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The use of accurate quartic force fields together with vibrational configuration interaction recently
predicted gas phase fundamental vibrational frequencies of the trans-HOCO radical to within 4 cm™!
of experimental results for the two highest frequency modes. Utilizing the same approach, we are
providing a full list of fundamental vibrational frequencies and spectroscopic constants for the cis-
HOCO system in both radical and anionic forms. Our predicted geometrical parameters of the cis-
HOCO radical match experiment and previous computation to better than 1% deviation, and previous
theoretical work agrees equally well for the anion. Correspondence between vibrational perturbation
theory and variational vibrational configuration interaction for prediction of the frequencies of each
mode is strong, better than 5 cm~!, except for the torsional motion, similar to what has been previ-
ously identified in the trans-HOCO radical. Among other considerations, our results are immediately
applicable to dissociative photodetachment experiments which initially draw on the cis-HOCO anion
since it is the most stable conformer of the anion and is used to gain insight into the portion of the
OH + CO potential surface where the HOCO radical is believed to form, and we are also providing
highly accurate electron binding energies relevant to these experiments. © 2011 American Institute

of Physics. [d0i:10.1063/1.3663615]

I. INTRODUCTION

For many years now, dissociative photodetachment
(DPD) techniques carried out on the HOCO™ molecular
anion'™ have been used to study various aspects of poten-
tial energy surfaces involving OH + CO. The hydroxyformyl
(HOCO) radical is hypothesized to be an intermediate species
in the reaction of these two small molecules,”¢ and its exper-
imental study is most easily initiated by photodetachment of
the more stable anion.! The pressure dependence and strong
isotopic effect for deuterium substitution of the hydroxy rad-
ical in the OH 4+ CO reaction rate give some indication that
the chemistry of this system does not proceed directly to the
creation of CO, and the other established products, mainly
hydrogen.” Instead, it is believed that HOCO is created and
then breaks down into CO, and H. If confirmation of this
pathway is fully established, better understanding of the as-
sociated chemistry would yield deeper insights into the atmo-
spheric processes not only of the Earth®° but potentially even
Mars,'%!! where the atmospheric chemistry is dominated by
COz. 11,12

As cis-HOCO™ is the most stable anionic conformer, it
is the one most likely to be created for subsequent use in the
DPD experiments.! Photodetachment results in the cis-HOCO
radical plus e~ complex which goes through a barrier of about
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10 kcal/mol to produce the more stable trans-HOCO radical
conformer after the removal of the electron from the system. '3
From there, the continuance of the OH + CO potential sur-
face may be studied as HOCO progresses along the reaction
coordinate to give CO, and hydrogen. A full understanding
of these processes, however, cannot be clearly elucidated un-
til the molecular species in question can be observed. The
greatest hope of this has been through infrared spectroscopy,
but only the O—H and C=O stretching fundamental vibra-
tional frequencies have been conclusively recorded in the gas
phase and only for the more stable trans conformer of the
radical.'*!> There does exist condensed phase (in matrices
of Ne, Ar, and CO) fundamental vibrational frequency data
for all six fundamentals of the trans conformer>'®!” and CO
matrix condensed phase data for all fundamentals except the
torsional mode of the cis conformer,” but it is unclear how
the condensed phase numbers would relate to the necessary
gas phase observations applicable to atmospheric studies of
either Earth or Mars.

Very recently, we utilized ab initio quantum chemical
computations and quartic force fields (QFFs) to predict
the gas phase fundamental vibrational frequencies of the
trans-HOCO radical.'® For the two known fundamental
frequencies, our theoretical results match experiment to
within 5 cm™!, and there is no indication that any of the other
frequencies predicted for the rest of the fundamentals should
be any less accurate since we used established techniques
calibrated to produce such high quality results for other

© 2011 American Institute of Physics
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molecular systems.!°3 As mentioned above, there is no
known gas phase measurement or prediction of the fun-
damental vibrational frequencies of the cis-HOCO radical
or of the cis-HOCO™ molecular anion. In this paper, we
will utilize the same techniques applied previously to the
trans-HOCO radical'® to predict accurately the fundamental
vibrational frequencies for infrared observation and the
associated spectroscopic constants useful for rotational or
rovibrational spectroscopy for both the cis-HOCO radical
and the cis-HOCO anion.

Il. COMPUTATIONAL DETAILS

Coupled cluster theory is one of the most accurate quan-
tum chemical approaches known to date,’*2° and its use in
the computation of energy points on a potential surface nec-
essary for the creation of a quartic force field has been well
established.'8227 As with many of these previous studies,
the work presented here makes exclusive use of the coupled
cluster singles, doubles, and perturbative triples [CCSD(T)]
(Ref. 28) level of theory which is often called the “gold
standard” of quantum chemistry.”® Computations of the cis-
HOCO radical are based on restricted open-shell Hartree Fock
(ROHF) (Ref. 29) reference wavefunctions, while spin re-
stricted Hartree Fock (RHF) (Refs. 30 and 31) references are
utilized for the closed-shell anion. Geometry optimizations of
the equilibrium structures are based on CCSD(T) computa-
tions utilizing the aug-cc-pV5Z basis set.>>=3* The geometry
is then compositely modified to include corrections for core-
correlation effects based on basis sets specifically developed
for this purpose by Martin and Taylor®> which we shall call
the MT basis sets.

