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The CCSD(T) method has been used to compute a highly accurate quartic force field and
fundamental frequencies for all 160 and %0 isotopomers of the ozonide anion. The CCSD
and CASPT2 methods have also been used to verify the reliability of the CCSD(T) fundamen-
tal frequencies. The computed fundamental frequencies are in agreement with gas-phase ex-
periments, but disagree with matrix isolation experiments for the antisymmetric stretch, v,.
CASPT2 calculations show that the antisymmetric part of the O™ potential surface is sensi-
tive to the external environment. It is concluded that the antisymmetric stretch exhibits a
significant matrix shift in the matrix isolation experiments and that the matrix environ-
ment is not representative of the gas-phase environment for ozonide anion. It is hoped that
the theoretical data provided here will aid in the interpretation of future high-resolution
gas-phase experiments.

Keywords: Ozone; Ozonide; Isotope effects; Ab initio calculations; Vibrational spectroscopy;
CCSD.

The negative ion of ozone, ozonide, has attracted some attention recently
because of its unusual photodissociation dynamics®2. Ozonide is also of in-
terest because of its importance in the Earth’s ionosphere, and as such it
has been the subject of several experimental and theoretical studies over
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the past 30 years (see, refs®* and references therein). Characterization of
the molecular properties of ozonide, including its infrared (IR) spectrum,
has been the subject of most of these earlier studies. The vibrational spec-
trum of the ozonide anion has been studied using both experimental®>’ and
theoretical approaches?3. The experimental studies can be grouped into
gas-phase and matrix isolation studies — see ref.® for a brief review of work
on O5 prior to 1995. The agreement between the gas-phase and matrix iso-
lation studies for the fundamental vibrational frequencies of ozonide is rea-
sonably good with the exception of the antisymmetric stretch (see the
summary data compiled by Jacox®). Matrix isolation experiments have con-
sistently obtained a value for the antisymmetric stretch in the range of
789-804 cm™, while the low-resolution gas-phase experiment obtained a
value of 880 + 50 cm™.

The theoretical calculations so far have all been at the harmonic approxi-
mation. Of these calculations, the highest levels of theory® have supported
the gas-phase assignment over the matrix isolation value. The CASPT2
method using a large [5s4p3d2f] atomic natural orbital (ANO) basis set ob-
tained a value of 879 cm™, while a restricted CCSD(T) approach using the
cc-pVTZ basis set obtained a value of 911 cm™. It was speculated® that the
difference between theory and gas-phase experiments on the one hand and
matrix isolation experiments on the other hand might be due to the pres-
ence of a relatively small and mobile counter cation (Li*) in the matrix. In
1996, however, Lugez, Thompson, and Jacox’ published the results of an-
other matrix isolation study of the IR absorptions of O5;~ where small alkali
metal counter cations were not present. Again, they obtained a value of
796 cm™ for the antisymmetric stretch which is much lower than theory or
the gas-phase experiment reported in ref.® Further, they put 810 cm™ as an
upper bound for the gas-phase fundamental for the antisymmetric stretch
of ozonide.

The purpose of the present study is to resolve the discrepancy between
matrix isolation studies on the one hand and theory and gas-phase studies
on the other. We aim to accomplish this by computing a highly accurate
quartic force field and fundamental vibrational frequencies for ozonide. It
is well documented now that the CCSD(T) level of theory in conjunction
with large one-particle basis sets performs very well in predicting funda-
mental vibrational frequencies (see refs®! and references therein), and in
fact this approach has performed well even for the parent ozone mole-
cule!?. Moreover, this conclusion is as valid for negative ions and radicals as
for neutrals, cations, and closed-shell molecules!®14, The theoretical ap-
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proach is detailed in the next section followed by results and discussion.
The final section contains our conclusions.

