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Rovibrational Energies of the Hydrocarboxyl Radical from a RCCSD(T) Study

Mirjana Mladenovi¢*
Université Paris-Est, Laboratoire Modélisation et Simulation Multi Echelle,
MSME UMR 8208 CNRS, 5 bd Descartes, 77454 Marne la Vallée, France
(Dated: April 2, 2013)

A RCCSD(T)/cc-pVQZ potential energy surface is constructed for the HOCO radical in the
ground electronic state and used to compute rotation-vibration levels of HOCO and DOCO. Two
numerical strategies are employed to study in detail the wavefunction properties. The importance
of stretch-bend coupling, such as v4/vs and v3 /vy, for the internal dynamics is demonstrated. The
rotational constants computed for the vibrational ground state of trans and cis conformers are in

good agreement with experimental values.

Keywords: hydrocarboxyl radical; rovibrational energies; intermode coupling; potential energy surface; ab

initio calculation

I. INTRODUCTION

The reaction between hydroxyl radical and carbon
monoxide is known to proceed via an energized HOCO
intermediate,

HO + CO = HOCO = H + COs. (1)

This was first proposed by Smith and Zellner!'? and later
verified in photoionization,® ultrashort laser pulse,* and
infrared spectroscopic studies.®S The process of Eq. (1)
provides the most common pathway for atmospheric de-
pletion of both OH and CO and is the principal source of
heat in hydrocarbon flames.”® It is also known that the
reaction of Eq. (1) exhibits a significant non-statistical
(non-Arrhenius) behaviour.912

The stability of the HOCO radical was first observed
in a low-temperature CO matrix isolation study of Mil-
ligan and Jacox.!® These authors showed the existence
of two geometric isomers, trans- and cissHOCO, and as-
signed five fundamental transitions. Later studies in an
Ar matrix!? concluded that trans-HOCO is more stable
than cis-HOCO. The first gas phase detection of HOCO
is due to Ruscic et al,> who found in a photoionization
mass spectrometric study that HOCO is bound by 10.2
keal/mol (3600 cm~!) with respect to the lowest energy
dissociation products, H+COs.

Experimental spectroscopic parameters of HOCO are
still scarce in the literature. High resolution gas phase
data are available for the vibrational ground state,'® 17
the fundamental vo (C=0 stretching) vibration,'® and
the fundamental v; (H-O stretching) vibration'%20 of
trans-HOCO and trans-DOCO. The first high-resolution
spectra for ciss HOCO and cis-DOCO were obtained only
recently. By means of Fourier transform microwave spec-
troscopy, Oyama et al.?! recorded in total 25 lines for
cissHOCO and 46 lines for ¢is-DOCO, both in the vibra-
tional ground state, and derived spectroscopic parame-
ters of high accuracy. Recent photoelectron spectra due
to Johnson et al.?? provide the first gas phase observation
of the low-frequency in-plane modes for both conformers
of HOCO and DOCO.

In the theoretical front, a great deal of work has been

focused on the curious kinetic behaviour of the reaction
of Eq. (1).12 Several global potential energy surfaces were
constructed for reaction dynamics investigations.?? 27
The potential energy surface of Schatz, Fitzcharles, and
Harding,?? which went through several iterations,?%28:29
was used also for bound state calculations carried out by
means of a five-dimensional approch,3° a MULTIMODE
approach,!, and by numerically exact full-dimenional
strategies.??33 Botschwina®* calculated the equilibrium
structures of both trans-HOCO and c¢issHOCO at the
level of the spin restricted coupled cluster theory and
made predictions for the ground-state rotational con-
stants of cissHOCO that agree well with the experi-
mental results published six years later.2! Spectroscopic
properties of HOCO were studied in detail by Forten-
berry et al. who recently developed separate quartic
force fields for trans-HOCO [Ref. 35] and for ¢issHOCO
[Ref. 36], which were used to compute the fundamen-
tal frequencies, ground-state rotational constants, and
centrifugal distortion constants by means of vibrational
second order perturbation theory and vibrational con-
figuration interaction. These force fields were reused
in combination with a 6181-term RCCSD /aug-cc-pVTZ
dipole moment surface to compute MULTIMODE in-
frared intensities for vibrational transitions of less than
4000 cm~1.37 Wang et al.3® presented results for some
vibrational transitions up to 2v; and their intensities,
obtained by means of three numerical approaches from
a 918-term UCCSD(T)-F12/aug-cc-pVTZ potential en-
ergy surface common for the two HOCO forms and a
1928-term UCCSD(T)-F12/aug-cc-pVDZ dipole moment
surface.

Our own interest in HOCO arises from the new ex-
perimental information on the pure rotational spectra?!
and the low-frequency modes.?2 The primary theoretical
interest was awakened by the existence of two stable iso-
mers undergoing large-amplitude torsional motion. For
the electronic ground state X?A’, we developed a new
potential energy surface (PES) based on spin restricted
coupled cluster calculations (Section II). The PES covers
both isomers in the range of spectroscopic interest and
allows consideration of large amplitude torsional motion.
Vibrational and rovibrational calculations carried out by



means of two computational methodologies (Section III)
are used to derive the fundamental transitions (Section
IV A), the torsional levels (Section IV B), and the effec-
tive rotational constants for the vibrational ground state
of the trans and cis forms of HOCO and DOCO (Section
IV Q).

II. POTENTIAL ENERGY SURFACE

The six-dimensional (6D) potential energy surface
for the electronic ground state (X2A’) of HOCO was
scanned by means of the partially spin adapted cou-
pled cluster RCCSD(T) method including single and dou-
ble excitations and perturbative corrections for triple
excitations.?*#! The correlation consistent quadruple
zeta basis set, commonly abbreviated as cc-pVQZ, was
used. Only valence electrons were correlated. All cal-
culations were carried out with the MOLPRO quantum
chemistry program package.*?

The coordinate space was parametrized in terms of
the bond-distance-bond-angle coordinates r1, 72, 73, @
B, and 7. The three bond distances are r; = r(H-O),
rg = r(0-C), and r3 = r(C=0). The angles o and f
stand for the two in-plane bending angles ZHOC and
Z0CO, respectively, whereas 7 denotes the dihedral an-
gle measured from the cis side.

The ab initio points were fitted to a six-dimensional
analytical expression of the form

V(ri,ra,rs,0,8,7) = Z

i,7,k,l,m,n
X (a0 — aret)' (B — Bret)™ cos(nr),

where s; for ¢ = 1,2,3 stands for the modified Morse
coordinates,*3

i JJk
Cijklmn 315%53 (2)

5; = i 1 e—ai(n/rfef—l) ) (3)
;

The geometry of the torsional saddle point was chosen to
define the reference geometry {ri¢f, 75t rief ay o Brer}
in Egs. (2) and (3). Optimum values for the three non-
linear parameters a; of the Morse coordinates s; from
Eq. (3) were obtained with a Levenberg-Marquardt non-
linear least-squares algorithm.** For given a;, the expan-
sion parameteres Cjjximn Were determined by means of a
linear least-squares procedure.