The QFFs for both of the C; symmetry molecular species
of interest are made up of 743 symmetry unique points. These
are determined by displacements of 0.005 A for each of the
bond lengths (from Fig. 1: C = O, which is internal coor-
dinate 1; C—0y, coordinate 2; and O;—H, coordinate 3) and
0.005 radians for each bond angle (O; —C—0O, defined as co-
ordinate 4 and H—O;—C, coordinate 5) as well as the tor-
sional mode which is internal coordinate 6. At each point
CCSD(T) computations with aug-cc-pVXZ for X =T, Q, and
5 are carried out. The resulting energies are then extrapolated
out to the complete basis set (CBS) limit via an established
three-point formula.>® Subsequent corrections to this energy
can be made for core correlation effects using the aforemen-
tioned MT basis set™ and scalar relativistic effects estab-
lished by Douglas and Kroll®’ with the aug-cc-pVTZ basis
set which we will refer to as aTZ-DK. Differently from previ-
ous studies,'®21-22:38 higher order electron correlation effects
are not included in the QFFs for this study because neither
the averaged coupled pair functional (ACPF) method?!-?%38
nor full CCSDT'® have been shown to properly treat this cor-
rection. The total composite energy computed for each point
is thus defined as

Eio = EarQs5—cBs + (EMT,core — EMT)
+ (Earz—pK,rel. — Eatz—DK)- (1

The QFF defined by composite energies inclusive of each
correction listed will be referred to as the CcCR QFF as it
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includes the extrapolated CBS energy, core Correlation ef-
fects, and Relativistic terms. We also make use of the less
descriptive CR QFF where the core correlation term is ne-
glected. These two QFFs have previously predicted highly ac-
curate fundamental vibrational frequencies and spectroscopic
constants for the trans-HOCO radical.'® All electronic struc-
ture computations are undertaken with the MOLPRO 2010.1
program.®

The simple internal force constants and the actual equi-
librium geometry for a QFF are determined from our accu-
rate least-squares fits where the sum of the residuals squared
(in units of a.u.?) is on the order of less than 10~'°. Carte-
sian derivatives are computed from the internal coordinate
force constants by the INTDER program,* and second-order
vibrational perturbation theory (VPT) (Refs. 41-43) in the
SPECTRO program** is utilized for prediction of the funda-
mentals and spectroscopic constants. Additionally, a Morse-
cosine transformation of the force constants leads to realistic
dissociation limits and periodic torsional potential functions'’
which allows for the use of the vibrational configuration
interaction (VCI) method implemented in the MULTIMODE
program*%® to further elucidate the gas phase fundamental
vibrational frequencies.

lll. RESULTS

The CcCR QFF geometries of the cis-HOCO radical and
anion are shown in Figs. 1(a) and 1(b) and are quantitatively
described in Tables I and II. Previous work on the trans-
HOCO radical conformer'® utilized the additional higher
order electron correlation term to describe the geometry. This
QFF matched experimentally derived and other accurately
computed geometrical parameters very closely. However, the
enhanced cost of the CcCRE QFF and the little difference
between its prediction of the trans-HOCO equilibrium

FIG. 1. The equilibrium geometry of the cis-HOCO radical (a) and anion (b)
both computed from the CcCR QFF. The O; —C—O; bond angles are both
given to highlight the change in this parameter. All other geometric values
can be found in Table I for the radical and Table II for the anion.
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TABLE I. The cis-HOCO minimum structure, rotational constants, and harmonic frequencies from the more descriptive CcCR QFF defined in Eq. (1).

Zero-point Equilibrium
This work Experiment® This work Oyama et al. Botschwina®

R(O;—H) 0.97085 A 0.991 A R(O;—H) 0.97091 A 0972 A 09711 A
R(C—0y) 133316 A 1.329 A R(C—0y) 1.32597 A 1.329 A 1.3275 A
R(C—0») 1.18319 A 1.184 A R(C—0y) 1.18037 A 1.183 A 1.1811 A
/H-0,-C 108.859° 108.0° [H-0,-C 108.210° 108.1° 108.07°
/0;—C—0, 130.437° 130.3° /0;—C—0, 130.238° 130.2° 130.33°
A 477503 cm™! 4768 13 cm™! A, 473317 cm™! 47390 cm™!
Boy 0.392 18 cm™! 0.391 59 cm™! B. 0.395 49 cm™! 0.394 51 cm™!
Co 0.361 80 cm™! 0.361 25 cm™! C. 0.364 99 cm™! 0.364 19 cm™!

Mode Description Freq (in cm™1)

w1 a’ O;—H stretch 3662.0

[2%) a’ C = O stretch 1864.9

3 a’ H—0;—C bend 1313.9

w4 a’ C—0y stretch 1084.1

s a’ 0;—C—0, bend 607.4

we a” torsional mode 578.4

2Fourier-transformed microwave results from Ref. 47.
bUCCSD(T)—FI2/aug—cc—pVTZ results from Ref. 47.
‘RCCSD(T)/cc-pCVQZ results Ref. 48.

geometry and that of the CcCR geometry (a change of less
than 0.001 A and 0.1°) with the additional similarity between
the fundamental frequencies of the CcCRE and CcCR QFFs
(Ref. 18) has led us to utilize the CcCR QFF as the basis
for this present study of the cis-HOCO radical and anion.
From this, however, we can still make comparison between
the geometries of the cis- and trans-HOCO radicals. The
O;—H bond is about 0.015 A shorter in the trans conformer,
while the distance between the C and O; atoms is shorter
by about the same margin in the cis. The R(C—0O,) variable
differs by less than 0.005 A between the two conformers.

The H—O;—C bond angles are nearly identical for the two
geometrical conformations of the HOCO radical while the
0;—C—0; angle is about 3.5° wider for the cis radical. From
the CcCR QFF minima, the trans-HOCO conformer'® is
1.8 kcal/mol lower in energy than the cis conformer which
is exactly in agreement with previous work.” Additionally,
ROHF-CCSD/aug-cc-pVTZ computations of displacements
along the torsional coordinate set the barrier to a near 90°
rotation from the frans conformer at 27.3 kcal/mol and
23.6 kcal/mol from the cis-HOCO radical conformer also in
close agreement with previous work.’

TABLE II. The minimum structure, rotational constants, and harmonic frequencies for cis-HOCO™ as computed from the CcCR QFF defined in Eq. (1).

