecause at this 4 the overtones and combination frequencies of higher order.

level we can see that the CH distance changes more significantlypowever, we did not reach any reasonable result because of
than [R(CO)Uor [e(HCO)I this value of(R(CH)Uis 0.05 A the strong coupling of excited vibrational states of HCO. Hence,

larger than[R(CH)Oat the E4 = 5228 cni! level (that is  the direct variational calculation with the basis set as large as
definitely v1) or 0.11 A larger thafiR(CH)Cat the zero vibration  possible is the only approach to correct evaluations of those

1=]

level Eo. However, the eigenfunction &3 = 7405 cmt is molecular properties (for example, the HCO thermochemistry)
made up of the following combination of normal oscillator basis that require highly accurate energies of high states.

functions: 0.498 0 0+ 0.482 0 00— 0.391 0 00— 0.321 0 The assignments of wavenumbers for DCO were even more
20 For comparison, the wave function of the state ofE, = difficult than for HCO. As seen from Table 1, energies Es,

5228 cnrlis approximately equal to 0.850 0CH 0.402 0 O and E4 are a!most equal. This may lead to a possible 1:1:2
The high anharmonicity of the;(CH) vibration (-297 cnt?) resonance with thgl 0 0CH- [0 1 04 [0 0 20polyad. Hence,
demonstrates that even the, Dvertone state is not dominated ~©n€ should expect the next polyad to[&e0 0+ |1 1 0CH- |0
by the |2 0 0Charmonic oscillator function. Moreover, th2 0 |2 ODI"_ |0—0E4D+'|tﬁ 02+ |01ZIWe f?ggg;shfééh's rlep_I[eE(Ients
00 10 0 40) and |1 O ZIstates are in Fermi resonance because evelsks 13With an energy range o cnt (Table .
2v3 ~ v1. This is referred to as an anharmonic resonance, in 1). The a53|gnme.nys of levels in the polyads were made with
37 L TS S ) ) ' " the use of regularities of changes in the expectation values of
which cgupllng is caused by terms in the potential energy oy R(CD), anda(DCO). The theoretical assignments agree
function® The result of this coupling is another m|>_<e_d state at \ith the DCO assignments from experim¥rp be discussed
Ei2 = 7274 cn! assigned ag; + 2v; and containing the i the next section.
combination 0.68L 0 2'H 0.222 0 0C] More excited states also Table 2 contains HCO and DCO wavenumbers2y;, and
may be in accidental resonance with each other because of they; 4 1, computed and observed by experiment. For these lower
quartic or cubic terms in eq 13, and they can form the vibrational transitions, the results of variational calculations (the first three
clusters (polyads). Hence, it is clearly impossible to predict a columns in Table 2) are close to the wavenumbers obtained by
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TABLE 2: Calculated and Observed Wave Numbers of HCO and DCO ¢;, cm™%)

HCO DCO
Vi this world this worke this worke theory! theory? exp Vi this worke exp
va(bend) 1096 1066 1076 1097 1079 1087 v3(bend) 846 849(32)
12(CO) 1884 1884 1885 1885 1865 1868 2v3 1673 1675(31)
2v3 2172 2100 2123 2168 2139 2142(15) v,(CO) 1792 1805(19)
1(CH) 2428 2406 2416 2465 2437 2435 »1(CD) 1921 1928(19)
vo+ v3 2974 2946 2957 2980 2939 2942(14) vyt wvs 2631 2635(18)
v1t+v3 3518 3421 3461 3558 3478 3476(15) wvitwvs 2759 2741(18)
2v; 3752 3753 3754 3749 3706 3709(14) V12 3498 3535(26)
i+ 4313 4287 4298 4344 4298 4302(15) V22 3658 3638(10)
21 4613 4573 4593 4682 4558 4870 v+ 3820 3786(10)

a2The CCSD(T)/CBS variational calculations with the kinematic matrix in eq 1 independent of the geometric par@iiaeIGCSD(T)/CBS
variational calculations with the linear dependence of the kinematic matrix according to°@he8.CCSD(T)/CBS variational calculations by
means of the numerical differentiation of eqiZ’he CCSD(T)/pvgz calculations with use of the spectroscopic perturbation theofe MRCI
CASSCEF variational calculations in the Jacobi coordinates with the basis set of quatloualéty® f Laser fluorescence, with uncertainties in the
parentheses in cm (ref 17 for HCO and ref 18 for DCO if not shown otherwise).aser fluorescenc¥. " Laser fluorescenc®.