In total, 3261 RCCSD(T)/cc-pVQZ points with en-
ergies up to 10000cm ™! above the trans minimum were
considered. Some of the ab initio points previously calcu-
lated were also used.*® For the final fitting, a weight of a
ith data point of energy E; was set to 1/(E;+2500cm™1),
as previously done in our study of HCCN™ [Ref. 46]. All
parameters smaller than one and two times their stan-
dard deviation and most of the parameters smaller than
three times their standard deviation were eliminated in
repeated fitting cycles. In this fashion, we arrived at
a functional six-dimensional expansion consisting of 191

terms. The standard deviation of the weighted 191-
term expansion was 2.5cm™!. The expansion coefficients
C'ijkimn of this potential energy representation are sum-
marized in Table I. The zero of the energy scale is
defined as the energy of the ¢rans minimum.

A. Topography of the potential energy surface

The structural parametres of trans-HOCO, cissHOCO
and the torsional saddle point T-HOCO obtained for the
present RCCSD(T)/cc-pCVQZ potential energy surface
are summarized in TableII. There we also list all electron
RCCSD(T)/cc-pCVQZ results due to Botschwina3* and
RCCSD(T)/CBS results due to Fortenberry et al.353¢ ob-
tained at the estimated complete basis set (CBS) limit.
As seen in TablelIl, the optimum bond lengths and the
optimum bond angles all agree within 0.009 ag and 0.3°,
respectively. The equilibrium rotational constants A,
and B, C, show agreement within respectively 0.04 and
0.002 cm™1, 4.e. within 0.6 %.

The two-dimensional contour maps of the six-
dimensional RCCSD(T)/cc-pVQZ PES are displayed in
Fig.1. The contour maps clearly show that HOCO is
a planar molecule possessing trans and cis minima. The
cis minimum is 603 cm ™! above the trans counterpart, as
seen in TableII. The torsional saddle point at 7 = 86.7°
is 3270 cm ™! above the trans form (TableII). The mini-
mum energy path (MEP) along the torsional coordinate
is obtained by energy minimization with respect to the
other five coordinates. The optimum bond distance 57
and the optimum bond angles a,; and 3,y exhibit only
weak torsional dependences (within 0.06 ag and 3°) along
the torsional minimum energy path in Fig. 1. For the op-
timum 71 and r3 values, we found variations within 0.01
ag. This finding readily indicates only weak coupling be-
tween the torsion and the in-plane vibrational modes.

IIT. BOUND STATE CALCULATIONS

In the bound state calculations, we employed the or-
thogonal (diatom+diatom) coordinates d1, da, R, 01,02, x
and the body-fixed expression of the kinetic energy
operator.3® For HO®CO?, the coordinates d; and dy refer
to the H-O% and C-O% bond lengths, R is the distance
between the centers of mass of the HO® and CO? sub-
units, #; is the angle enclosed by the vectors d; and R
(i = 1,2), and x is the out-of-plane (torsional) angle. The
body-fixed z axis is chosen to be aligned with the vector
R.?? The (diatom+diatom) coordinates are particularly
well suited to describe the dissociation of HOCO into the
channel HO+CO.

For the rovibrational calculations, two numerical ap-
proaches were used, both employing a discrete variable
representation (DVR) and a parity-adapted rotational-
angular basis set. These methods involve no dynamical
approximations and no re-expansion of the potential en-



TABLE I: Expansion coefficients Cjjrimn (in atomic units) of Eq. (2) for the six-dimensional RCCSD(T)/cc-pVQZ potential
energy surface developed in the present work for the ground electronic state of HOCO. The reference geometry is given by
it = 1.82357 ao, 15 =
a1 = 0.4026, az = 0.8738, and a3 = 1.6075 are used for the Morse coordinates s1, s2, and s3 of Eq. (3), respectively.

2.57782 ag, r

ref __
3 =

2.22459 ag, arer = 108.623°, and Srer = 129.433°. The exponential parameters

ijklmn Cijkimn ijklmn Clijkimn ijklmn Cijkimn ijklmn Cijkimn
000000 0.00836781 100001 -0.00745361 000101 -0.00126955 001101 -0.00725039
100000 -0.00055379 100002 -0.00087982 000102 0.00279844 001102 0.00257248
200000 0.85755655 100003 0.00003830 000103 0.00069418 001110 -0.05265608
300000 -1.59305128 200001 -0.00841369 000201 -0.00043392 001111 0.02151180
400000 1.88261547 200002 -0.00390640 000202 0.00707674 010011 0.00608270
500000 -1.92454109 300001 -0.01426951 000203 -0.00044319 010012 -0.00818092
600000 1.44273034 011000 0.51319721 000204 -0.00036894 010021 -0.08304211
700000 -0.67158588 012000 -0.29725722 000301 -0.00090028 010101 -0.00241730
010000 0.02468718 021000 -0.08194301 000302 -0.00160687 010102 -0.00570724
020000 1.07225123 010100 0.12523030 000401 0.00446180 010103 -0.00529202
030000 -2.90735982 010200 -0.07700392 000402 -0.00228362 010110 -0.01036017
040000 1.72442690 010300 0.04800357 000501 -0.00295305 010120 0.36342201
050000 1.55371903 020100 -0.13062138 000011 -0.00943983 010130 -0.50925160
060000 -1.38833909 020200 -0.07501467 000012 0.00277347 010201 -0.00662024
001000 -0.00119757 020300 0.13649482 000013 0.00049530 010202 -0.02211013
002000 2.32154526 030100 -0.31949891 000014 0.00019359 010301 0.01981882
003000 -2.72709885 030200 0.18828323 000021 0.00273316 011001 -0.00248425
004000 1.05170410 010010 0.11764941 000022 -0.00427681 011002 -0.00683282
005000 -0.57951955 010020 -0.25158541 000031 -0.00502948 011010 -0.50042611
000100 0.00296966 020010 -0.20297505 000032 0.00217071 011011 -0.02847034
000200 0.07610313 010001 0.00636039 111000 0.04613353 011100 0.00732831
000300 -0.03567142 010002 0.02414256 000111 -0.03646118 020011 0.17384948
000400 -0.00610234 010003 0.00024572 000112 -0.00228122 020101 0.02813291
000500 -0.00156040 010004 -0.00093246 000113 0.00141805 020110 0.56411952
000600 0.00406369 020001 -0.00364918 000121 -0.00872518 020111 0.62953502
000700 -0.00244732 020002 -0.01526453 000122 0.00186631 030011 -0.43577789
000800 0.00083233 030001 -0.01473643 000131 0.02191070 100011 -0.02483552
000010 0.00309784 030002 -0.05900073 000132 0.00828586 100012 0.00100967
000020 0.15477242 040001 0.00806554 000141 -0.04358681 100021 -0.00884712
000030 -0.05398365 001100 0.00157014 000142 -0.01440554 100101 -0.00192780
000040 0.03131505 001200 -0.01267875 000151 0.03819373 100102 -0.00381710
000050 -0.02190456 002100 -0.02414472 000211 0.01021089 100103 0.00123519
000060 -0.00321959 001010 0.08973371 000212 -0.00142220 100211 -0.10404632
000001 0.00146993 001020 -0.24588891 000221 0.01273082 100301 0.03558735
000002 -0.00635973 001001 -0.01066330 000222 0.01064010 101001 0.01065118
000003 -0.00003421 001002 -0.00175187 000231 -0.02983697 101002 0.00174893
000004 0.00012628 000110 0.00037507 000232 -0.01651322 101011 0.05226679
000005 0.00000067 000120 -0.00381365 000241 0.02951766 110001 0.03326665
110000 0.01766263 000130 0.00488718 000242 0.02458448 110002 0.00934577
120000 -0.17420096 000140 -0.01395447 000311 0.01831219 110010 0.06755521
210000 0.07719126 000210 -0.01364521 000321 -0.00418284 110011 0.13688878
101000 -0.01366984 000220 0.01794977 000322 -0.00446691 110100 -0.15156445
102000 -0.08398039 000230 -0.01764837 000411 0.00852331 110200 0.50257917
100100 0.03938215 000310 0.00692572 000412 -0.00157593 110201 -0.14569645
100200 -0.04843377 000320 0.01228029 000511 -0.00572459 111001 -0.03212341
100300 0.06579241 000420 -0.01487149 000312 0.00302460 120001 -0.03249419
200100 -0.01110065 000510 -0.00174238 001011 0.01606472 210001 0.04966861
100010 -0.01133534 000610 0.00202162 001012 0.00271731




