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In the search for a full mechanism creating CO, from OH + CO, it has been suggested that cre-
ation of the hydroxyformyl or HOCO radical may be a necessary step. This reaction and its transient
intermediate may also be responsible for the regeneration of CO, in such high quantities in the atmo-
sphere of Mars. Past spectroscopic observations of this radical have been limited and a full gas phase
set of the fundamental vibrational frequencies of the HOCO radical has not been reported. Using
established, highly accurate quantum chemical coupled cluster techniques and quartic force fields,
we are able to compute all six fundamental vibrational frequencies and other spectroscopic constants
for trans-HOCO in the gas phase. These methods have yielded rotational constants that are within
0.01 cm™! for Ag and 10~* cm™~! for B, and Cy compared with experiment as well as fundamental
vibrational frequencies within 4 cm™! of the known gas phase experimental v; and v, modes. Such
results lead us to conclude that our prediction of the other four fundamental modes of trans-HOCO
are also quite reliable for comparison to future experimental observation, though the discrepancy
for the torsional mode may be larger since it is fairly anharmonic. With the upcoming European
Space Agency/NASA ExoMars Trace Gas Orbiter, these data may help to establish whether HOCO
is present in the Martian sky and what role it may play in the retention of a CO,-rich atmosphere.
Furthermore, these data may also help to clear up questions built around the fundamental chemical
process of how exactly the OH + CO reaction progresses. © 2011 American Institute of Physics.

[doi:10.1063/1.3643336]

. INTRODUCTION

Creation of the hydroxyformyl (HOCO) radical has been
proposed as a necessary intermediate step in the reaction of
OH + CO.!2 This reaction is known ultimately to produce
carbon dioxide as well as help to retain carbon monoxide in
Earth’s atmosphere,®* but the full gas phase mechanism of
how CO, forms from this reaction has not been elucidated
as of yet (see Ref. 5 for a full discussion). Considering other
planetary bodies, the atmosphere of Mars is nearly synony-
mous with CO,. The red planet’s atmosphere is over 95%
CO; (Ref. 6), but the mechanism for the atmospheric creation,
retention, and stability of such a high concentration of atmo-
spheric CO, on Mars is also not currently fully resolved”-3
although surface adsorption models such as the Mars-van
Krevelen reaction show some promise in that area.” If HOCO
is vital to the creation of CO, in Earth’s atmosphere, such may
also be the case, and to a much greater degree, on the fourth
planet from the sun.

The upcoming European Space Agency/NASA Exo-
Mars Trace Gas Orbiter mission will be able to use its in-
frared instruments to detect, as its name suggests, minuscule
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amounts of gases within the Martian atmosphere. The most
notable of these is certainly methane which is an indicator of
past or potentially even present forms of life as we know it.'?
However, other molecules should be detected in low but mea-
surable abundances, and these may be necessary for the cre-
ation of methane or the regeneration of CO,. Hence, there
exists the need to have reference data for HOCO so that its
presence in the Martian atmosphere can be determined. The
detection of HOCO would yield a greater understanding of the
mechanism that regenerates CO,. Unfortunately, little conclu-
sive gas phase IR data for the HOCO radical exists. The v,
O—H stretch and v, C=0 stretch have been measured ex-
perimentally in the gas phase at 3635.702 cm™! (Ref. 11)
and 1852.567 cm™! (Ref. 12), respectively, for trans-HOCO,
the most stable conformer. However, all other known fre-
quencies for both cis-HOCO and the other four fundamentals
of trans-HOCO have only been measured in the condensed
phase trapped in matrices of Ar, Ne, and CO."-'3:1* Other the-
oretical work also has not yet proven to be beneficial in ac-
curately predicting the gas phase fundamental frequencies of
either isomer.

Recently, theoretical chemistry has proven to be of vi-
tal significance in the prediction of spectroscopic proper-
ties necessary for the detection of interstellar molecular
species. Botschwina and Oswald'® built on previous work
by Aoki'” to generate highly accurate spectroscopic data

© 2011 American Institute of Physics
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for the microwave-range detection of CsN~ by Cernicharo
and co-workers'® where corresponding laboratory data were
not available. Further, computational tools have been uti-
lized by Yu, Francisco, and co-workers!*32 to better charac-
terize the HOCO formation process, but there is still much
that is uncertain, including accurate rovibrational spectro-
scopic constants and several of the fundamental vibrational
frequencies. Huang, Lee, and co-workers**~3” have predicted
the fundamental vibrational frequencies of various molecu-
lar species to within a few cm™! using advanced quantum
chemical approaches which, further demonstrate the potential
role of quantum chemistry in accurately examining difficult
molecules often found in the conditions of interstellar space
and extraterrestrial atmospheres. Additionally, Crawford and
co-workers®®? have highlighted the need for highly accu-
rate coupled cluster methods to examine radicals of this size.
Hence, using techniques similar to those developed by Lee
et al.>¥37% we have examined the gas phase vibrational
frequencies of the trans-HOCO radical using high accuracy
coupled cluster quartic force fields (QFFs) in order to generate
reference data for atmospheric and planetary measurements.