COMPUTATIONAL

The CCSD(T)® and CASPT2 16-18 glectronic structure methods have been
used in conjunction with the augmented correlation consistent basis
sets'®29, Three basis sets have been used which are designated aug-cc-pVDZ,
aug-cc-pVTZ, and aug-cc-pVQZ. The aug-cc-pVQZ basis set is composed of
6s5p4d3f2g contracted basis functions, while the aug-cc-pVTZ and
aug-cc-pVDZ basis sets are composed of 5s4p3d2f and 4s3p2d contracted
functions, respectively. Only the spherical harmonic components of the d-,
f-, and g-type functions were included in the calculations. The CCSD(T) cal-
culations were performed with the restricted open-shell method defined by
Watts et al.?! using the MOLPRO program package??. The CASPT2 calcula-
tions were performed with the MOLCAS program package?3. Consistent
with previous work3, the CASSCF active space was composed of the 2p-like
molecular orbitals leading to a distribution of thirteen electrons among
nine orbitals.

Equilibrium geometries were optimized using gradients generated by fi-
nite differences of energies. Residual gradients are less than 1 x 10-° a.u.
Force fields were then evaluated by setting up an evenly spaced central dif-
ference grid in symmetry internal coordinates about the equilibrium geom-
etry with displacements of one A being equal to 0.005 A for the stretches
and 0.005 rad for the angle. The grid required calculation of ten energies
for the quadratic force field, including the equilibrium point, and 55 ener-
gies for the full quartic field, again including the equilibrium point. The
symmetry internal coordinates were defined in the usual way for a C,,
triatomic molecule and are given by:

S,(a,) =1/V2(r, +r,) (1)
S,(a,) =8 ()
S,(b,) =12, -1,). ©)

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



192 Lee et al.:

The constants for the full quartic force field, F, were determined by per-
forming a least squares fit of the energies to the following potential expan-
sion:

V=E, +Y25 FASAS +1/6'y, FLASASAS, +

Y24 | S, 08,08,45,. @

The sum of the squared residuals was 1.6 x 1077 E,,, showing that the fit
was well conditioned. The advantage of a least squares fit procedure is that
it eliminates some higher-order contamination (e.g., quartic contamination
for the quadratic force constants). Force fields where only the quadratic
part or a particular quartic constant was computed were determined using
finite difference procedures. We tested the finite difference procedure
against the results from the least-squares fit procedure for the full quartic
force field and found differences of less than one per cent for the quadratic
and cubic constants and less than four per cent for the larger quartic con-
stants, showing that the finite difference procedure was well behaved. Most
importantly, for the F5;5; constant the difference between the finite differ-
ence procedure and the least-squares fit was less than one per cent.

For the CASPT2 calculations, the number of significant digits in the ener-
gies was not as great as for the CCSD(T) calculations, which necessitated us-
ing a least-squares fit procedure for the F35 and F3555 force constants. This
procedure was tested for stability of the resulting constants. The most reli-
able constants were obtained using nine data points in the fit for F353 and
Fa333, Namely the equilibrium energy plus displacements at +0.02, +0.04,
+0.06, and +0.08 A. The sum of squared residuals was 2.9 x 10711 E,,.

Anharmonic spectroscopic analysis was performed with a modified ver-
sion of the SPECTRO 24 program. Vibrational term values were also com-
puted using an exact variational treatment after transforming the symmetry
internal coordinate quartic force field into a Morse-cosine coordinate sys-
tem (see ref.?%). The Morse coordinate was defined as

S, =1-exp[-O,( —r)l. (5)

where a, = £, /3f,, and f,, and f,, are the simple internal coordinate force
constants (i.e., the symmetry internal coordinate force constants trans-
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formed into simple internal coordinates). The cosine coordinate is defined
as

Se =[cos(B) —cos(6,)]. (6)

The variational calculations were performed with a program developed
by Schwenke?26.

RESULTS AND DISCUSSION

Equilibrium Geometries and Harmonic Frequencies

Table | contains the equilibrium geometries and harmonic frequencies of
O;™ obtained in the present work. The CASPT2 value is in reasonable agree-
ment with that reported in ref.3, with the bond distance being 0.003 A lon-
ger. Consistent with this observation, the CASPT2 w; harmonic frequency
in the present work is 19 cm™ smaller than that calculated previously.
These results suggest that the aug-cc-pVTZ and [5s4p3d2f] ANO basis set
used previously exhibit only minor differences. The best CCSD(T) equilib-
rium geometry reported here was determined with the aug-cc-pVQZ basis
set. The CCSD(T)/aug-cc-pVQZ equilibrium bond distance is 0.007 A shor-
ter than the CCSD(T)/aug-cc-pVTZ value, and the corresponding difference
in the equilibrium bond angle is only 0.04°. These small differences indi-
cate that the O3~ equilibrium structure is converged, for our purposes, with