Zero-point Equilibrium
This work This work Dixon et al.®
R(O;—H) 0.976 40 A R(O;—H) 0.97591 A 0.980 A
R(C—0y) 1.463 42 A R(C—0) 1.444 60 A 1.458 A
R(C—0y) 122781 A R(C—0,) 1.226 70 A 1.235A
/H-0,-C 103.116° /H-0,-C 102.537° 102.3°
/0;—C—0, 112.062° £0]—C—0, 111.872° 111.8°
Ao 2.824 57 cm™! A, 2.82521 cm™!
By 041241 cm™! B. 0419 18 cm™!
Co 0.359 07 cm™! C., 0.365 02 cm™!
Freq (in cm™1)
Mode Description This work Dixon et al.
W] a’ O —H stretch 3540.5 3514
Wy a’ C=0; stretch 1588.3 1551
w3 a’ H—0;—C bend 1202.4 1170
[on a’ C—0y stretch 718.4 661
w5 a’ O —C—0; bend 580.5 510
weg a” torsional mode 655.8 624

4CCSD(T)/aug-cc-pVTZ prediction from Ref. 49.
bCCSD(T)/aug-cc-pVDZ prediction from Ref. 49.
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TABLE III. CcCR (from Eq. (1)) and CR (which neglects the core correlation in Eq. (1)) QFF fundamental vibrational frequencies (in cm™!) for the cis-HOCO
radical from VPT and VCI computations as well as condensed phase experimental results.

CcCR CR .

Previous

Mode Description VPT VCI VPT VCI Experiment® theory®
v a’ O —H stretch 3450.8 34523 3446.1 34475 3316 3587
vy a’ C = O3 stretch 1823.4 1824.1 1816.6 1817.0 1797 1836
V3 2’ H—0;—C bend 1284.4 1280.2 1282.7 1278.7 1261 1161
V4 a’ C—0; stretch 1045.9 1042.4 1040.3 1037.7 1088 1010
Vs a’ O;—C—0; bend 601.7 601.2 598.8 598.3 620 547
Ve a” torsional mode 566.5 540.2 564.2 538.1 413
ZPE 4491.4 4485.7 4479.0 44732 4383

2Condensed phase data in a CO matrix from Milligan and Jacox (Ref. 5).
Y4MR V(I result from Bowman, Christoffel, and Weinberg (Ref. 50).

Agreement between geometries lessens with the inclu-
sion of an additional electron to the system even for molecules
with the same dihedral angle. The most striking difference
between the CcCR geometries of the cis-HOCO radical and
cis-HOCO anion is in the O;—C—O; bond angle. The dif-
ference of roughly 20° results from a decrease in the angle
from 130.2° for the radical to 111.9° in the anion. In the an-
ion, HOCO is substantially less linear in structure, as is evi-
denced by the small O;—C—0O, bond angle, and the reduced
bond angle brings about a smaller A rotational constant. This
rotational constant is nearly halved with the addition of the
electron to the molecular system. The B rotational constant
is increased slightly for the anion with respect to the radical
while the C constant differs little between the two molecules.
Additionally, the H—O; —C bond angle is smaller for the an-
ion than the radical, and all of the bond lengths are longer
in the anion than they are in the radical, which is expected.
Increased correlation effects due to the presence of the extra
electron in the anion lead to longer bond lengths. Addition-
ally, the extra electron also increases the interaction between
the terminal oxygen atom (O;) and the hydrogen. The interac-
tion of the terminal atoms more easily creates a resonance in
the anion than in the radical and, subsequently, decreases the
0;—C—-0; bond angle enough such that a more cyclic struc-
ture results where the hydrogen atom or merely a proton may
be viewed as migrating between the two oxygen atoms.

Our geometries for the two structures are very close
(within 0.5%) to previous theoretical predictions (Refs. 47
and 48 for the radical and Ref. 49 for the anion), and the geo-
metrical parameters for the radical vary little from experimen-
tal results*’ since our data are within 0.9%. The one exception
is the O;—H bond distance of the radical where experiment
pins this value at 0.02 A longer than our predictions, but the
theoretical results both from within the same study as well
as other previous work*® appear to indicate that some chronic
difference between theory and experiment is present for this
value. As a further note, the experimental value for the O;—H
bond length for the trans conformer is greater than our pre-
dicted value'® also by about 0.02 A.

The removal of the core correlation component of the
QFF affects the geometry little but still noticeably for both
the radical and the anion. For the cis-HOCO radical, use of

the CR QFF as opposed to the CcCR QFF results in an O; —H
bond length that is 0.0008 A longer, a C—O; bond length
0.003 A longer, and a C—O, bond length that is 0.002 A
longer. The H—O;—C bond angle decreases to 131.2° and
the O;—C—0O, to 108.1°, changes of less than 0.2°. For the
anion, each of the equilibrium bond lengths increases by no
more than 0.005 A when shifting from the CcCR QFF to the
CR. Conversely, both of the bond angles decrease by less than
0.1°. Hence, the CR QFF predicts longer bond lengths than
the CcCR QFF across the board while also decreasing the
bond angles. Even though these changes are not substantial,
computation of highly accurate geometries is vital in the pre-
diction of accurate fundamental vibrational frequencies and
spectroscopic constants, and an understanding of these differ-
ences in the geometries predicted by the two QFFs is subse-
quently necessary.

Besides the geometric parameters, Tables I and II also list
the CcCR harmonic vibrational frequencies for the cis-HOCO
radical and anion, respectively. The anharmonic frequencies
are quantitatively described in Tables III and IV; the anhar-
monic constant matrices for both forms of HOCO analyzed in
this work are given in Tables V and VI. The CcCR quadratic,
cubic, and quartic force constants are listed in Tables VII and
VIII, and the spectroscopic constants for both the radical and
the anion are all inventoried in Table IX.