The paper is organized as follows: Section II includes a
discussion of the computational approaches and methods used
for the analysis of the fundamental frequencies and spectro-
scopic properties of rrans-HOCO,; this is followed by a dis-
cussion of the results obtained in this study; and we conclude
with a summary of our findings and acknowledgements.

Il. COMPUTATIONAL DETAILS

Using restricted open-shell Hartree-Fock (ROHF)
(Ref. 46) as the reference wavefunction with the coupled
cluster singles, doubles, and perturbative triples method?’
[CCSD(T)] combined with Dunning’s correlation-consistent
cc-pV5Z basis set*®+” a minimum energy geometry was ob-
tained that was further corrected for core-correlation effects
using a basis set specifically derived for such adjustments
by Martin and Taylor (MT).>® We shall refer to this basis
set as the MT basis set. From this reference geometry a
quartic force field was generated from step lengths of 0.005
A and 0.005 rad. For HOCO, a tetra-atomic radical with C,
symmetry, 743 symmetry unique geometries, out of 805 in
total, were generated to compute all required force constants
in the quartic force field. The simple internal coordinates
used in the quartic force field determination are, from Fig. 1:
(1) the C=0, bond length, (2) the C—O; bond length, (3) the
O;—H bond length, (4) the O,—C—0O; bond angle, (5) the
C—0;—H bond angle, and (6) the torsional motion of all four
atoms.

At each of the 743 points, ROHF-CCSD(T) single-point
energies were computed with Dunning’s correlation consis-
tent basis sets but augmented with diffuse functions**->! nec-
essary to treat a radical, aug-cc-pVXZ (where X = T, Q,
and 5). A three-point formula®” utilized previously*—37 was
employed to obtain energies extrapolated to the one-particle
complete basis set (CBS) limit. To this CCSD(T)/CBS energy
at each point, core-correlation corrections computed from the
aforementioned MT core-correlating basis set, scalar rela-
tivistic terms (aTZ-DK),3*>* and higher-order electron cor-
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FIG. 1. The equilibrium geometry computed from the CcCRE QFF.

relation effects using the cc-pVTZ basis set with the full
CCSDT method>>> implemented in the CFOUR (Ref. 57)
quantum chemical program were combined to give a com-
posite energy represented as

Eio = Eats—cBs + (EMT,core — EMT) + (EaTZ-DK rel.
—Eqarz-px) + (Eccspr/tz — Eccspery1z)- (1)

The inclusion of the core-correlation, scalar relativistic,
and the higher-order electron correlation terms should
represent the most accurate exclusively coupled cluster QFF
used to date for the prediction of vibrational frequencies and
related spectroscopic constants. Using the equilibrium geom-
etry as an example, these corrections represent a stabilization
to the estimated CBS energy of 450.6 kJ/mol for the core
correlation, 337.3 kJ/mol for the scalar relativistic term, and
0.5 kJ/mol for the higher-order electron correlation energy.
However, it is the behavior of these corrections at each
point and not their individual absolute magnitudes that
affects the QFF’s performance. Besides those computations
involving CCSDT and its subtracted CCSD(T) counterpart,
all computations utilized the MOLPRO 2010.1 program.>® The
ROHF reference is the same (Ref. 46) for both programs, but
the definition of the core orbitals differs slightly between the
two packages. This difference is negligible, however, since
the sum of the residual squares in fitting the QFF is on the
order of 10716,

From these points and their corresponding CBS + core
correlation + scalar relativistic 4 higher-order electron corre-
lation (CcCRE) composite energies, the simple internal force
constants and the “actual” minimum (which slightly deviates
from the reference geometry) were derived from the fitting of
the QFF where, again, the sum of the residuals squared is ac-
ceptably small as mentioned above. The INTDER program>’
computed the Cartesian derivatives from the force con-
stants. These were fed into the SPECTRO (Ref. 60) program
for the second-order vibrational perturbation theory (VPT)
(Refs. 61-63) treatments. Additionally, the simple internal
QFF was converted to Morse-Cosine coordinates** which
makes use of periodic functions for each non-stretching mode.
These coordinates were used to determine the variationally
computed frequencies using the vibrational configuration in-
teraction (VCI) method with the MULTIMODE program.®*%3
Furthermore, other QFFs were also tested. These included the
CcCR QFF where the higher-order electron correlation cor-
rection has been excluded and the CR QFF which only con-
tains the first and third terms of Eq. (1).
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lll. RESULTS