TABLE II: Geometric parameters of trans-HOCO, c¢is-sHOCO, and the torsional saddle point 7-HOCO obtained for the
RCCSD(T)/cc-pVQZ potential energy surface developed here and in previous theoretical studies.3* 3% The energy measured
relative to the energy of the trans minimum is denoted by E,.;. The equilibrium rotational constants A., B., and C. are
additionally shown.

trans-HOCO cissHOCO 7-HOCO

This work Ref. 34 Ref. 35 This work Ref. 34 Ref. 36 This work
7/deg 180.0 180.0 180.0 0.0 0.0 0.0 86.72
a/deg 107.68 107.81 107.99 107.93 108.07 108.21 108.63
3/deg 127.03 127.11 126.98 130.27 130.33 130.24 129.45
r1/ao 1.8186 1.8174 1.8165 1.8364 1.8351 1.8348 1.8237
r2/ao 2.5388 2.5324 2.5307 2.5144 2.5086 2.5057 2.5776
r3/ao 2.2266 2.2223 2.2208 2.2364 2.2320 2.2306 2.2246
Erel /cm_1 0.0 0.0 603.3 610.8 3269.9
A, /cm_1 5.558 5.596 5.586 4.723 4.739 4.733 4.961
Be /cm_1 0.383 0.384 0.385 0.393 0.395 0.395 0.373
Ce /crrf1 0.358 0.359 0.360 0.363 0.364 0.365 0.358

o/ deg
E R B
B/deg

90 E g 2.50
w0 A

A 2.25

PP e =
70 100 — =

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

1/deg 1/deg 1/deg

FIG. 1: Two-dimensional (7, ), (7, 3), and (7, 72) contour maps of the six-dimensional RCCSD(T) PES. The remaining four
coordinates are kept constant at their equilibrium values for the trans isomer. Contour lines are drawn in intervals of 500 cm ™!
with the first contour placed at 250 cm™'. The solid (red online) line gives the variation of the internal coordinate shown on
the y axis along the torsional minimum energy path.



ergy. The DVR(6) method*”48 is based on the discretiza-
tion of the entire six-dimensional angular-radial space.
The DVR(6) calculations were carried out for J = 0
by means of primary or/and potential optimized DVR
points. The second set of calculations was performed
with the help of the DVR(+R)+FBR approach,648 us-
ing combined discrete variable and finite basis represen-
tations for the angular coordinates (61, 62, x) in combina-
tion with a discretized Jacobi distance R, eigenfunctions
for (d1,ds2), and symmetric top eigenfunctions for the ro-
tational part. The DVR(6) and DVR(+R)+FBR meth-
ods both employ a contraction scheme resulting from
several diagonalization/truncation steps to construct a
compact basis set. The final matrix of modest size is di-
agonalized by standard routines, providing energies and
wave functions in a simple fashion.

The DVR(6) and DVR(+R)+FBR approaches make
use of several adiabatic projection schemes to study
separability of (ro)vibrational motions (intermode cou-
plings/mixing) and to characterize the exact quantum
states. The computational methodology of the DVR(6)
approach readily permits the construction of the adia-
batic (zero-order) basis, consisting of eigenvectors com-
puted in adiabatic torsion and in adiabatic bend approx-
imations. The DVR(+R)+FBR, on the other hand, al-
lows easy determination of the zero-order base in the
adiabatic stretch (R) approximation. The quantum
state character correlation scheme®7 is employed to mon-
itor the evolution of the adiabatic representation in
both DVR(6) and DVR(+R)+FBR computational ap-
proaches.

The DVR(6) and DVR(+R)+FBR approaches use dif-
ferent angular basis sets (of product and nonproduct
type, respectively) and consider the contributions to the
vibrational Hamiltonian in different order (different di-
agonalization/truncation schemes). Due to these numer-
ical/algorithmic differences, the two approaches provide
complementary information, useful for gaining a deeper
insight into the nature of internal molecular dynamics.

A. Numerical aspects

The DVR(6) calculations for J = 0 were performed us-
ing 20 potential optimized DVR points for each of the two
bending angles (61, 62), [13,9, 8] potential adapted dis-
crete points for the radial coordinates R, dy, ds], and 21
(20) primary DVR points in even (odd) parity for the tor-
sional angle y, thus, giving the primary base of 7862400
and 7488000 functions in the inversion symmetric and
antisymmetric block, respectively. The potential adapted
DVR points were determined for the respective reference
potentials defined by the equilibrium geometry of cis-
HOCO. Dimensions of matrices diagonalized at different
steps of calculation were in range 1000-2000. The final
matrix had a dimension of 6300 and 6000 in even and
odd parity, respectively.

In the DVR(+R)+FBR calculations, we employed 10

potential optimized DVR points for R and 12 two-
dimensional eigenfunctions for dy, ds, constructed for the
trans-HOCO reference geometry. The maximum value
k™* for the projection quantum number k£ of the vi-
brational angular momentum was 15 in J = 0 and 18 in
J = 4 calculations. The integrals over the torsional angle
were solved by Gauss-Chebyshev quadrature of order 31.
Gauss-Legendre DVR points employed for the bending
angles were determined from P/ﬁmw of k=0,1,--. k™o
with 17" = 30 for 6; and [5*** — 60 for 02, keeping only
the points distributed between 50° and 180° for #; and
between 0° and 70° for 3. The primary basis included
646 680 functions for J = 0 and 5800440 for J = 4.