TABLE IV. Fundamental vibrational frequencies (in cm™!) for HOCO™ in
the lowest energy cis conformation from the CcCR and CR QFF VPT and
VCI computations.

CcCR CR

Mode Description VPT VCI VPT VCI
Vi a’ O —H stretch 3306.4 3306.5 3306.2 3304.7
vy a’ C=0; stretch 1569.4 1565.2 1563.2 1558.0
V3 a’ H—0;—C bend 1128.1 1125.0 1119.3 1115.1
vy a’ C—0;y stretch 669.8 669.9 666.5 666.4
Vs a’ 01 —C—0; bend 526.4 524.6 518.2 516.0
Ve a” torsional mode 612.5 598.0 605.1 590.6

ZPE 4066.7 4058.6 4052.1 4044.0
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TABLE V. CcCR QFF anharmonic constant matrix (in cm~!) for the cis-
HOCO radical.

Mode 1 2 3 4 5 6

1 -99.114

2 1.967 —13.319

3 —24.593 —5.222 —7.365

4 —2.419 —-13.192  -17.725  -7.551

5 —3.937 —6.313 —2.656 —5.763  0.674

6 3.013 —0.470 —11.111  —6.599  4.583 —-3.142

A. Fundamental frequencies of the cis-HOCO radical

Since no gas phase experimental data exists for the funda-
mental vibrational frequencies of the X A’ cis-HOCO radical,
our computed values given in Table III are a necessary com-
plete set of highly accurate fundamental frequencies provided
for this system. Bowman et al.>° have previously computed
fundamental vibrational frequencies of the cis- and trans-
HOCO radicals with an earlier version of the MULTIMODE
program® from a lower-level CISD/DZP potential surface
formulated by Schatz et al.>' Our results and those from Ref.
50 do not demonstrate strong agreement as those computed
previously could not benefit from more advanced computa-
tional methods, basis sets, and composite approaches. Even
though, condensed phase frequencies obtained from the use
of CO matrices have also been reported,’ the torsional mo-
tion (vg) could not be obtained in this experiment. Addition-
ally, it is unclear how the condensed phase frequencies com-
pare to their gas phase counterparts because the magnitude of
the matrix perturbations have not been quantified. Our predic-
tions for the O;—H stretch (v;), C = O, stretch (v,), and the
H—O;—C angle bend (v3) indicate that the condensed phase
results have a lower frequency than these same modes in the
gas phase. Conversely, our predictions of the gas phase C—O;
(vq) stretch and O;—C—0O; (vs) bond angle bend have fre-
quencies as much as 50 cm~! lower than the corresponding
modes from the condensed phase experiment. However, since
we are utilizing the exact procedure as was previously ex-
ecuted for the trans-HOCO radical,'® we should be able to
assume that our predicted gas phase fundamental vibrational
frequencies for the cis-HOCO radical are similarly accurate:
within 5 cm™! or, often, better.

In Table III, the fundamental frequencies are listed for
each mode computed with both the CcCR and CR QFFs mak-
ing use of both VPT and VCI. All of our reported VCI re-

TABLE VI. cis-HOCO~ CcCR QFF anharmonic constant matrix
(inem™1).

Mode 1 2 3 4 5 6

1 —117.943

2 —-4.208  —12.020

3 —-21.622 —-2581 —10.619

4 3.587 7.560 —18.500 —14.197

5 10.967 5.113 -19.982  -31.927 —10.352

6 14.897 4.307 —10476 —17.173 —14.731 —15.854

J. Chem. Phys. 135, 214303 (2011)

sults are from computations utilizing 5-mode representations
as discussed previously.'®2346 The difference between the 4-
mode coupling and the 5-mode coupling is on the order of
less than 0.5 cm™! indicating that convergence of the mode
coupling is achieved. For the convergence of the vibrational
variational basis functions used in VCI, all modes actually
converge for a set of basis functions at 15 428 functions for
the a’ matrix in this Cy molecule and 9981 functions for a”.
The one exception to this is the v4 mode which requires more
functions in order for it to be fully described: 21 583 for the
a’ matrix and 14 141 for a”. Subsequently, on the final VCI
computations, 31 primitive harmonic oscillator basis func-
tions contracted down to 14 actual bases are required for each
mode with 20 Gauss-Hermite (HEG) quadrature points also
included in the computation. VPT, on the other hand, requires
the inclusion of a fourfold Fermi resonance polyad>? explic-
itly for vs, vy, 2vs, and 2vg. Two type-2 Fermi resonances are
included for vs + vz = v, and vs 4+ v4 = v,, while a Coriolis
resonance for vs and vg is also required in the computation.

The earlier computations by Bowman et al.>® are quite
different from those we are presenting here. The previous
study made use of 4MR computations with 4501 basis func-
tions. The potential surface employed in this study was
built with a diatom-diatom grid of OH-CO Jacobi coordi-
nates which allowed for better descriptions of the reaction
coordinates.’! However, the quality of these descriptions ac-
tually decreases in the region around the minimum further im-
peding the quality of the computation. Additionally, the lower
level nature of the method and basis set used in the computa-
tion of the potential energy surface also hindered the accu-
racies of the reported frequencies. This is most clearly evi-
denced in the difference in frequencies between our vg mode
and those reported earlier; the difference is on the order of
125cm™!,

The level of agreement in this present study between the
frequencies predicted by VPT and VCI (listed in Table III)
for the cis-HOCO radical is quite good. The v, and vs modes
differ by less than 1 cm™' for both the CcCR and CR QFFs,
while vy, v3, and v4 differ between VPT and VCI by less than
5 cm™!. The level of agreement for vs, the O;—C—0O, bend,
is exceptionally good. For both QFFs, VPT predicts frequen-
cies just 0.5 cm™! higher than VCI, and the difference in en-
ergy between the two QFFs for vs is at about 3 cm~!. Fur-
thermore, the zero-point energies (ZPEs) for both QFFs are
within 6 cm™! of one another for the different computational
approaches. Conversely, the CcCR VPT v of 566.5 cm™! and
VCI vg of 540.2 cm~! differ by 26.3 cm~ L. The CR vy differ-
ence is comparable. Similar behavior was present previously
in the trans-HOCO radical.'® Hence, this large difference be-
tween VPT and VCI for vg is not unexpected. The VCI prob-
ably does a better job of fully describing the anharmonicity
than VPT since it fully allows for the various modes to couple
to one another in the bases, but only explicitly including the
torsional coordinate would finally resolve the discrepancy.