The CcCRE QFF zero-point and equilibrium structures
for X 2A’ trans-HOCO are shown in Fig. 1. The bond
lengths, bond angles, rotational constants, and associated har-
monic vibrational frequencies are given in Table I where
the equilibrium structure is the result of the “position aver-
aged” values (synonymous with the r, values) from the VPT2
results. Oyama and co-workers®® used UCCSD(T)-F12/aug-
cc-pVTZ computations to report geometry parameters for
trans-HOCO as part of a larger study on the rotational tran-
sitions of cis- and trans-HOCO and DOCO derived from
Fourier-transformed microwave (FTMW) spectroscopy. The
UCCSD(T)-F12/aug-cc-pVTZ equilibrium geometry, also in
Table I, does not vary much as compared to our CcCRE
QFF equilibrium geometry: 0.001 A for the bond lengths and
0.1° for the bond angles. Additionally, RCCSD(T)/cc-pCV5Z
computations by Botschwina,®’ also listed in Table I, give ge-
ometry values that are even closer to our CcCRE QFF results
than UCCSD(T)-F12/aug-cc-pVTZ.

Oyama and co-workers’ experimental FTMW zero-point
geometry was reported to be in good agreement with their
computed equilibrium geometry (within 0.01 A for bond
lengths and 0.4° bond angles) and, subsequently, in good
agreement with the geometry computed by Botschwina®’
rendering our CcCRE QFF geometry quite accurate, as
well. The FTMW zero-point rotational constants of 5.59614,
0.38137, and 0.35647 cm™! (or 167 768.064, 11 433.322,
and 10 686.63 MHz) correlate nearly exactly (within
0.002 cm™') with a previous millimeter-wave experiment
done by Radford, Wei, and Sears®® and are in very good agree-
ment with Botschwina’s RCCSD(T)/cc-pCV5Z equilibrium
rotational constants.®’ The latter of which are nearly identi-
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cal to our CcCRE QFF equilibrium rotational constants (see
Table I). Additionally, our CcCRE QFF zero-point rotational
constants are very close to those observed in the FTMW ex-
periment reported by Oyama and co-workers:%® within 0.02
cm™! for Ag and 5 x 10~* cm~! for By and Cy. Furthermore,
UCCSD(T)/aug-cc-pVDZ harmonic vibrational frequencies,
listed in the bottom of Table I, computed by Feller, Dixon, and
Francisco® are comparable to the CcCRE QFF harmonic fre-
quencies. Such corroborating evidence indicates that our low-
est energy structure of trans-HOCO derived from the fitting
of the CcCRE QFF is reliable. Additionally, another QFF, the
CR QFF which only includes the CBS-extrapolated electronic
energy and the scalar relativistic terms from Eq. (1), pre-
dicts vibrationally averaged rotational constants of 5.58209,
0.38054, and 0.35570 cm~!. These CR QFF rotational con-
stants deviate from the FTMW experimental results by about
the same amount as the CcCRE results, but these A, By, and
Cy values are smaller than the experimental values whereas
the CcCRE constants are all larger than experiment.

The associated anharmonic frequencies for the CcCRE
QFF of trans-HOCO are given in Table II while the an-
harmonic constants are given in Table III. Vibration-rotation
interaction constants and quartic and sextic centrifugal distor-
tion constants are compiled in Table IV and Table V contains
the quadratic, cubic, and quartic force constants. All spec-
troscopic constants were computed with second-order vibra-
tional perturbation theory via SPECTRO and should be useful
in the analysis of high-resolution experiments or astronomical
observations. The VPT computations require the explicit in-
clusion of a fourfold Fermi resonance polyad® involving v,
vy, 2vs, and 2vg. A type 2 Fermi resonance is necessary for
Vs = vy + v,. Lastly, a Coriolis resonance between vg and vs
is also present.

TABLE 1. Minimum structure, rotational constants, and harmonic frequencies for HOCO.*

Zero-point Equilibrium
This work Expt.b This work Oyama et al.¢ Botschwinad
R(O;—H) 095773 A 0.974 A R(O;—H) 0.96127 A 0.963 A 0.9617 A
R(C—0y) 1.348 50 A 1.342 A R(C—0y) 1.33920 A 1342 A 1.3391 A
R(C—0,) 1.178 12 A 1.181 A R(C—0,) 1.175 18 A 1.178 A 1.1754 A
/H-0,-C 108.139° 107.4° /H-0,-C 107.993° 107.8° 107.95°
[0;—C—0, 126.949° 127.4° /0;—C—0, 126.981° 127.0° 127.15°
A 5.61276 cm™! 5.596 14 cm™! A, 5.58621 cm™! 5.5955 cm™!
Bo 0.381 88 cm™! 0.381 37 cm™! B. 0.384 79 cm™! 0.38397 cm™!
Co 0.356 98 cm ™! 0.356 47 cm™! C. 0.360 00 cm ™! 0.359 28 cm™!
Freq (in cm™!)
Mode Description This work Previous work®
o a’ O] —H stretch 3833.9 3781.0
) a’ C=0; stretch 1903.5 1848.0
w3 a’ H—0; —C bend 1261.1 1250.9
w4 a’ C—Oy stretch 1090.1 1036.3
s a’ O;—C—0O, bend 624.2 596.5
wg a” torsional mode 537.0 523.2

4The minimum structure and harmonic vibrational frequencies are computed from the CcCRE QFFE.
bFourier-transformed microwave results from Ref. 66.