TABLE |
Equilibrium structure (in A and °) and harmonic frequencies (in cm™) for (F

ccsb CCsD(T) CASPT2
Expt
aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ  aug-cc-pVQZ aug-cc-pVTZ
re 1.3395 1.3692 1.3575 1.3503 1.3640 1.34 + 0.03%
1.36 + 0.02°
0, 115.09 114.76 115.05 115.09 115.30 112.6 + 2.0°
111.8 + 2.0°
w,(a,) 987.1 1027.8 1040.6
w,(a,) 566.3 583.7 592.3
w3(b,) 861.0 792.6 862.6 884.7 860.1

2 Ref.?? The experimental data refer to a vibrationally averaged structure. ® Ref.®
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the aug-cc-pVTZ basis set. Note that the difference between the CCSD(T)/
aug-cc-pVDZ and CCSD(T)/aug-cc-pVTZ equilibrium geometrical parame-
ters is considerably larger.

Triple excitations have a noticeable effect on the equilibrium bond dis-
tance as evidenced by comparison of the CCSD/aug-cc-pVTZ and CCSD(T)/
aug-cc-pVTZ equilibrium structures. This result is consistent with our com-
puted open-shell T, diagnostic?’ value of 0.038 (computed at the CCSD(T)/
aug-cc-pVTZ geometry with the same basis set). The T, diagnostic for O5 is
even larger than it is for O5 (ref.1?), 0.025, but it is not outside the range for
which CCSD(T) has performed well (for example, see ref.?8). Moreover, the
agreement between the CCSD(T) and CASPT2 equilibrium geometries and
harmonic frequencies suggests that both methods are treating dynamic and
non-dynamic electron correlation adequately.

Comparison of the best CCSD(T) and CASPT2 equilibrium structures with
the experimental vibrationally averaged structures®2® shows good agree-
ment for the bond distance, but the agreement for the bond angle is not as
good being just outside the experimental uncertainties. The uncertainty in
the experiments is large, and it may be that the authors of these studies
have been overly optimistic in assigning this quantity. As we show later, vi-
brational averaging increases both the bond distance and bond angle, so
this cannot be a factor in the small disagreement for the bond angle. In ad-
dition, examination of the bond angles in Table | shows that correlation be-
yond CCSD has only a small effect on the bond angle, but improvements in
the one-particle basis set increase the value. Hence our best value, 115.09°,
should be well converged. Based on these observations we feel that the ex-
perimental values are somewhat too low.

Examination of the antisymmetric harmonic frequency values, ws;, in
Table | shows that electron correlation beyond CCSD has little effect on
this quantity, with the CCSD, CCSD(T), and CASPT2 values all within
2.5 cm™ of one another. Improvements in the one-particle basis set, on the
other hand, cause w; to increase, with the CCSD(T) value being 792.6,
862.6, and 884.7 cm™! for the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ
basis sets, respectively. w; and w, exhibit a smaller, but still significant
effect due to improvements in the one-particle basis set. Overall, the agree-
ment between the CCSD(T)/aug-cc-pVTZ and CCSD(T)/aug-cc-pVQZ har-
monic frequencies is as expected and similar to the situation for O, (ref.1?),
indicating that the CCSD(T)/aug-cc-pVTZ level of theory is adequate for
evaluation of a quartic force field.
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Fundamental Frequencies, Force Constants, and Anharmonic Constants