The difference in frequencies between the QFFs is not
significant. Even v¢ exhibits insubstantial change for the
choice of QFF, and the vs mode, which has the smallest
VPT/VCI difference, is typical in this regard as most modes
only differ between QFFs by about the same 3 cm™~! margin
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TABLE VII. The CcCR QFF quadratic, cubic, and quartic force constants (in mdyn//o%” -rad™) of the cis-HOCO radical in the simple-internal coordinate

system.

Fiy 14.179 761 Fu31 0.3018 Fiin 575.80 Faa3n 0.47 Fss31 —0.55
Fry 1.383 182 Fy3p 0.6831 Foin 7.88 Fy433 —1.24 Fs530 0.71
Fxn 6.142 490 Fy33 —0.2551 Fa11 —1.45 Fa441 2.76 Fss33 —0.61
F31 0.000 591 Faq1 —1.7343 Fr01 8.05 Faa4o 6.00 Fss41 0.61
F3 0.267 404 Fuasp —1.8680 Fan 246.57 Fa443 —0.65 Fssqp 0.08
Fi3 7.520 275 Faq3 —0.0909 Fa111 1.17 Faq44 4.39 Fssq3 —0.15
Fu 0.437 598 ) —1.6304 F311 0.66 Fs111 —0.48 Fss44 0.84
Fy 0.370 888 Fs1y —0.1197 F3p01 0.24 Fsp11 —0.60 Fss51 1.06
Fu3 —0.181 404 Fsy1 0.1691 F30 9.61 Fsy 0.18 Fsss 1.14
aom 1.360 927 Fs» —0.6451 F3311 -0.75 Fso —0.08 Fss53 0.73
Fs; —0.010 299 Fs31 0.0918 Fi321 —1.04 Fs311 —0.34 Fs554 0.67
Fsp 0.388 361 Fs3 —0.5804 Fi320 —5.31 Fs31 0.19 Fssss —0.25
Fs3 0.180 206 Fs33 —0.1368 F3331 0.72 Fs320 1.25 Fes11 —0.09
Fs4 —0.151 470 Fs41 0.0413 F333 2.29 Fs331 —0.37 Fee21 0.19
Fss 0.741 796 Fsq —0.0760 F3333 334.60 Fs3z —0.12 Fee2 0.68
Fes 0.108 268 Fsy3 0.0224 Fai11 2.77 Fs333 —1.47 Fe631 —0.22
Fin —100.7780 Fs44 —0.1614 Fa11 3.67 Fsa11 0.61 Fee32 —0.19
Fhii —3.6110 Fss1 —0.1348 Fa21 6.39 Fsa1 0.47 Fe633 0.30
Fyy —0.8647 Fss5 —0.6373 Fan 4.31 Fsam 0.82 Fesa1 —0.13
Fyo —45.7350 Fss3 —0.3061 Fu311 —0.57 Fs431 —0.15 Feoan 0.27
Fi1; —0.3016 Fssq —0.0224 Fua31 —1.48 Fsq3 —0.07 Fee43 0.00
F3 —0.0540 Fss5 —1.0132 Fa32 —2.80 Fs433 —0.49 Feeaq 0.31
F3po —2.0350 Fee1 0.0411 Fu331 0.65 Fs441 0.17 Fees1 —0.03
Fi3; 0.3751 Fec2 —0.3076 Fa33 1.87 Fsaq 0.69 Fees2 0.21
F3 1.0000 Fee3 0.0482 Fa333 —1.52 Fsq43 —0.87 Fe653 —0.02
Fi33 —54.5168 Fepa —0.0452 Fa411 —-0.75 Fsq44 0.98 Fep54 0.19
Fa11 —0.7347 Fees —0.0703 Faa1 3.44 Fss11 —0.23 Feess —0.06
Fay1 —1.4412 Faao 1.15 Fss21 1.19 Fee6 —0.13
Fyo —1.9267 Fq31 0.66 Fs500 0.08

mentioned above. The one exception to this is v,, but its fre-
quency varies from the CcCR to CR QFF by 6.8 cm™' for
VPT and 7.1 cm~! for VCI, a small percentage change in this
frequency range. Such behavior is expected. Core correlation
for the C=0; bond should be greater than for other modes
since this double bonded moiety is more susceptible to the
effects of core correlation. Inclusion of this factor typically
gives even tighter bonds and, subsequently, higher frequen-
cies than computations without core correlation. Besides the
expected difference between VPT and VCI for vg, the consis-
tency check between the two computational approaches, the
fairly close agreement for the individual frequencies between
QFFs, and the presence of similar behavior in the torsional
motion between the VPT and VCI frequencies as predicted in
our previous study on the trans-HOCO radical,'® all indicate
that our prediction of these fundamental vibrational frequen-
cies is very close to the true, physical values.