¢UCCSD(T)-F12/aug-cc-pVTZ results from Ref. 66.

dRCCSD(T)/cc-pCV5Z results Ref. 67.

€UCCSD(T)/aug-cc-pVDZ results from Ref. 69.
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TABLE II. Fundamental vibrational frequencies (cm™!) for rans-HOCO from VPT and VCI-s and VCI-1 5SMR computations for the CcCRE QFF, VPT and
VCI-1 for the CcCR QFF, VPT and VCI-I for the CR QFF, and both condensed and gas phase experimental results.

CcCRE CcCR CR Expt.
Mode Description VPT SMR-s SMR-1 VPT SMR-1 VPT SMR-1 Condensed® Gas phase®
V| a’ O —H stretch 3642.0 3652.6 3640.5 3640.7 3634.4 3636.0 3632.9 3628.0 3635.702
1% a’ C=0; stretch 1861.0 1861.5 1861.1 1862.2 1862.2 1855.8 1856.0 1848.0 1852.567
V3 2 H—0;—C bend 1217.3 1221.3 1218.0 1213.7 1214.2 12159 1218.9 1211.2
V4 a’ C—0; stretch 1053.0 1042.9 1052.8 1053.0 1052.8 1048.2 1048.2 1050.4
Vs a’ 0]—C—0; bend 617.3 618.4 617.5 616.6 616.9 614.5 615.9 615
Ve a” torsional mode 501.2 511.2 488.6 497.5 484.6 501.8 492.1 508.1
ZPE 4560.9 4555.1 4551.4 4559.2 4549.8 4549.9 4546.2

2Condensed phase data from Jacox and co-workers (Refs. 1,13, and 14).

YGas phase data from Petty and Moore (Ref. 11) for v; and Sears, Fawzy, and Johnson (Ref. 12) for v;.

The anharmonic vibrational frequencies, again from
Table II, include both the VPT and variationally computed
VCI frequencies. For the variational frequencies, four-mode
and five-mode representations for the coupling configuration
interaction computations (4MR and 5SMR, respectively) are
both shown. The different numbers of modes refer to the num-
ber of modes allowed to couple within the expansion formula
defined® as

V(Q1, Qs ... ) = Y VP00 + ) v, 0)

i ij

ijk..N

‘/l(]]]\(])N(le Q]’ Qk$"'7 QN)? (2)

where N is the number of modes for each expansion level;
N = 6 is the largest expansion level for the HOCO radical
since there are six total degrees of freedom. 4MR and SMR
are truncations at the N =4 and N =5 levels, respectively.
The Vi(l) term is the one-mode potential for the ith mode at a

given geometry, Vi(j2) is the two-mode potential for the corre-

sponding ith and jth modes, and so on for Vl(fk) and larger up

to Vl(j[Z) ~- The Q; terms from Eq. (2) are simply the coordi-

nates of a given normal mode i.

Initial VCI computations of the fundamental vibrational
frequencies used a small but reasonable set of vibrational vari-
ational basis functions to describe the vibrational behavior of
trans-HOCQO. The CI matrices, one of which is composed of
a’ functions while the other a” functions, contain 2738 a’ func-
tions and 1399 a” functions for the 4MR computations. The
SMR CI matrices contain 3064 and 1829, respectively. These
4MR and SMR computations both require 30 Gaussian inte-
gration points, 25 primitive harmonic oscillator basis func-

TABLE III. Anharmonic constant matrix for the CcCRE QFF (in cm™!).

Mode 1 2 3 4 5 6
1 —85.526

2 —-3.611 —13.089

3 —19.889 —5.572 —11.488

4 —4.952 —15.134 —-9.976 —8.733

5 —2.273 —6.564 —1.549 —-7.134 —0.131

6 —10.902 —1.705 —2.869 —5.509 4337 —13.768

tions contracted down to 10 basis functions for each mode,
and 16 HEG (the abbreviation for Gauss-Hermite) quadrature
points. Since the 4MR and 5MR frequencies differ by less
than 0.2 cm™!, it is clear that convergence of the mode cou-
pling levels in the VCI method has been achieved. Addition-
ally, since the 4MR and SMR computations are nearly identi-
cal, only the SMR results will be included in this discussion
and will be referred to as SMR-s or simply VCl-s, the “s” for
small.