The DVR(6) and DVR(+R)+FBR results show excel-
lent agreement: the fundamental vy, vs, vy, vs, v tran-
sitions agree better than 0.04 cm~!, whereas we found
an agreement within 0.09 and 0.5 cm~? for v; of trans-
HOCO [n(%9 = 99] and of ¢is-HOCO [n(%9) = 133].

IV. RESULTS

The (ro)vibrational levels of H/DOCO were anal-
ysed in detail by means of several adiabatic projection
schemes, vibrationally averaged geometries, and a visual
inspection of wavefunction nodal patterns. The different
approaches helped to extract valuable informations on
wavefunction properties.

The full-dimensional rovibrational energies are de-
noted by E(?) and the corresponding ordinal numbers
by n(/P) for a given total rotational angular momentum
J and parity p. Asusual, K stands for the quantum num-
ber for the body-fixed z-projection of J. Note that the di-
rection of the diatom-diatom vector R is found to depart
by at most 7° from the true principal axes of H/DOCO
along the torsional minimum energy path, such that R
provides a good approximation for the principal moment
of inertia axis.

A. Vibrational transitions

The fundamental vibrational transitions calculated for
the present RCCSD(T)/cc-pVQZ PES are compared
in Table III with available experimental data and re-
cent theoretical results. The high resolution gas phase
data,'® 20 only available for 11 and vs of trans-HOCO
and trans-DOCO, are listed there along with the values
for vs, v4, v5 of HOCO and for v, vs of DOCO from pho-
toelectron spectroscopic studies.?? Note that the photo-
electron spectroscopic data were reported with uncertain-
ties of £5 em ™! for v5 and +£10 cm ™! for v3 and v4. For
V1, Vs, and vg of the cis isomers, the experimental data
are available only from matrix isolation studies.3:14:49:50
The theoretical results due to Johnson et al.?? were ob-
tained by means of second order vibrational perturbation
theory (VPT). Since the transitions from the vibrational
configuration interaction calculations of Fortenberry et



TABLE III: Fundamental vibrational transitions of HOCO and DOCO (in cm™') obtained in the present work, in earlier

theoretical studies,??3535 and in experimental studies.®18720:22:49.50 The experimental results are given in the columns denoted
by Expt.
trans-HOCO cis-HOCO trans-DOCO cis-DOCO

This work Ref. 35 Expt. This work Ref. 36 Expt. This work Ref. 22 Expt. This work Ref. 22 Expt.
v 3648 3642 36367 3461 3451 3411°¢ 2691 2688 26847 2558 2555 2522°¢
125} 1863 1861 1853° 1825 1823 1802° 1859 1845 1852° 1829 1814 1804°
V3 1217 1217 1194¢ 1278 1284 1290¢ 1092 1081 1081°¢ 1132 1121 1145¢
V4 1061 1053 1048°¢ 1059 1046 1040°¢ 906 900 961 949
vs 617 617 629°¢ 600 602 605 593 588 597°¢ 539 535 557¢
173 507 501 508 543 566 396 395 4729 452 454 4979

@ Reference 19. ¥ Reference 18. ¢ Reference 22. ¢ Reference 49. © Reference 50. ¥ Reference 20. 9 Reference 13.

al.3%36 were found to be less trustworthy compared to
the VPT findings,’! we give their VPT results in Table
I11.

1. Comparison with previous theoretical and experimental
work

Our results for trans-HOCO and for vy, vs,vs,v5 of
cis-HOCO in TableIIl agree within 10 cm~! with the
theoretical VPT values of Fortenberry and others;3%36
for vy and vg of cis-HOCO we see deviations of 13
and 24 cm™!, respectively. The agreement with the re-
sults of Wang et al.® is within 10 cm™!, except for vy
and vy of cis-HOCO, where the deviations are roughly
20cm~!. Comparison for DOCO with the theoretical
predictions of Johnson et al.?? shows agreement within
15 em™!. For the quartic force fields of Fortenberry et
al. we computed the fundamental [v1, s, V3, vy, Vs, Vg]
transitions (in em™1) of [2690, 1859, 1088, 905, 592, 392]
for trans-DOCO and [2551,1827,1123,965, 541, 467] for
cis-DOCO, which agree with our values within 9 cm™1,
except for vg of cissDOCO, where we see a difference of
15 cm 1.

The torsional frequencies obtained here are now com-
pared in more detail with previous theoretical val-
ues. The harmonic torsional frequencies wg for the
RCCSD(T)/cc-pVQZ PES, which amount to 535 and 576
em™! for respectively trans-HOCO and cis-HOCO, are
in excellent agreement with wg of 536 and 578 cm™~! re-
ported by Johnson et al.?2 or 537 and 578 cm ! found by
Fortenberry and others.3%3% Our anharmonic v frequen-
cies agree within 2 cm ™! with the VPT results of John-
son et al.?? for both isomers of HOCO and DOCO and
within 10 cm ™! with the results of Wang et al.?® for the
HOCO isomers. The agreement with the VPT results of
Fortenberry et al.2°-3% is within 6 cm ™ for trans-HOCO
and 23 cm~! for cis-HOCO. We may, however, note that
the VCI torsional transitions at 488.6 for trans-HOCO
[Ref. 35] and at 540.2 em™! for cis-HOCO [Ref. 36]

are smaller by respectively 13 and 26 cm ™! than the cor-
responding VPT counterparts. The same authors®” re-
cently reported a corrected VCI vg value of 475 cm ™! for
trans-HOCO, along with vg of 368 cm ™! for trans-DOCO
and 447 cm ™! for ¢is-DOCO. These VCI results for vg of
the HOCO and DOCO isomers are, thus, all 20-25cm !
below the corresponding DVR(6) results,®! obtained us-
ing their quartic force fields. The discrepancy between
the VPT and VCI vg results was attributed®® to the
transformed quartic force fields used in the VCI computa-
tions of Refs. 35,36. However, the torsional vg frequen-
cies calculated for the quartic force fields expressed in
terms of the bond-distance-bond-angle coordinates (used
in the VPT calculations) are found to be smaller by only
3.2 and 3.7 cm ! for respectively trans-HOCO and cis-
HOCO than the DVR(6) values obtained for the Morse-
cosine transformed quartic force fields (used in the VCI
calculations).”! Note that the MULTIMODE computa-
tions in the single reference approach and reaction path
approach yielded comparable results for v4 in Ref. 38.