second-order spectroscopic theory at the CCSD(T)/pvgz tevel. solid CO matrix?! According to the study by Milligan and
However, the present investigation gives more accurate valuesJacox, the relative intensity of the HCO absorption4€CO)

for v1(CH) and its overtones and better agreement with the gas-= 1861 cnt! was approximately 3 times that of thg(HCO)
phase experimental data because of the inclusion of fifth- and = 1090 cnt! band?! Our relation of these absorption intensities
sixth-order force constants along the CH mode of HCO to is 2:1. The observed peak a{(CD) = 1937 cnt! was more
describe the flatter nature of the HCO potential energy surface intense than the absorption af(CH) = 2488 cnl.?! The
with increasing R(CH). Although the E(H—CO)—E(HCO) experimental relative intensity of the(CO)= 1800 cnt! band
relative energyof the H-CO dissociation transition state is as in the deuterated system is significantly less than thai.ef
low as 7940 cm?, it is still considerably larger tham(CH) = (CO)= 1861 cnr! for HCO 2! Our calculations give the ratios
2416 cnrl. The inclusion of higher-order force constants does of 1(CD)/I(CH) = 1.2 andI(CO}co/l(CO)pco = 12.

not improve the accuracy of this fundamental. The remaining  siryctural and Thermodynamical Properties of HCO and
discrepancies between theoretical and experimental data mightpco. The CBS equilibrium structure parameters of HCO were
be due to insufficiently accounting for the electron correlation cicylated by eq 15R(CH) = 1.1171 AR(CO) = 1.1753 A,
effect in our CCSD(T) calculations or some experimental anqq (HCO) = 124.5F. These values are in good agreement
uncertainties (Table 2). The mean absolute deviation in the DCO yth the results of the earlier microwave investigation by Austin
case is smaller than for HCO: 15 versus 20~énNe still et al22 (R(CH) = 1.11 A, R(CO) = 1.17 A, anda(HCO) =
consider our results to be in good agreement with experiment 127) and with the higher-accuracy estimates R{CH) =
Without any scaling of the calculated results for better adjustment 4 1191(50) AR(CO) = 1.1754(15) A, and(HCO) = 124.43-
with observed wavenumbers. Keller et’gsee Table 2) and (555 made by Hirotd® from observed rotationalvibrational
Wang and Bowméireached better agreement with experiment, spectra.

but they used an adjustment of coordinates to fit calculated The expectation values of the absolute maanitude of the dipole
eigenvalues to observed energies. In general, our results are xp lon vai u gnitu 'p

found to be in agreement with the results of previous calculations moment shown in Table 1 for the low-lying vibrational states

(see refs 4 and 6 and references therein), and our conclusioné’verehcompare.g] \mth thevéﬁrof-lg:/ elcv:IleéB(:j they.:jet.creasﬂe]
here do not contradict conclusions (strong coupling between much more wi € gro ot the LH-mode excitations than

normal modes especially in the DCO case, Fermi resonances)With respect to the bendin_g mode, and they increase With .the
from refs 4 and 6 ' change in the CO stretching mode quantum number. Similar
We studied the role of the curvilinearity correction in our corre_lations were found for the DCO case. It. was an auxilary
calculations. The first column of Table 2 contains fundamentals tool |n|ou:hz;ES|gnmc_ants oftthe DCO wtlratt;onal I?veés.tFor
and overtones of HCO calculated with the assumption that axamp © h 1;; ass&gnmene;\gy se;im _01 sesg%n ramm ory.
elementsg; in eq 1 are constant. The second one shows the —Oj;_Nz\Zl(e)rbt (les_f_arp ecrl:eas from B_O ) h ltg Ho h
results of calculations by eq 3 when the linear dependgpce ~— ™ clarifies such an gs&gnment. ne shou note that
(01, G2, Oz) was postulated. The wavenumbers obtained with even the zerq-level expectathn values of the dipole moment
the full consideration of curvilinearity in the kinetic part of the and geometric parameter; differ bejtween HCO and DCFO
Hamiltonian are shown in the third column. Comparing these becalljse. of the difference in frequencies caused by deuterium
results demonstrates the relative significance of the curvilinearity SUPstitution: compare the DCO paramet&¢CD) = 1.138
A, Ry(CO) = 1.179 A, andao(DCO) = 124.2 to the HCO

correction in the case of the bend-mode excitations and, to a \ . e
lesser degree, for the CH stretching. Computation by eq 3 with data in Table 1. With the growth of relevant excitations, the

the assumption of the linear dependenceydy, oz, gs) may expectation v_alues of the valence ang!@-l(_)_O) or o(DCO)
be used for an approximate evaluation of the curvilinear effect @nd the CO distance do not decrease significantly, whereas the

in the kinetic part of the Hamiltonian (eq 1) but seems to show CH (or CD) growth is very prominent because of the very strong
a slight overestimate (Table 2). anharmonicity of the CH(CD) stretching mode.