B. Fundamental frequencies of the cissHOCO™~ anion

The computations of the fundamental frequencies of the
X'A’ cis-HOCO anion differ somewhat from their radical
counterparts. First and most noticeably, the ordering of the
fundamentals changes for both the harmonic (Table IT) and the
anharmonic (Table IV) frequencies. The torsional motion (v¢)
is more energetic, while the O; —C—0O; bond (vs) is less so as
a result of the decrease in the O;—C—0O, bond angle com-

pared to the radical. Next, the number of basis functions nec-
essary to converge the system is less than that required of the
radical: 11 820 for the a’ matrix and 6 115 for a”. The number
of functions required for convergence must be increased on
the v5 and vg modes in the anion, whereas v4 necessitates this
for the radical. In the anion, there are again 31 primitive har-
monic oscillator functions used for each mode, but these are
contracted down to 21 vibrational variational basis functions
with 26 HEG points required of the anion for the v¢ mode.
Nineteen contracted functions and 24 HEG points are utilized
for v3, while all of the other modes only require 13 contracted
functions and 18 HEG points. Lastly, the VPT computations
have different Fermi resonance polyads>? as they are made up
of vy, 2vy, 2vs, 2vg, V3 + Vs, and v4 + vs; a type-2 Fermi
resonance, Vs + v4 = v3; and two Coriolis resonances with
the first for vg and v4 and the second for vs and v4. However,
these required resonances do have many similarities with the
cis radical. Like the radical computations, on the other hand,
the mode representation coupling in the VCI computations
converges for the use of a 5-mode representation which is uti-
lized in the predictions of all fundamental vibrational frequen-
cies with VCIL.

Compared to the previous trans-HOCO radical work
and other molecules we have recently studied,'®2!"23 the
cis-HOCO anion is unique in the VPT analysis as it requires
the inclusion of a special type of resonance between v4 and
vs. Regular Fermi type 1 and 2 resonances involve overtones
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TABLE VIII. The cis-HOCO™ CcCR QFF quadratic, cubic, and quartic force constants (in mdyn/f\" -rad™) in the simple-internal coordinate system.

Fy
Fa
Fa
F3
Fxn
F33
Fa
Fa
Fy3
Fyy
Fs)
Fsp
Fs3
Fsq
Fss
Feo
Fin
Fon
Fxi
Fax
Fin
F31
Fa
F331
F3z
Fa33
Fan
Fa
Fux

10.622 693
1.602 313
2.265 812
0.037 188
0.429 239
7.032 887
0.963 369
0.618 000

—0.282 887
2.037 157
0.061 125
0.154 799
0.120 421

—-0.209 791
0.681 612
0.178 223
—74.0150

—4.3343
—1.0178
—21.9473
—0.1220
0.1644
—1.8350
0.3642
1.3229
—52.9280
—2.1495
—3.1007
—3.1187

Fa31
Faz
Fu33
Fann
Faao
Fyy3
Fyuy
Fsi
Fsp1
Fsp
Fs3)
Fs3;
Fs33
Fs4
Fsap
Fsa3
Fsa4
Fss1
Fsso
Fss3
Fss4
Fsss
Fee1
Fe62
Fe63
Fea
Fe6s

0.5490

0.6751
—0.1963
—2.3356
—2.6537
—0.0420
—4.8742
—0.1905

0.0228
—0.7824

0.4314
—0.7714

0.0975
—0.3518
—0.0503
—0.2151
—0.1974
—0.2101
—1.2712
—0.3912
—0.1299
—0.9958

0.1646
—0.4663

0.1761
—0.1225
—0.1133

Fiin
Farni
Faoun
Foi
Fa
Fiin
Fxn
F31
F300
Fs311
F3321
F332
F3331
F3332
F333
Fain
Faoni
Fap
Fap
Fa311
Fa32:
Fa32
Fa331
Fa332
Fa333
Faan
Fay21
Fau
Fay31

430.20
8.25
3.44
5.77

149.29
0.32

—0.75
—1.41
6.31
—0.42
—0.45
-5.13
0.13
1.41
325.99
—0.54
7.59
7.75
5.53
0.57
—1.67
—1.01
0.27
0.79
—1.60
—1.93
6.10
1.55
—0.88

Fa3
Fa433
Faan
Faqap
Faa43
Faguy
Fsin
Fs11
Fsp1
Fspo
Fs311
Fs321
Fs3
Fs331
Fs332
Fs333
Fsa1)
Fsa)
Fsax
Fs431
Fsa3,
Fsa33
Fs441
Fs44p
Fs443
Fsa44
Fss11
Fssa1
Fss2

0.90
—1.74
8.10
11.38
—1.15
16.16
0.32
0.38
1.43
2.08
—0.80
—0.32
2.76
—0.37
—1.00
—0.98
1.06
0.93
0.75
—0.94
1.28
—1.52
0.92
1.10
—0.05
1.98
0.19
1.81
0.56

Fss31
Fss32
Fss33
Fssa1
Fssa2
Fss43
Fss44
Fsssi
Fss52
Fsss3
Fsss4
Fssss
Feo11
Fe621
Fee2
Fe631
Fe632
Fe633
Feea1
Feea2
Feea3
Fea4
Fes1
Fees2
Fe6s3
Fees4
Feess
Feoo66

—1.09
1.77
—2.22
0.78
—0.03
0.57
0.71
1.57
1.35
0.85
0.93
0.75
—0.51
—-0.22
1.07
0.13
—0.62
0.31
—-0.41
0.44
—0.20
—0.06
—0.20
0.42
—0.26
0.39
—0.11
—-0.79