The v7 and v, fundamental transitions of the trans iso-
mers agree within 12 and 10 cm ™!, respectively, with the
high resolution gas phase data.'®2° The experimental
v1 and s frequencies available for the cis radicals iso-
lated in solid N»®° agree with our values within 50 and
25 cm ™!, respectively. In the CO matrix,'® the bands
were reported at 3316 [2456] and 1797 [1798] cm ™! for
cissHOCO [cis-DOCO], respectively. As seen, the inter-
action with CO substantially lowers the v frequency. As
a result of hydrogen bonding to the CO matrix through
the OH group, large shifts Avy occur relative to the free
radical situation. This can be clearly seen on the ex-
ample of trans-HOCO, for which the vy transition was
observed at 3456, 3571, 3603, and 3628 cm™! in solid
CO,™ N3,%0 Ar,™ and Ne,* yielding Av; of 180, 65, 33,
and 8 cm™!, respectively. It is worth noting that the
ratio 1 (N2)/1v1(CO), with the matrix medium shown in
parentheses, calculated from the data of Refs. 13 and
50, equals to 1.03 for the isomers of both HOCO and
DOCO. Using the ratio v4(gas)/v1(N2)=1.018, valid for



both trans-HOCO and trans-DOCO, we may estimate
from vy in solid Ny the vy values of 3473 and 2568 cm ™!
for free cis-HOCO and c¢is-DOCO, respectively. These
are larger by 12 and 10 cm ™! than our v; results in Ta-
ble III.

In accord with the large Av; shifts in solid CO, it is
expected that all vibrations involving hydrogen are af-
fected by the interaction with CO, in particular the tor-
sion. The torsional motion should appear more confined
in the CO matrix than in the free radical, with the tor-
sional fundamental at a larger frequency in the former
case. The torsional vg transitions observed in the CO
matrix!'? at 472 cm ™! for trans-DOCO and at 497 cm ™!
for cissDOCO are noticeably larger, by 76 and 45 cm™*,
than our respective theoretical values. In solid Ne? and
in solid Ar,'* vg was reported only for trans-HOCO, at
508.1 and 515 cm™! |, respectively, in close agreement
with the theoretical results in Table ITI. Other experi-
mental data for vg are not available.

2. Low-frequency vibrations

The low-lying in-plane vibrations vz, v, and vs of
H/DOCO were characterized with the help of the zero-
order functions obtained in the adiabatic bend approxi-
mation for the planar arrangements (x = 0, 180°).

In the adiabatic bend approximation, the zero-order
five-mode wavefunctions | k; ) are described by the kth
state of the three-dimensional stretching vibration and
the ~th state of the two-dimensional bending vibration.*”
The energy of the adiabatic state | k;v) is €aq;. The
five-mode energies obtained including the stretch-bend
coupling are designated with ). In the DVR(6) ap-
proach, the full-dimensional vibrational energies E(P)
are computed for J = 0 and parity p from ¢(®P) after the
inclusion of the torsional contributions (the kinetic en-
ergy and kinetic coupling with the in-plane vibrations).

The energies €,4i, 5(5D), and E©O9 are compared
in Fig.2 for v3,v4, and vs. The adiabatic expansions
in terms of | k;v) for the five-mode states denoted by
a,b,c,d in Fig. 2 are summarized in Table IV. The latter
two-component and three-component expansions provide
more than 90% of the corresponding five-mode wavefunc-
tions. The notation used by the code for | k;v) is em-
ployed in Table IV. The adiabatic states | 0;1), | 0;2),
and | 1;0) arise from the 63,6;, and R motion, respec-
tively.

The coupling between the torsion and the vz, vy, vs
in-plane vibrations is weak for H/DOCO, as evident by
small differences (up to 3.8 cm~!) between the five-mode
energies £€°P) and the accurate level energies E(%0) in
Fig.2. On the other hand, nonadiabatic (stretch-bend
mixing) effects appear very important. The levels e6D)
of HOCO correlated with v4 and v5 are pushed apart
with respect to €,q; due to stretch-bend coupling. The
difference Ae between ¢5P) and £.4; amounts to -93 and
+47 cm~! for trans-HOCO and to -92 and +18 cm ™~ for

cis-HOCO for vs and vy, respectively. The correspond-
ing zero-order eigenvector mixing in Table IV amounts
to about 15%. For v4 of cis-HOCO, we also see the con-
tribution from | 0;2) in the amount of 12%. Here the
| 0;2)/] 1;0) (v4/v3) mixing acts in the opposite direc-
tion from | 0;1)/| 1;0) (va/vs), leading to a smaller A,
value of 18 cm™! compared to the value of 47 cm~! for
Vs.

For the DOCO isomers, the v3/v, mixing becomes
even more important. For v3 and vy, the differences Ae
are found to be +83 and -68 cm ™! for trans-DOCO and
+94 and -64 cm~! for cis-DOCO. Inspection of Table IV
also reveals for ¢trans-DOCO nearly equal contributions
from the adiabatic bending state | 0; 2) and the adiabatic
stretching state | 1;0) in the five-mode state denoted by
b, i.e. wv4. The strong resonance mixing in DOCO is
due to mass effects: the frequencies (in cm~1) attributed
to the one-dimensional [R, 62, 601] motions are computed
to be [923,869,902] for trans-DOCO and [931, 895, 942]
for ¢is-DOCO; to be compared with [942, 874, 1204] for
trans-HOCO and [953, 935, 1186] for cis-HOCO.

To illustrate the importance of the v3/v, mixing, the
two-dimensional contour maps of the six-dimensional
wavefunctions for the vibrational vs state of trans-
HOCO, c¢is-HOCO, trans-DOCO, and c¢is-DOCO are
shown in Fig. 3. Whereas | 0;2) (angular character) pro-
vides the predominant contribution to v3 of trans-HOCO,
the stretching contribution from | 1;0) to vz increases
from 12% for cis-HOCO to 45% for trans-DOCO to 58%
for ¢is-DOCO (see TableIV). Having identified the ori-
gin of v3 in trans-DOCO as | 0;2) in TableIV, we may
assume that the origin for v4 of trans-DOCO is the zero-
order stretching state | 1;0).

It should be said that this type of analysis has led to
the same conclusion regarding the properties of v, vy, Vs
also in the case of the quartic force fields due to Forten-
berry et al.3%36. For the latter PESs, the adiabatic ex-
pansions for the five-mode states considered in Fig. 2 were
found to be almost identical to the results in Table IV for
the PES developed here.

The nonadiabatic effects promote normal-mode char-
acter (collective nuclear motion) for the low-frequency
Vs, V4, Vs vibrations involving both radial and bending
degrees of freedom. Rotational excitation does not affect
the intermode mixing in these states for both HOCO and
DOCO, as seen from the corresponding adiabatic expan-
sions calculated for J =0 — 4.

8. Stretching v1 and v vibrations

The high-frequency v; and vs stretching vibrations are
found to be almost insensitive to the stretch-bend cou-

pling. This is shown in Table V, where we compare the
stretching energies ESTD ) from the one-dimensional calcu-
lations with the corresponding five-mode energies £5P).
As seen there, the two energy groups differ by at most

15 cm~!. Comparison of ) with the accurate v; and
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FIG. 2: Energies obtained in different stages of the DVR(6) calculation for the low-lying states of the in-plane vibrations of
HOCO and DOCO. The energies calculated in the adiabatic bend approximation are denoted by aq;, whereas ¢°”) and (9
stand for the energies of the planar H/DOCO and the full-dimensional level energies, respectively. The energies *"¢e (°*"¢)
obtained using a single DVR point per radial (angular) degree of freedom are additionally shown. The adiabatic expansions
for the five-mode states denoted here by a, b, ¢, d are listed in Table IV.