However, the level of agreement between the VPT and
VClI-s frequencies is not consistent, especially for vg, the tor-
sional mode. Strong agreement (i.e., <1 cm™') is present be-
tween the two methods for the v, and vs modes, and fairly
good agreement exists for the v; mode for which the differ-
ence is about 4 cm~!. The C—0; stretch, v, differs between
VPT and VCI by 10.1 cm~!, and the H—O; stretch, vy, differs
by around the same value. The torsional motion, ve, has a dis-
crepancy, again, of about 10 cm™' between VPT (501.2cm™")
and VCI-s (511.2 cm™"). However, the VCI-s computation
predicts the energy of this particular mode to be higher than
the VPT which was not expected based on previous work.

Even though direct comparison between the experimen-
tal condensed phase vibrational frequencies and the CcCRE
QFF simulated gas phase frequencies is not a perfectly direct
comparison as the use of gas phase experimental data would
be, it was still noticed that VCI-s appears to overcorrect the
vy vibrational frequency of 1042.9 cm~! even when compared
to the condensed phase result of 1050.4 cm~!. For v; and v,
where gas phase experimental data are known, the condensed
phase experimental frequencies are a few wavenumbers lower
in energy than the gas phase, and an inference of a similar
relationship to the other four modes is thermodynamically
reasonable but certainly not guaranteed. The potential over-
correction of vy and the difference in frequency between our
results and the condensed and gas phase experimental data by
10 cm~! or so for vy, v4, and vg indicated that a reanalysis of
the VCI computations was necessary.

The subsequent action was the use of a substantially
larger set of basis functions for describing the fundamental
vibrational frequencies using VCI. We will call this compu-
tation VCI-1 for the use of a larger set of harmonic oscil-
lator basis functions. 4MR-1 utilizes CI matrices composed
of 19 305 a’ functions and 10 820 a” functions, while the
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TABLE IV. CcCRE QFF computed vibration-rotation interaction constants and quartic and sextic centrifugal distortion constants of trans-HOCO.

Vib-rot constants (MHz)

Distortion constants

Watson S reduction

Mode a? af af (MHz) (Hz) (MHz) (Hz)
1 1308.8 10.9 14.2 Thaaa —87.735 Daaa 8391.870 D, 0.009 Hy 0.009
2 14447 453 42.0 L7 —0.043 Dppp 0.017 Dy -0.293 Hyg -1.222
3 —3100.0 54 19.4 L7 —0.028 Dece 0.001 Dk 22219 Hky —140.003
4 —597.6 84.8 87.7 b 0.630 Daab —69.672 dy —0.001 Hg 8533.087
5 —2972.8 —43 15.1 Thace 0474 Dapp —0.848 d 0.000 hi 0.004
6 2324.8 32.7 2.0 Thpee —0.034 Daqe —72.789 hy 0.000
Dppe 0.012 h3 0.000
Dyce —0.045
Dpee 0.006
Dape —-1.972

corresponding SMR-1 computation utilizes matrices of 21 604
and 14 146 functions, respectively. Additionally, these larger
VCI-1 computations require 36 Gaussian integration points,
31 primitive basis functions contracted down to 15 on each
mode, and 20 HEG quadrature points. Again, the 4MR-1 re-
sults have been excluded since they differ from the SMR-1 re-
sults by less than 0.02 cm~!, and the 5SMR-1 frequencies are,
again, synonymous with the VCI-1 frequencies.

Table II clearly shows a substantial increase in agreement
between VPT and VCI when using VCI-1 with its larger num-
ber of basis functions. The v;, v3, v4, and vs frequencies are
nearly identical (i.e., <1 cm™!) between VCI-1 and VPT, and

the VCI-1 3640.5 cm~! v; mode is only 1.5 cm~! lower in
energy than the corresponding 3642.0 cm~! VPT result. In-
terestingly, v for VCI-1 (488.6 cm™!) is at nearly the same
level of agreement with VPT as VCI-s (around 10 cm™!),
but the VPT frequency of 501.6 cm™! is now higher than its
VCI-1 counterpart. Inclusion of the additional basis functions
also places the VCI-1 v4 mode above the condensed phase ex-
perimental result of 1050.4 cm™!. This shift to a higher fre-
quency for vy is actually the result of a state crossing. The
use of more basis functions in the computation shows that the
dominant character of the VCI-s v, state is better described
as the 2v; state in VCI-1 while the VCI-s 2v; is really the

TABLE V. Quadratic, cubic, and quartic force constants (in mdyn/A" - rad™) for the HOCO radical in the simple-internal coordinate system for the CcCRE

QFF.