TABLE IX. CcCR QFF computed vibration-rotation interaction constants and quartic and sextic centrifugal distortion constants of the cis-HOCO radical and

anion.
Vib-Rot constants (MHz) Distortion constants Watson S reduction
Mode ot of o€ (MHz) (Hz) (MHz) (Hz)
cis-HOCO 1 405.2 39 49 T} naa —52.552 [ 3927.342 Dy 0.010 H; 0.013
radical 2 1369.6 48.6 44.0 Thbbh —0.051 Dppp 0.025 Djx —0.296 Hjx —0.618
3 —2422.0 14.6 31.3 Thoce —-0.029 e 0.003 Dk 13.424 Hgy —105.557
4 —-572.1 77.8 86.0 T ubb 0.622 D ab —51.657 di —0.001 Hg 4033.504
5 —2863.0 -5.0 13.8 Thace 0.4782 Dby —-0.372 dp 0.000 hy 0.005
6 573.0 58.2 11.3 T pec —0.038 Duac —55.140 hy 0.001
Dppe 0.019 hs 0.000
Dyee 0.132
Dpec 0.009
D ape —1.446
cis-HOCO 1 —682.5 —62.1 —59.3 T} waa —10.445 Duaa 255.528 Dy 0.017 Hj —0.043
anion 2 207.3 10.6 8.2 Thobb —0.088 Dppp —0.045 Djx 0.039 Hjx —2.704
3 —28.9 56.9 74.3 Thoce —0.048 e —0.044 Dk 2.556 Hgy -31.977
4 —34.1 156.5 151.0 T ubb —0.278 Duap —20.902 di —0.003 Hg 290.253
6 428.2 138.7 125.4 Thace —0.006 Dby —2.328 dp 0.000 hy —0.001
5 148.2 105.4 56.7 T pec —0.063 Duac —16.546 hy —0.001
Dppe —0.083 h3 0.000
Dyee —-0.367
Dpee —0.075
Db —3.342
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and combination band states, while the v4/v5 resonance could
be considered a special example of a 1-1 resonance discussed
in Ref. 53. Without this rare resonance specified, the CcCR v4
and vs fundamentals computed by regular VPT theory (in the
standard SPECTRO program) are 661.7 cm~! and 534.5 cm ™!,
which are 8.2 cm~! lower and 9.9 cm ™! higher, respectively,
than the VClI results. Including this resonance into our polyad
treatment,”” the discrepancies are dramatically reduced to
0.1 cm™! and 1.8 cm™!, ie., back to the normal range of
VPT/VCI agreements. We believe this improvement is not
accidental. The v4 and vs states in the VCI computation do
show strong coupling between their CI basis, which have
triggered the idea of including the v4/vs resonance into VPT.
This kind of resonance occurring between fundamentals
may serve as a good example for a more accurate resonance
testing scheme (see the Appendix of Ref. 52) by considering
not only small denominators of the equations which give the
anharmonicity constants, as is the current practice, but also
big numerators, as well.

Additionally, there is very good agreement between VPT
and VCI for the cis-HOCO anion. In fact, it is better than
the predictions of the cis-HOCO radical above and the trans-
HOCO radical previously.'® All five of the a> modes have
differences between VPT and VCI of less than 5 cm™' ex-
cept for the CR v,. Even so, this difference is just 5.2 cm™'.
Also, v4, the C—O;y stretch, is nearly identical between the
two approaches for a given QFF (666.5 and 666.4 cm™! for
CR VPT and VI, respectively) as is the v{ O;—H stretch for
the CcCR QFF. The fact that the frequencies for the VPT and
VCI CcCR v; (3306.4 and 3306.5 cm™!, respectively) and vy4
modes (669.8 and 669.9 cm™!, respectively) are nearly iden-
tical strengthens our prediction for the frequencies of these
and even the other modes as two different methods closely
corroborate the result for all the a* modes. The one obvious
difference between VPT and VCI is in vg, the a” torsional
mode. This same behavior has been observed for both con-
formers of the radical and, thus, this discrepancy in v may be
an artifact of the computations where VCI can better treat the
relatively large anharmonicity present in the torsional mode,
whereas the perturbation approach of VPT cannot.

Interestingly, the difference between VPT and VCl is also
consistent between the QFFs for the v4 mode even if the ac-
tual frequencies for choice of QFF are not identical. The VPT
predicts a CcCR v frequency at 612.5 cm™', while VCI pre-
dicts this frequency at 598.0 cm™', a difference of 14.5 cm™!.
The CR QFF predicts a VPT frequency for vg at 605.1 cm™!,
and 590.6 cm™! is the frequency predicted by VCI. This dif-
ference is again 14.5 cm~!. For the other modes, this differ-
ence is not quite as static, but the difference between VPT and
VCI for the CR QFF is never more than about 1 cm™! greater
than this same difference for the CcCR QFF. The v; mode
is the most extreme example with a CcCR VPT/VCI differ-
ence of 0.2 cm™! and a CR VPT/VCI difference of 1.8 cm™.
Regardless, the consistency in the VPT/VCI difference for the
choice of QFF demonstrates that VPT and VCI themselves are
not further affected by the difference in terms from the com-
posite energy and the subsequent force constants. This result
also strengthens our predictions of the gas phase fundamental
vibrational frequencies.

J. Chem. Phys. 135, 214303 (2011)

The choice of QFF does have some effect on the accuracy
of the prediction for the frequencies of these modes, since
the values differ by as much as 10 cm™! in the case of v3
(1125.0 cm™"' for CcCR VCI and 1115.1 cm™! for CR VCI). It
is known that the removal of the core correlation effects in the
prediction of fundamental vibrational frequencies does most
prominently affect the bond lengths;'®3 they are shorter (and
more tightly bound thus giving higher frequencies) as show-
cased at the beginning of this section for comparison in the
equilibrium geometries of the CcCR and CR QFFs. However,
this results in more accurate predictions of the two known fun-
damental vibrational frequencies for the trans-HOCO radical
compared to other, more descriptive QFFs.>* This improved
accuracy is probably the result of a cancellation of errors from
the lack of inclusion of the higher order electron correlation
terms. Even so, the previous evidence indicates that the CR
QFF with its cancellation of errors is probably the more ac-
curate result for the frequency of each mode. In spite of this,
predictions of v; are nearly identical using either QFF, and
those for v, exhibit only small differences. Hence, for most
modes, either QFF will be a valid choice for the prediction
of the fundamental vibrational frequencies of the cis-HOCO
anion.