TABLE IV: Adiabatic expansions in terms of the zero-order functions | k;~) for the five-mode states £©P) denoted by a, b, c,d
in Fig. 2. The zero-order function | k;~y) stands for a level with k& quanta in the 3D stretching vibration and v quanta in the
2D bending vibration. The zero-order contributions underlined here are all larger than 50%. The five-mode states a, b, ¢, d
correlate with the full-dimensional E(®® vibrational Us, Va4, V3, 25 states, respectively.

eGD) E©.0) trans-HOCO cis-HOCO trans-DOCO cis-DOCO
a vs 0.90 | 0;1) + 0.40 | 1;0) 0.91]0;1) +0.38 | 1;0) 0.93 | 0;1) +0.33 | 1;0) 0.92 | 0;1) 4+ 0.34 | 1;0)

b vy 0.40 | 0;1) — 0.90 | 1;0) 0.38 | 0;1) — 0.84 | 1;0) 0.68 | 0;2) — 0.66 | 1;0) 0.79 | 0;2) — 0.53 | 1;0)
—0.350;2) +0.30 | 0; 1) +0.26 | 0;1)

c vs 0.96 | 0;2) — 0.07 | 1;0) 0.91]0;2) +0.35 | 1;0) 0.72 | 0;2) + 0.67 | 1;0) 0.59 | 0;2) 4+ 0.76 | 1;0)
—0.09 | 0;1) —0.16 | 0;1) —0.22]0;1)

d 25 0.82]0;3) +0.48 | 1;1) 0.85 | 0;3) 4 0.43 | 1;1)

tively. In agreement with this, the characterization of
the states involving v and v, was easily done with the
help of the root mean square deviation o4, defined as

oq = \/{q*) — (q)? for ¢ = dy, d>.

vy energies given in Table III additionally indicates that
the coupling with the torsional motion is weak.

The stretching 11 and vy vibrations are of local-mode
type, representing the H-O and C=O stretch, respec-



trans-HOCO V3 cis-HOCO V3

38

3.6

R/a,

34

100 120 140 160 60 80 100 120 140
6, /deg 6, /deg

trans-DOCO r  cis-DOCO

3.6

R/ag

R/agy

34

32

100 120 140 160 60 80 100 120
8, /deg 6, /deg

FIG. 3: Wavefunction contour maps for the vibrational
vs state of trans-HOCO, cis-HOCO, trans-DOCO, and cis-
DOCO. The remaining four coordinates are kept constant at
their equilibrium values. The contours seen in the (61, R)
plane show where the wavefunction takes from -95% to 95%
of its maximum value with the step of 10%.

TABLE V: The fundamental high-frequency stretching tran-

. . _ . . 1D
sitions (in cm™') from the one-dimensional 1D)

oir and five-
(5D)

dimensional calculations, keeping the remaining coordi-
nates constant at their equilibrium values.

trans-HOCO cissHOCO
I
V1 3667 3653 3474 3459
12 1867 1864 1835 1824
trans-DOCO ciss-DOCO
R
2 2702 2693 2562 2556
12 1867 1861 1835 1829

The wavefunctions corresponding to the v, and vy fun-
damentals of HOCO possess a large dominant contribu-
tion (larger than 95 %). The same was also found for the
quartic force fields of Fortenberry and others.3%3% Note
that 11 of ¢is-HOCO was identified as a mixed state in
the calculations of Wang and others.38

B. Torsion

The torsional motion of HOCO is described by an
anharmonic double-minimum torsional potential with a

non-planar barrier between the trans and cis arrange-
ments. The expectation value (x) of the torsional an-
gle is found to be about 165° and 10° in the vibrational
ground state of the trans and cis isomers, respectively.
It amounts to about 155° and 20° in the first excited
torsional states.

HOCO levels residing either in the trans or the cis well
were found by inspection of the expectation value (x)
of the torsional angle. The extent of delocalization of

the nth state is quanified with the help of the integrated
P(a7b)

n I

wavefunction probability amplitude

b
P = / dx / i 9, (4)

giving the localization probability for the y interval (a, b).
In Eq. (4), 2 stands for all other coordinates. The local-
ization probability in the ¢rans well is obtained setting
a = xsp and b = 180°, where x;, gives the position of
the torsional saddle point (see Tablell). In the diatom-
diatom description, xsp = 79.1°.

The vibrational ground state of trans-HOCO and the
vibrational ground state of cis-HOCO lie at 4562 cm ™!
and 5100 cm™!, respectively. Although both ground
states are placed above the electronic torsional saddle
point at 3270 cm~! (Tablell), we found that the ma-
jority of the calculated HOCO levels are localized in
one of the two wells even at high vibrational energy.
This high-energy state localization can be easily under-
stood in terms of effective (adiabatic) torsional poten-
tials @4Vt = adiy/i(y). The profiles **V? differ from the
torsional minimum energy path in the energy of the ith
state of the in-plane five-mode vibration. The barrier
height “diEgaT measured with respect to the trans min-
imum of ““V* may also differ from the corresponding
MEP value. For instance, along the effective ground-
state torsional profile *#V0 the cis-trans separation and
adipd amount respectively to 520 [548] cm ™! and 3109
[3135] cm™! for HOCO [DOCO], being thus by 83 [55]
em ™t and 161 [135] cm ™! smaller than the corresponding
electronic-potential values of 603 cm™! and 3270 cm~! in
TableII.

The torsional saddle point on the effective ground-state
profile *?V0 for HOCO is at 7410 cm~'. Below this en-
ergy, there are 45 even-parity and 27 odd-parity eigen-
states. Among these, 45 states are identified as strictly

trans- HOCO states [P = 1] and 24 as strictly

cis- HOCO states [PYX7'%°) = 0]. The remaining 3
states have a non-zero wavefunction probability ampli-
tude in both well regions. The first tunneling cis state
n(00) = 35 at 7174 ecm~! and the first tunneling trans

state (%9 = 36 at 7176 cm~! have PS8 of 0.33
and 0.64, respectively. The odd-parity level n®! = 26

of HOCO at 7368 cm~! has PY%°) of 0.24. DOCO
has 69 even-parity and 45 odd-parity states below the
corresponding torsional saddle point at 6773 cm ™! on
adiy/0 out of which 74 states belong strictly to trans-

DOCO and 36 strictly to cissDOCO. The remaining 4
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FIG. 4: Two-dimensional contour map of the full-dimensional
wavefunction for the torsional even-parity state 1lve of
HOCO, obtained for the remaining four coordinates kept con-
stant at their equilibrium values. The contours indicate where
the wavefunction assumes from -95% to 95% of its maximum
value with the step of 10%. The solid (green online) line shows
the variation of the angle #; along the torsional minimum en-
ergy path.