In the conclusion of this section, we should mention thatthe ~ The temperature-dependent structural properties of HCO and
calculated infrared intensities in the vibrational spectra of HCO DCO (Table 3) were calculated with use of the Maxwell
and DCO assigned to fundamental transitions are much greateoltzmann distribution law at temperatufe
than the intensities corresponding to overtones, with the

exception of thef0 0 0J— |1 1 COtransition (Table 1). The E, E, |\
calculated infrared intensities are in good agreement with the P, = ZDPIJ expg— — 2 exg — — (20)
results of investigations of the HCO and DCO spectra in the v ke T)J\ % keT,
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TABLE 3: Temperature Dependence of the Properties of the curvilinear effect at least in the moderate energy range that

HCO and DCO? defines the appropriate accuracy of thermodynamic functions
property 298.15K 400K 700K 1000K 1500K 2000 K atT < 2000 K. As seen from Table 1, the expectation values

HCO of the principal rotational constants of HCO have a strong

R(CH) 1.146  1.146 1.147 1149 1156 1.164 dependence on the vibrational quantum numbers: they vary
R(CO) i1ir9 1179 11vy9 1180 1180 1181 from 22.8to 37.9 cmi(A), 1.47-1.52 cnv}(B), and 1.37-1.40
IO(‘(CHH%O) 1251.'6190 1236190 1261. '6192 1251.'595 123{’07 123'5’21 cm~}(C). The rigid rotor approximation is therefore invalid for
I(CO) 0.036 0036 0037 0039 0043 0048 the case of HCO and DCO.

|(9H) 0.101 0.101 0.106 0.114 0.130 0.146 Using the expectation values gufxx, Uyy, Uzz and Uxy as

(S:OP 231,3 2333'.‘2 2‘;%'.07 24783;% 25933;_47 35%?4 elements of the inverse of the calculated instantaneous inertia

Hr—H°% 998  13.60 2552 239.28 64.88 92.26 matrix, we found the rotational fine structure for vibrational
levels of HCO and DCO as asymmetric tops from eq 14 at the

DCO
R(CD) 1138 1138 1.139 1143 1150 1.159 total angular momentum quantum numBe+ 150. The terms
R(CO) 1179 1179 1180 1.180 1.181 1182 —(Yr)u PP and—(Ys)3 mea from eq 14 can be included in the

obCO) 1244 1244 1244 1245 1245 = 1245 vibrational HamiltonianH,ipfrom eq 1 because they do not

:ggg)) 8"8;2 8‘_8;2 8:8;3 8"823 8"832 8‘%}13 depepd gxplicitly on rotatiqnallcoordina.tes.. However, their
1(0...D) 0.086 0087 0095 0105 0.123 0.140 contribution (<0.3%) to the vibration energies is small and may
C% 35.8 38.1 45.3 50.4 54.7 56.7 be neglected. The term-u.J; may cause Coriolis-type

S 2284 2393 2625 2796 3009  317.0 resonancebetween different vibrational states. However, the

Hir—H% 1008 1384 2639 4080 6721 9511 L simum coupling elemeniy, 0,14, mixing the states of HCO

aValues and dimensions: distand@snean amplitudes(A), angle with energiesE; andE, assigned ag) 0 10and |1 0 0J(Table
a (deg), heat capacit@®y, and entrop)§” at 101 325 Pa [J/(mol K)I, 1) can give a contribution to rovibrational eigenvalues<d0%
L%%Jggsegr&f;tﬂ%ﬂ;e@; gn(lgli]/chggi-OEh\?amggn distancésmay be of the unperturbed rotational-level energy. The otHggs[j
are much smaller. We averaged the terms of eq{ (t4)3
taodo?and ¢2)ux(3dy + 3,3)} over each vibrational state with
the assumption of the absence of rovibrational coupling caused