C. The HOCO™ electron binding energy

Utilizing these QFFs, we can also offer insight into other
properties that may assist in the experimental analysis of
HOCO™ — HOCO + e™. Electron binding energies (eBEs)
are a relevant property for any studies involving negatively
charged molecular species, and adiabatic eBEs have been
computed previously by some of us (R.C.F. and T.D.C.) in
work relating to excited states of anions.”>® An eBE (also
called an adiabatic electron affinity, AEA, in some studies)
is simply the amount of energy required to retain the elec-
tron within the system.>’ Computationally, eBEs are the en-
ergy difference between the optimized structure of the radical
and that of the anion.’® Use of the CCSD(T)/aug-cc-pVTZ
method and basis set in our previous studies report accuracies
for adiabatic eBEs to better than 0.1 eV.>>3

For the cis-HOCO adiabatic eBE based on the cis-
HOCO™ —c¢is-HOCO + e~ formalism, our highly accurate
CcCR QFF places the equilibrium adiabatic eBE for this sys-
tem at 1.458 eV. For the more complete cis-HOCO™ — trans-
HOCO + e~ description for the eBE where the more stable
conformer of the HOCO radical is defined in the products,
our computations from this study and those from our pre-
vious work!® place the CcCR eBE at 1.380 eV. These two
values are very close to 1.43 and 1.30 eV, respectively, eBEs
previously computed with CCSD(T)/6-3114++G(3df,3pd) by
Clements et al.! and further verified experimentally by Lu and
co-workers.2* However, there was still uncertainty on the or-
der of 0.3 eV between the previously predicted values and
the experimental results where the necessary two-photon pro-
cess was observed at 1.60 eV. Even though, our eBEs correct
these initial computations by as much as 0.08 eV, another 0.22
eV discrepancy is present for the cis-HOCO™ — trans-HOCO
+ e~ formalism of the eBE.
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Additional uncertainty could be attributed to vibrational
effects.” In these energy regimes, the 0.14 eV difference be-
tween our 1.458 eV eBE and the 1.60 eV eBE from experi-
ment is 320 cm ™!, greater than the frequency of even the least
energetic mode of the cis-HOCO anion or either of the radi-
cals. Computing the zero-point corrected eBEs decreases the
cis-HOCO™ — trans-HOCO + e~ CcCR eBE from 1.380 eV
to 1.311 eV and the cis-HOCO™ — cis-HOCO + e~ CcCR
eBE from 1.458 eV to 1.398 eV. These decreases are a product
of the radicals having higher frequency modes than the anion.
Subsequently, the decrease in the eBE for the zero-point cor-
rection results in a further move of the computed eBEs away
from the best experimental value at 1.60 eV. Even so, the cor-
roboration between the previous and the present computations
coupled with the highly accurate geometries and fitting pro-
cedures utilized here all appear to indicate that the eBEs are
well assigned for the HOCO anion into the two radical con-
formers.

IV. CONCLUSIONS

The computations carried out for the work reported here
provide highly accurate gas phase fundamental vibrational
frequencies for the X 2A’ cis-HOCO radical and the X 'A’ cis-
HOCO anion. These two species are fundamentally related
to one another in DPD experiments beginning with the an-
ion and also in their relevance for the study of the HOCO
radical in regards to the OH + CO atmospheric chemistry of
the Earth, Mars, and, potentially, beyond. Through the use of
QFFs computed with highly accurate ab initio methods, we
utilized the same techniques previously used for the trans-
HOCO radical,'® where the fundamental frequencies were
predicted to lie within 4 cm™! of experimentally known val-
ues, for predictions of the fundamental vibrational frequen-
cies and spectroscopic constants of both cis-HOCO systems.

For the computations of the fundamental frequencies,
we made use of the VPT and VCI approaches, and the level
of agreement between the two methods is striking. For all
of the totally symmetric modes in both the anion and the
radical, agreement between VPT and VCI is on the order of
5 cm™! or less. Many states have agreement to better than
1 cm~!. The difference between VPT and VCI for the a”
torsional motion for both molecules is much larger, but this
was also observed for the trans-HOCO radical.'® The VCI
procedure probably treats the energy of the torsional mode
better than VPT. Hence, the relatively large anharmonicity of
this mode may, again, require something beyond a QFF for its
description. Additionally, the discrepancies in the frequencies
between QFFs for both molecules of interest, though not
ideal, is also good as it is on the order of 10 cm™! or less.
Since the CR QFF predicted the most accurate frequencies
for the frans-radical conformer, we may also assume that its
lower frequencies predicted for each mode are probably more
accurate than the CcCR results. Regardless, the agreement
between the VPT and VCI procedures as well as the good
agreement between QFFs strengthens our predictions for the
fundamental frequencies and the simultaneously computed
spectroscopic constants of both the cis-HOCO radical and
the cis-HOCO anion.

J. Chem. Phys. 135, 214303 (2011)

These full sets of fundamental vibrational frequencies are
highly accurate gas phase values for these two molecules, and
the first of such for the cis-HOCO anion. The agreement with
previous theory in the prediction of geometrical parameters
for both molecules as well as the closeness of the values for
the zero-point structure of the radical to experiment, all to
better than 1%, further strengthens our predictions. Our ro-
tational constants also match previous theoretical predictions
and experiment similarly well. Hence, the spectroscopic con-
stants we report should assist in microwave studies and in-
terstellar observations of these systems. Finally, we provide
highly accurate corroborating evidence for previous predic-
tions of electron binding energies relevant to the DPD exper-
iments of HOCO™.

In the pursuit of further understanding of chemistry
as fundamental as the reaction of OH + CO, the spectro-
scopic constants and fundamental vibrational frequencies of
the HOCO radical and anion are essential. We provide theo-
retical predictions of these data in order to help elucidate the
processes related to this reaction both for application to our
own atmosphere and also to those planetary envelopes which
are yet to be explored.
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