TABLE VI: Effective torsional frequencies (in cm™!) calcu-
lated according to Eq. (5).

trans-HOCO  ¢issHOCO  trans-DOCO  ¢iss-DOCO
2 498 548 394 456
Vs 505 542 396 451
V3 504 543 391 444
V4 503 530 393 448
Us 511 543 402 449

are tunneling states: two even-parity states at 6544 and

6581 em~! with PO %% of respectively 0.88 and 0.12
and two odd-parity states at 6719 and 6737 cm~! with

PRen 180 ¢ sespectively 0.28 and 0.90.

The tunneling states of HOCO and DOCO described
in the previous paragraph are found to be pure torsional
levels (v; = 0). They lie in the vicinity of the ground state
adiabatic barrier. Pure torsional states above @ V0(y =
Xsp) are all delocalized over both minima. To illustrate
this, we show in Fig. 4 the wavefunction contour map for
the even-parity HOCO torsional state 11vg lying at 9228
cm~ L

The effective torsional frequency vg 7 (1) upon the ex-
citation of the in-plane mode v;, estimated as the energy
difference between the odd-parity and even-parity values,

e 0,1
vef (vy) = B — EQO, (5)

10

are summarized in Table VI. There we see that the
largest deviation of 13 cm™! is between the fundamen-
tal torsional frequency from TableIIl and ng F(vy) for
v; = vy of ¢is-HOCO. This is caused by the zero-order
v4/2v6 mixing, as evident from the following adiabatic
expansions

|va) = 0.85]2,0;0)+0.50 | 0,1;0) (6)
0.1 4,0,0),
| 2v6) = —0.52|2,0;0)+ 0.84]0,1;0)
+0.15 | 4,0,0),

whereas we have
| v3) = 0.98|4,0;0)—0.18]0,1;0). (7)

The zero-order functions | 7, a;p), computed in the adia-
batic torsion approximation, describe the adiabatic levels
with ¢ quanta in the five-mode in-plane vibration and «
quanta in the torsion for a given parity p. In Eq.(6),
| 0,1;0)=| 2v6), | 2,0;0)=]| v4), and | 4,0;0)=| v3) holds
for even parity (p = 0). The levels 2vg, v4, and v are at
1041, 1059, and 1278 cm ™!, respectively. For the quar-
tic force field of Fortenberry et al3% for cis-sHOCO, the
2vg level was found to exhibit only v3/2v6 mixing (to an
extent of 5%) and no v4/2vg mixing.”! The latter find-
ing stems from the fact that the quartic force field of
Fortenberry et al. supports a torsional frequency that is
21 cm™! larger than vg for the PES developed here. The
vy, 2vg, v3 levels of cissHOCO and the PES of Forten-
berry et al. are calculated to be 1046, 1099, and 1282
cm ™!, respectively.®!

For the present RCCSD(T)/cc-pVQZ PES, the v4/2v4
mixing in ¢issDOCO was found to be less pronounced
(to an extent of 6%). On the other hand, vo/v3 + 214
for trans-DOCO and vq /vy + 216 for cissDOCO appear
strong with a mixing of 35% and 24%, respectively.

C. Rotational constants

The rotational constants for the vibrational ground
state of the trans and cis isomers of HOCO and DOCO
are summarized in Table VII. Our values are obtained
from J = 0,1 calculations with the DVR(+R)+FBR ap-
proach. The theoretical results of Fortenberry et al.3%36
were derived by means of vibrational second order per-
turbation theory.

The rotational constants A from the present work agree
within about 30, 600, 100, and 300 MHz with the experi-
mental finding!%:17-2! for trans-HOCO, cis-HOCO, trans-
DOCO, and ¢is-DOCQO, respectively. Our rotational con-
stants B and C' are approximately 50 MHz smaller than
the experimental counterpart. With respect to the ex-
periment, the rotational constants A due to Fortenberry
et al. are larger by about 500 MHz and 200 MHz for
respectively trans-HOCO and cis-HOCO, whereas the
agreement is within 20 MHz for B and C.
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TABLE VII: Rotational constants (in cm™!) for the vibrational ground state of trans-HOCO, cis-HOCO, trans-DOCO, and

cissDOCO. The values in parentheses are given in MHz.

trans-HOCO ciss-HOCO trans-DOCO cis-DOCO
A B C A B C A B C A B C
theoretical results
This work 5.5972 0.3797 0.3550 4.7476 0.3898 0.3596 5.1555 0.3550  0.3316 3.6617 0.3794 0.3432
(167800) (11383) (10643) (142328) (11687) (10782) (154557) (10642) (9943) (109775) (11374) (10289)
Refs. 35,36 5.6128 0.3819 0.3570 4.7750 0.3922 0.3618
(168266)  (11448)  (10702)  (143152)  (11757)  (10846)
experimental results
Ref. 21 5.5961 0.3814 0.3565 4.7681 0.3916 0.3612 5.1597 0.3564  0.3329 3.6726 0.3810 0.3446
(167768) (11433) (10687) (142945) (11739) (10830) (154686) (10686) (9982) (110100) (11423) (10332)
Refs. 16,17 5.5961 0.3814 0.3565 5.1598 0.3564  0.3329
(167766) (11433) (10687) (154686) (10686) (9982)

TABLE VIII: Vibrationally averaged internal geometries ex-
pressed in terms of the bond-distance-bond-angle coordinates
r1,72,73, &, B for the vibrational ground state of trans-HOCO,
cis-HOCO, trans-DOCO, and cis-DOCO. The angle x is the
dihedral angle in the orthogonal diatom-diatom description.
The results obtained for the present RCCSD(T) PES and for
the previous quartic force fields®>¢ are shown in the columns
denoted by I and II, respectively. The angles are given in de-
gree and the distances in ag.

trans-HOCO cissHOCO trans-DOCO cis-DOCO

I II I II I II I II

(x) 165.0 164.8 12.3 12.1 166.5 166.4 10.7 10.6
(a) 107.4 107.7 107.8 108.1 107.4 107.7 107.7 108.0
(B) 126.8 126.7 130.1 130.1 126.8 126.7 130.0 130.0
(r1) 1.854 1.853 1.875 1.873 1.845 1.843 1.864 1.862
(ra) 2.558 2.552 2,533 2.523 2.558 2.552 2.5633 2.523
(rs) 2.235 2.229 2.245 2.239 2.235 2.229 2.245 2.239

For both forms of HOCO and DOCO, we give in
Table VIIT the vibrationally averaged geometries for
the vibrational ground state obtained for the present
RCCSD(T)/ce-pVQZ PES and the previous quartic force
fields.?236 The expectation values of the bond-distance-
bond-angle coordinates were obtained by their direct av-
eraging, i.e. they were not evaluated from the expec-
tation values of the orthogonal coordinates employed in
the rovibrational calculations. The differences between
the expectation geometries for the two PESs are compa-
rable with the differences seen between the corresponding
equilibrium structures in Table II. Comparison of Tables
IT and VIII shows an increase of (r1), (re), and (rs) with
respect to rf,r§,r§ by about 0.035, 0.02, and 0.01 ag,
respectively. The angles () and () are decreased with

respect to a® and 3¢ by 0.3° or less.