Fii 14.596 327 Fy31 —0.1313 Fiin 593.25 Faazn 0.15 Fss31 0.25
Fy 1.472 200 Fu3 —0.2134 i 7.85 Fu433 —0.39 Fss3p 0.88
Fr» 5.807 740 Fy33 0.0719 Fon —1.02 Faaa1 2.77 Fss33 —0.47
F3 —0.079 973 Fyan —1.7839 Fro 8.34 Faaar 3.97 Fss41 0.19
F3 0.012 893 Fua —1.7691 Fro 236.37 Fa443 0.27 Fssqn 0.34
F33 8.220 563 Fua3 —0.0883 F3in 1.18 Faq4a 391 Fss43 —0.04
Fa 0.401 357 Faq4 —1.4840 F311 0.17 Fsi11 0.17 Fss544 0.38
Fqo 0.441 020 Fs11 —0.0590 F301 —-0.72 Fso1p —0.56 Fsss1 0.04
Fu3 0.067 552 Fsy1 0.1178 F3n 4.26 Fso01 0.11 Fsssn 0.04
Fyy 1.362 958 Fs2o —1.1302 F3311 —-0.27 Fsom —0.01 Fss53 1.21
Fs; 0.052 311 Fs31 —0.0163 Fi321 0.30 Fs311 —0.13 Fsss4 —0.15
Fs; 0.431 362 Fs3; —0.5147 F3300 —1.08 Fs301 0.42 Fssss —0.97
Fs3 0.183 414 Fs33 —0.0194 F3331 -0.20 Fs320 0.27 Fee11 —0.13
Fsq 0.146 008 Fs41 —0.1797 F3332 —-0.79 Fs331 —0.31 Fee21 0.06
Fss 0.762 089 Fs4 0.0918 F3333 357.19 Fs332 0.33 Feen 0.40
Feo 0.116 757 Fs43 —0.0288 Fan1 2.86 Fs333 —1.88 Fee31 0.06
Fin —103.8339 Fsa4 0.0186 Faonq 2.69 Fsa11 —0.13 Fee32 —0.08
oy —3.6315 Fss1 —0.0637 Fa01 4.49 Fs401 0.24 Fe633 —0.00
Foy —1.0468 Fsso —0.7192 Fa00 0.48 Fsq20 —0.96 Feea1 0.02
Fry —44.3548 Fss3 —0.3739 Fa311 —0.10 Fs431 0.01 Feean 0.24
F3|] —0.1141 F554 —0.2112 F4321 0.41 F5432 0.08 F(,643 —0.08
F31 0.1800 Fss5 —0.9620 Fu32 0.36 Fs433 0.02 Fegas 0.27
F32; —0.9188 Fee1 —0.0173 Fy331 —0.05 Fsqq1 0.15 Feps1 —0.07
F331 0.0109 Fee2 —0.2523 Fa332 —-0.23 Fs447 0.15 Fees2 —0.02
F33; 0.2268 Fee3 —0.0224 Fy333 —0.07 Fsq43 —0.24 Fe6s3 0.02
F333 —57.4227 Fepa —0.0940 Fyan1 —0.59 Fsq44 —0.18 Fep54 —0.02
Fa1n —0.6925 Feos —0.0227 Fa421 3.70 Fss11 —0.65 Fe6s5 —0.25
Fa1 —1.2383 Fa420 1.37 Fsso1 0.73 Foo66 —0.49
Fyo —1.6381 Fy31 0.36 Fs507 —0.64
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desired v, state. Hence, more basis functions in the compu-
tation converged the actual v4 state to within 2.5 cm~! of
the condensed phase result while the 2v; (formerly the VCI-
S vy4) state cannot correlate to the experimental fundamental
for vy since it converges to 970.0 cm~!. Unfortunately, the
difference in frequencies for vg, the torsional mode, between
VPT and VCI-I means that the good correlation between the
VClI-s and the condensed phase experimental result is no
longer valid. However, the inclusion of more basis functions
for the other five modes appears to indicate that the VCI-1 re-
sults are more trustworthy on the whole. Hence, it appears as
though the actual gas phase frequency for vg is probably lower
than the condensed phase by as much as 20 cm™'.

Other computations involving fewer basis functions
indicate that smaller VCI matrices can adequately describe
the zero-point, v, v3 and vs modes, i.e., their energies do
not change by more than 1 cm™' with the inclusion of
more functions. However, a reasonable description of vy
and v requires a larger number of VCI basis functions with
convergence experienced at around 15000 a’ functions and
10 000 a” functions in the CI matrices where the crossing
for the 2v; and v4 states mentioned in the previous paragraph
is properly managed with this many functions. Interestingly,
the v; mode is actually the one that forces the use of the most
basis functions. Its convergence to 1 cm™! is not reached until
the number of basis functions defined for VCI-I are used. The
large numbers of functions necessary to reach convergence
is simply a result of the higher energy region in which this
fundamental frequency exists. Hence, truly massive computa-
tions must be employed to treat adequately all the states in the
trans-HOCO radical. Subsequently, convergence of the VCI
computations is not necessarily proven when the differences
between 4MR and SMR are small but when the size of the
normal coordinate basis sets is adequate.