Table Il contains the fundamental vibrational frequencies for O;~ obtained
from the CCSD(T)/aug-cc-pVTZ quartic force field. The vibrational frequen-
cies have been obtained using second-order perturbation theory (see ref.3°
for asymmetric top formulae) and using exact variational calculations as
described in the methods section. We note that the perturbation theory
zero-point level includes the E, constant3l. Agreement between the second-
order perturbation theory and variational fundamental frequencies is excel-
lent with the largest difference, 8.1 cm™, occurring for v,. The difference
for v, and v; is less than 0.5 cm=. The difference between perturbation the-
ory and the variational calculation for v, is, in part, probably due to a mi-
nor Fermi resonance which occurs, 2w, O w;. The standard perturbation
theory treatment for this resonance (e.g., see ref.3? ) changes v, by less than
1 cm™, but higher-order terms resulting from the better limiting behavior
of a Morse coordinate may be responsible. In any case, the overall agree-
ment between perturbation theory and the variational treatment is excel-
lent, demonstrating that our computed fundamental vibrational

TABLE Il
Fundamental vibrational frequencies (in cm‘l) for 03“"l

Perturbation theory Variational Expt

Zero-point 1255.6 1259.1

w,(ay) 1027.8 1027.8

wy(ay) 583.7 583.7

(D) 862.6 862.6

v,(a,) 997.7 1005.8 982(30)°
975(50)°

v,(ay) 572.6 572.1 550(50)"°

va(by) 941.8 942.2 880(50)°

A% -30.1 -22.0

A, -11.1 -11.6

A, 79.2 79.6

& Computed with the CCSD(T)/aug-cc-pVTZ quartic force field. The variational calculation
used the force field transformed into Morse-cosine coordinates as described in the text. A re-
fers to the difference between the fundamental and harmonic frequencies (i.e., the anhar-
monic correction). The perturbation theory zero-point level includes the E, constant. b Ref.5
¢ Gas-phase IR data from ref.®
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frequencies are reliable with respect to the solution of the nuclear
Schrodinger equation.

The most interesting result in Table Il is the fact that v; exhibits a positive
anharmonic correction. That is, the harmonic frequency is smaller in mag-
nitude than the fundamental frequency, and this correction is not small,
being over 79 cm™. The anharmonic corrections for v, and v, are smaller
and entirely consistent with those found for ozone'? and other similar mol-
ecules. The anharmonic correction for v;, however, is very different from
that found for ozone. Detailed comparison of the O; (ref.*?) and O; (see
Table 111) CCSD(T) quartic force fields shows that the main difference lies in
the quartic force constant for the antisymmetric stretch, F3;55. FOr ozone
this constant is 105.4 al/A* while for ozonide anion it is 635.835 al/A%. This
is a very large quartic force constant and gives the potential along the
antisymmetric coordinate steep walls as the quartic term dominates all cou-
pling to cubic terms. These results suggest that the gas-phase and matrix
environments are noticeably different for the antisymmetric part of the O3~
potential.

In order to verify the accuracy of the Fs355 force constant, it was com-
puted at several additional levels of theory, including CCSD/aug-cc-pVTZ,
CCSD(T)/aug-cc-pVQZ, and CASPT2/aug-cc-pVTZ. All the force constants
determined in this study are collected in Table IlIl. The CCSD(T)/
aug-cc-pVQZ F33455 constant is even larger than the CCSD(T)/aug-cc-pVTZ
value showing that one-particle basis set improvements will yield a larger
constant, not a smaller one. Comparison of the CCSD, CCSD(T), and
CASPT2 force constants (all determined with the aug-cc-pVTZ basis set)
shows that in contrast to the F55 constant, F5545 IS sensitive to the choice of
electron correlation treatment. However, all of the values are much larger
than the corresponding O constant. Furthermore, substitution of the
CASPT2 F3; and Fa335 constants into the perturbation theory anharmonic
analysis still yields a positive anharmonic correction of 42.4 cm™, and a v,
value of 902.5 cm™. From this analysis it is evident that the anharmonic
correction for v, is sensitive to the treatment of electron correlation, but
given the high level of theories used here and the fact that we have applied
both highly correlated single reference and multireference approaches, it is
safe to conclude that the v; anharmonic correction for the free gas-phase
O; species is indeed positive. Taking into account the sensitivity of the
Fa333 constant with respect to level of theory, the agreement between the
theoretical and experimental®® fundamental frequencies in Table Il is good.
We note that positive anharmonic corrections are also known to occur for
the antisymmetric stretch of FHF-, a strongly bound molecular anion33,
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It is interesting to contrast the fundamental frequencies for O3~ com-
puted in this study with those evaluated in ref.® In the earlier paper, a
CASPT2/[5s4p3d2f] force field beyond quadratic (cubic in some coordinates
and quartic in others, but the symmetric stretching coordinate was trans-
formed into a Morse coordinate, giving contributions from higher order
force field terms; see ref.2 for a complete description) was computed for the
Li*O5;~ complex and then the Oj; part of the potential was used in a
variational calculation of the fundamental frequencies. In this case, the
antisymmetric stretch was found to exhibit a negative anharmonicity, as