Oyama et al.?! derived a rq structure given by (1.841
ag, 2.536 ag, 2.232 ag, 107.4°, 127.4°) for trans-HOCO,
where the internal geometry (r1, 72,73, a, ) is given in
terms of the bond-distance-bond-angle coordinates. For
cis-HOCO, they found (1.873 ag, 2.511 ag, 2.237 ag,
107.3°, 131.1°). Both conformers were assumed to have
a planar structure. These 7o structures were derived also
assuming the theoretical UCCSD(T)-F12/aug-cc-pVTZ
values for r9, which is thus more comparable with the
value for r§ in TableIIl. Regarding the non-adjusted pa-
rameters in the rg structures, we note a difference of 1°
for 8 = Z(O-C-O) with respect to the results of Ta-
ble VIII. Upon deuteration, only (r1) in Table VIII is
changed by an amount of 0.01 ag, as assumed in Ref. 21.
The contributions of the zero-point vibrations were not
considered in Ref. 21.

The experimental rotational constants available for
HOCO and DOCO do not provide all the information
needed to derive complete experimental structures of cis
and trans conformers since Iy = I+ I3 holds for the prin-
cipal moments of inertia Iy, 5, I3 of planar tetratomic
molecules. In other words, (at least) one of the inter-
nal coordinates has to be assumed known in a fitting
procedure. After several tests, the distance r3 was cho-
sen to be kept constant: we used r3 = 2.2236a¢ for
trans-HOCO and r3 = 2.2335ag for cis-HOCO as the
mean of r§ from our work and Refs. 35,36 from Ta-
ble II. Combining the theoretical ground-state vibra-
tional corrections A, — Ag, Be — By, C. — Cy obtained
for the RCCSD(T)/cc-pVQZ PES with the experimen-
tal ground-state rotational constants due to Oyama et
al.?! we finally derived the semi-experimental equilibrium
re structure (r§,r5, a, 5°) given by (1.817 ag, 2.534 ag,
107.9°, 126.9°) for trans-HOCO and by (1.838 ag, 2.505
ag, 108.2°, 130.4°) for c¢is-HOCO. The latter structures



TABLE IX: Geometric parameters of selected stationary
points calculated at the RCCSD(T)/cc-pVQZ level of the-
ory. The energy measured relative to the energy of the trans
minimum is denoted by E,.;.

ri/ao r2/a0 rs/ag o/deg B/deg T/deg Eye /om ™!

H+CO2 2.1971 2.1971 180.0 2150
HCO2 2.6696 2.3125 2.3125 51.7 145.1 180 5825
HO4-CO 1.8322 2.1381 9868

are in very good agreement (within 0.009 ag and 0.3°)
with the results of TableII. Analytical expressions for the
principal moments of inertia in the bond-distance-bond-
angle description and their numerical partial derivatives
with respect to the geometric parameters in combina-
tion with a Levenberg-Marquardt nonlinear least-squares
algorithm** were used to compute the semi-experimental
equilibrium geometry.

V. FINAL REMARKS

The RCCSD(T)/cc-pVQZ potential energy surface de-
veloped for the HOCO radical was combined with ad-
vanced strategies for the calculation of rotation-vibration
levels of tetratomic molecules. Our study showed that
the main features of the energy spectum of H/DOCO are
large amplitude torsional motion and anharmonic mix-
ing of the low-frequency stretch with the bending modes,
whereas the coupling between the torsion and the low-
frequency in-plane modes appears to be less pronounced
in the region of the fundamental transitions. For a given
state of the in-plane vibration, the torsional structure is
found to exhibit two limiting cases associated with oscil-
lator and rotor spectral patterns.

Several additional studies on the HOCO system are
in progress. The first part is concerned with the im-
provement of the functional form used here to repre-
sent the potential energy surface. The analytical expan-
sion of Eq. (2) is invariant under the spatial inversion
(r — 27 — 7). However, it is not independent from
the torsional angle for linear arrangements («, 5 = 0, 7).
These two properties of V', which are general features
of any tetratomic molecule,’® have to be combined to-
gether to obtain a physically justified potential-energy
representation. Molecular arrangements with a strictly
linear HOC (o = m) or OHC (« = 0) skeleton, important
in the direction of the HO+CO channel over the configu-
ration space of the weakly bound complexes HO-CO and
OH-CO,% occur at roughly 10000 cm ™. The exit chan-
nel HO+4CO is also seen at this energy in Table IX. This
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provides an explanation why only ab initio points with
energies up to 10000 cm ™! above the trans minimum were
considered in the current fit. The further development of
the PES is based on almost twice as many energy points,
which have been already computed.

Ab initio points along the torsional minimum energy
path were explicitly included in the fitting procedure.
The number of non-planar arrangements was somewhat
larger than 2000. Considering that the torsional motion
above the torsional saddle point experiences a constant
potential-energy contribution in the free-rotor region, we
may state that our PES provides a reliable description
useful for studying at least general torsional properties.
In that respect, the HOCO system nicely complements
the other class of tetratomic molecules, provided by the
CHNO family.?3 In Table IX, we also list the optimum
structure of the local minimum HCQOs, which can be re-
lated to the trans and cis forms by hydrogen migration.
This is another challenge for improvements of the po-
tential energy representation, since the two (different)
oxygen atoms exposed to different interactions in HOCO
become equivalent in HCOs.

The rovibrational states of HOCO pose also a chal-
lenge for numerically exact methods. The reason for this
is due to the large-amplitude torsional motion, exhibiting
the onset of a rotor-like energy structure below relatively
high barriers to linearity. To treat this, we need primary
functions capable to capture both the one-dimensional
torsional character and the rotational character of the
two-dimensional vibrational angular momentum. From
a practical point of view, basis sets comprising a large
number of functions are required to handle the rovibra-
tional motion of HOCO in a numerically exact fashion.
We completed the rovibrational calculations for up to
J = 4 in both parity. The results of this work, under
analysis now, will be discussed in more detail elsewhere.

A final comment concerns the asymptote H4+CO5, seen
at 2150 cm~! above the trans minimum in Table IX. The
ground-state energy of COs is calculated to be 2536 cm ™!
employing the CO, potential energy surface of Carter
and Murrell® and our DVR-DGB approach for triatomic
molecules.?®%0 In view of this estimate, states localized
in the HOCO region at energies above 4686 cm™! are,
rigorously speaking, resonance states embedded into the
continuum. For the RCCSD(T)/cc-pVQZ PES, only the
ground state of trans-HOCO at 4562 cm ™! appears as a
true bound state.
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