Boltzmann constan® designates distanc&CH), R(CD), and by these terms. The maximuml cogpling matrix element of the

R(CO), anglesx(HCO) ando(DCO), and squares of amplitudes eyl type, liyHs = _0'87 cme, mixing HCO Ieve_ls|0 01

of vibrationg 12(CH), I2(CD), I3(CO), I3(O+++H), andI2(O+++D). ano_l |0 O 20 (Table 1) is still a small perturbation of th(_e

In practice, this summation is truncated at a convenient value foViPrational spectrum that proves the absence of a Birss

of v after reaching a convergenceR¥at a certain temperature,  'esonancé.However, matrix element8iy/d; and [ix(1s are

It was found that the maximum uncertainty of tgoovalues ~ ound to be relatively large (but less than one-third 86 2=

shown in Table 3 corresponded to the last digit shown. [dx{do) and may cause centrifugal distortion coupling between
We note a considerable increase (by 6-005 A) in HCO vibrational level§0 0 05|10 0 1J and|0 O 2] However,

- we neglected them as well as the other coupling eleniéptsly
Rr(CH) andRy(CD) within the temperature range of 298:15 G . - X S
2000 K in comparison with the equilibrium value Bf(CH). and m“ﬁ@ (=) Ineq 14; otherwise, the final rovibrational
The Ri(CO), 0r(HCO), anda+(DCO) values vary less signifi- Hamiltonian matrix would be too large. In fact, we used the
cantly reméining very, similar to each other for HCO and DCO adiabatic separation of rotations and vibrations and solved the

The temperature dependence of the mean amplitudes, especiall _sym_metrlc top _elgenvalge problem of eq 14 at d|ffere_nt
I(A...B), is very prominent. The valuégalculated aT = 2000 ibrational states in the basis of the symmetric top wave function

K differ significantly from the amplitudes found within the Pkn(, P, X)12 expressed through Wigner polynomiats

harmonic oscillator model (in A)1(CH) = 0.094,I(CO) = using three quantum numbeisk, andm.
0.046, and|(O+++H) = 0.131. The temperature-dependent  The values ofC,°, &, and Hr° — Ho°) shown in Table 3
structure parameters of HCO (especia”y mean amp”tudes) differ somewhat from resuftobtained within the rlgld rotor
calculated here can become an auxiliary instrument for the harmonic oscillator (RRHO) approach as well as from the
interpretation of possible structural results from diffraction and resultd with the contact-transformed rotatienibration S-
spectroscopic investigations of the formyl radical in the future. reduced Hamiltonian (CT9,the energy levels of which were
The thermochemical functions of HCO and DCO, including expressed through centrifugal distortion constants with the
the heat capacitg,®, the entropys®, and the reduced enthalpy assumption of the absence of resonance: HC®,a2000 K
(Hr° — Ho®) (Table 3), were calculated beyond the harmonic from ref 1,Gp® =54.4,5° = 307.8 J/(mol K), andHir® = Ho)
approximation by direct summation over a truncated number = 90-47 kd/mol (the calculation marked as "RRHOG;® =
of rovibrational levels. The 10 648 vibrational energies were 98-1,S" = 310.6 J/(mol K), andHr® — Ho°) = 93.67 kd/mol
obtained by means of the CCSD(T)/CBS variational calculations (CT)- The contact transformation apparently fails in the case of
with the linear dependence approximation for the kinematic HCO and DCO as well as in the RRHO approach. We consider
matrix according to eq 3. Further increases in the vibrational calculations olGy®, S, and f+° — Ho°) performed here (Table
basis set did not lead to appreciable variation€gt &, and ~ 3) to be the most accurate available.
(Ht° — Ho®). However, calculations of high energy levels still
remain a rough evaluation because of the low accuracy of the Acknowledgment. This work was supported by a grant from
potential energy function by eq 13 in the areas far from the The Welch Foundation. It is also a part of project no. 2000-
vicinity of the HCO equilibrium. Because of the accuracy 013-1-100 of the International Union of Pure and Applied
limitation, we do not present values &°, S, and Hr° — Chemistry (IUPAC) entitled “Selected Free Radicals and Critical
Ho°) calculated above 2000 K. However, we can account for Intermediates: Thermodynamic Properties from Theory and
the anharmonicity of vibrations including Fermi resonance and Experiment” (inquiries to T. Berces, berces@chemres.hu).

where v runs over all vibrational states with energigés and
relevant expectation valug®l] of a parametelP, kg is the
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