The largest frequency difference in the fundamental
modes between VPT and VCI-1 is the vg torsional mode, but
this type of disagreement between the two approaches for
a torsional mode is not uncommon. Even so, the other five
modes are at similar levels of agreement between VPT and
VCI as those observed in previous work on other systems,’’
and the disagreement for vg between VPT and VCI is not be-
yond the scope of reasonable results for each of the methods.
This discrepancy is most likely the result of a large anhar-
monicity for this coordinate where QFFs may not be adequate
to describe this behavior even with the QFF in a coordinate
system that has better limiting behavior. Regardless, the ex-
perimental data for the gas phase frequencies of v; and v;,
3635.702 cm~! and 1852.567 cm™!, respectively, shown in
Table II, are less than 9 cm ™! (5 cm™! for the VCI-1 v;) lower
than the CcCRE QFF-based values, with either VPT and
VCI-1. This difference is also in line with previous studies.’’
Such agreement gives strength to our case of making predic-
tions for the other four fundamental modes.

It is interesting to note that the VPT frequency for vg
is much closer to the condensed phase experimental result
than the VCI-1. However, VPT is over 5 cm~! below the fre-
quency of this mode even when compared to the results of
the condensed phase experiment, but the relationship of the
condensed phase frequency for the fundamental and the gas
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phase frequency has not been established. VCI-1 predicts a
Ve frequency that is even further below the VPT indicating
that the gas phase frequency of this mode behaves differently
than the corresponding condensed phase result. The frequen-
cies of the other three modes for which there is no current gas
phase experimental data, vz, v4, and vs, are higher in energy
for both VPT and VCI-I than the condensed phase results.
Furthermore, these predicted frequencies are close enough to
the condensed phase results to give strong indication that the
predicted fundamental frequencies of v3, v4, and vs are reli-
able and potentially quite close to the actual gas phase values.
Although the vg¢ frequency gives pause, the other five modes
and even vg, as well, give no indication of being markedly
erroneous with either method, and these results should help
to give more than a qualitative picture to what the fundamen-
tal gas phase vibrational frequencies of trans-HOCO actually
are.

As a final consideration, the exclusion of terms from
Eq. (1) in the CcCRE QFF results in some rather fascinat-
ing changes in the computed fundamental vibrational frequen-
cies. The averaged coupled-pair functional (ACPF) method
has been previously utilized to compute the higher-order
electron correlation terms,>>3° but it was found to lead to
the prediction of fundamental vibrational frequencies that
were too low in energy. This phenomenon led to our present
use of CCSDT as a means to describe this component of the
energy at each point. However, the experimental agreement
for the CcCRE QFF v; and v, was not as close as desired.
Excluding the higher-order electron correlation term in the
CcCRE QFF results in the CcCR QFF. Removal of this cor-
rection does not greatly change the equilibrium geometry;
the bond lengths remain the same up to 0.001 A while the
0;—C—0,; bond angle is slightly increased to 127.081° and
the H—O; —C bond angle is decreased by only about 0.1° to
107.895°. The v; fundamental computed with the CcCR QFF
is actually 3.5 cm™! closer to the experimental gas phase re-
sult than the full CcCRE QFF (all shown in Table II), but the
CcCR v, frequency is higher by about a third as much for this
fundamental. Hence, there is no systematic corrective behav-
ior for the CcCR QFF as compared to the CcCRE QFF, but,
nonetheless, these corrections are very small. Such small dif-
ferences in the equilibrium geometries and the fundamental
vibrational frequencies between the CcCR to CcCRE QFFs
indicate that the higher-order electron correlation description
from CCSDT does not go far enough to describe the full elec-
tron correlation, the converse of the issue experienced with
the ACPF method.

Additional removal of the core-correlation term (giving
rise to the CR QFF) increases each of the trans-HOCO equi-
librium bond lengths relative to both the CcCRE and CcCR
QFFs (1.177 20 A for C=0,, 1.342 13 A for C—0,, and
0.962 28 A for H—0;) while the bond angles are reduced
slightly as compared to both of the more descriptive QFFs
(126.948° for O;—C—0; and 107.821° for H—0O;—C). The
CR QFF predicts frequencies within 4 cm~! of the known
gas phase fundamentals for VPT and VCI-1 for both v; and
v, even though v; is predicted to be lower than experiment
with VCI-1 while v, is higher than experiment. Besides these
two modes, two of other four CR vibrational frequencies are
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also lower in energy than their CcCRE counterparts with vs
coming in slightly higher for the CR QFF. However, vg is no-
ticeably higher for the CR QFF than the CcCRE. This does
bring vg closer to the condensed phase experimental results
by about 3.5 cm™! as compared to the CcCRE results and an
even larger 6.5 cm~! closer than the CcCR QFF.

This seemingly better result is merely an artifact of error
cancellation in this less descriptive QFF and is not a robust
reflection of its ability to predict accurately the fundamen-
tal vibrational frequencies for which there is no experimental
data. The use of only relativistic corrections to a CBS energy
in the computation of a QFF mainly influences those modes
where bond distance plays an important role, as is seen in the
changes to the geometrical parameters listed above. Hence,
the same issue with the VPT prediction of vg is present in
these two QFFs as it is in the CcCRE results, but it is interest-
ing to note that the CcCRE QFF has better agreement between
VPT and VCI-1 than the CcCR QFF showcasing the need for
higher-order electron-correlation effects to be considered at
some level. Even though the CcCR and CR QFFs appear to
predict better fundamental frequencies than the CcCRE QFF,
these results are not robustly or conceptually better but can
serve to help inform the energy range in which the actual fun-
damentals may be found, especially since the frequencies of
the four experimentally unknown modes differ between the
three QFFs by less than 6 cm™! and more often by less than
4 cm~!'. Additionally, the inclusion of better higher-order
electron correlation methods should probably overcome the
deficiencies of both the current CcCRE QFF and those uti-
lized previously containing the ACPF method.

IV. CONCLUSIONS

We have carried out an anharmonic vibrational analysis
and computed various spectroscopic constants for the X 2A’
trans-HOCO radical using a highly accurate quartic force
field composed of aTZ, aQZ, and a5Z complete basis set
extrapolated energies corrected for core correlation, scalar
relativistic, and higher-order electron correlation effects, the
CcCRE QFF. The composite energy makes exclusive use
of coupled cluster theory, established as one of the most
accurate chemical theories to date,’®”! and includes terms
necessary to account for most of the deficiencies present in
regular quantum chemical models. This QFF was hoped to
be the most reliable computed thus far, but the failings of the
CCSDT higher-order electron correlation effects hindered its
performance. The CR QFF appears to treat this system more
accurately, but this is probably the result of fortunate error
cancellation.

Our gas phase CcCRE results corroborate the known ex-
perimental gas phase frequencies to within 5 cm™! for the
O—H stretch (v;) and 9 cm ™' for the C=0 stretch (v) while
the CR QFF predicts these values to within 3 cm™! and
3.5 cm™!, respectively. Additionally, both VPT and VCI-1 pre-
dict some vibrational frequencies to be below even the con-
densed phase experimental data: the torsional mode (vg) for
each QFF, the CR v4 mode (C—O stretch), and the CR VPT vs
mode (O; —C—0O; bend). With this calibration and knowledge
of behavior, we can conclude that our VCI-I1 and VPT Cc-
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CRE QFF-based fundamental frequencies should be within 9
cm™! or less of their actual gas phase values and the CR QFF-
based fundamental frequencies should be within 4 cm™! or
less. Hence, removal of the higher-order electron correlation
terms from the CcCRE QFF in the CcCR and CR QFFs and
removal of the core-correlation terms in the CR QFF coupled
with the resulting cancellation of errors leads to better agree-
ment with experiment. The CCSDT correction to CCSD(T)
utilized here is not descriptive enough for higher-order elec-
tron correlation as it adds only 0.1% of the stabilization en-
ergy as compared to the core-correlation, and better terms
for this correction should be incorporated in future studies.
Furthermore, in order to describe adequately this system us-
ing the variational VCI method, large numbers of vibrational
variational basis functions must be used, especially for the vg,
v4, and even the v; (O—H stretch) modes where the v; mode
shows the most marked improvement for the use of more ba-
sis functions. Finally, the relatively large difference in the fre-
quency of the vy mode between VPT and VCI-I regardless of
the choice of QFF indicates that the sizable anharmonicity for
this mode may not be adequately described using only a QFF.

In short, our results indicate that the CcCRE, CcCR, and
CR QFF VCI-I fundamental frequencies (utilizing a large
enough number of basis functions) are trustworthy enough to
help elucidate what the four unknown gas phase fundamen-
tal vibrational frequencies of rrans-HOCO are. Additionally,
we are providing a highly accurate set of other spectroscopic
constants for the rrans-HOCO radical in the gas phase. Those
constants previously experimentally determined match our
computations to 1% deviation or better, and the rest should
likely be similarly accurate for comparison either to labora-
tory, atmospheric, or planetary observation.
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