TaBLE 11
Quadratic, cubic, and quartic force constants for O;™ #

CCSD CCSD(T) CASPT2

Force
contant

aug-cc-pVTZ  aug-cc-pvVDZ  aug-cc-pVTZ  aug-cc-pVQZ  aug-cc-pVTZ
Fi1 5.28821 5.79551 5.94949
Fio 0.21939 0.23957 0.25076
Fyy 1.64905 1.70381 1.73404
Fas 2.88201 2.44766 2.89333 3.04323 2.87212
Fii1 -26.2024
Fiio -1.6579
Fion -3.6547
Fooo -2.7639
Fias -23.9014
Foas -0.6747
Fiin 111.478
Fii12 8.152
Fii0 7.198
Fio0 6.889
Fonoo 8.736
Fiiss 85.408
Fioas 9.692
Faza3 -3.822
Fasas 394.86 635.835 674.73 466.794

& Constants have an energy unit of aJ and length units of A and rad. The symmetry internal
coordinates are defined in Eqs (1) through (3). Constants defined according to Eq. (4).
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was the symmetric stretch. The agreement between the present fundamen-
tals and those computed in ref.2 is very good except for the antisymmetric
stretch. This comparison lends further support to our assertion that the
matrix environment is significantly different than the gas-phase environ-
ment for O5™. In summary, CASPT2 calculations on free O5™ yield a positive
anharmonic correction for the antisymmetric stretch, but CASPT2 calcula-
tions in the presence of a Li* counter cation yield a negative anharmonic
correction for the antisymmetric stretch. The potential along the antisym-
metric stretch coordinate is clearly sensitive to the external environment.

For completeness, the CCSD(T)/aug-cc-pVTZ anharmonic constants and
vibrationally averaged geometry are listed in Table IV.

Fundamental Vibrational Frequencies for Isotopomers

Table V presents the harmonic and fundamental frequencies for all possible
160 and 80 isotopomers of O;~ determined using second-order perturba-
tion theory and the CCSD(T)/aug-cc-pVTZ quartic force field. These are
compared with the isotopic shifts observed for v; in a recent matrix iso-
lation experiment’. Regarding the antisymmetric stretch, the theoretical
isotopic shifts for the fundamentals are larger than for the harmonic fre-
quencies due to the positive anharmonic correction. Comparison of the
theoretical harmonic and fundamental isotopic shifts with those deter-
mined in the recent neon matrix studies’ shows reasonable agreement, es-

TABLE IV
Vibrationally averaged structure and anharmonic constants (in cm‘l) for 03‘a

CCsD(T)
ry 1.3656
0, 115.11

Xy, -3.655
X5 -5.069
X3 -40.616
Xpy -0.941
Xos -13.289
Xas 53.112

@ Bond length in A and bond angle in °. Computed with the aug-cc-pVTZ basis set and
quartic force field.
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pecially for the harmonic isotopic shifts. This agreement confirms the
assignment of O3, but the disagreement in the absolute frequencies sug-
gests that the matrix environment and gas-phase environment are different
for O5™. It is hoped that the data in Table V will be useful in the interpreta-
tion of future gas-phase experiments on different isotopomers of ozonide
anion.

CONCLUSIONS

A highly accurate CCSD(T)/aug-cc-pVTZ quartic force field and fundamen-
tal vibrational frequencies have been computed for the ozonide anion.
Equilibrium structures and certain potential force constants have also been
evaluated at the CCSD and CASPT2 levels of theory in order to assess the re-
liability of the CCSD(T) fundamental frequencies.

TABLE V
Harmonic and fundamental frequencies for the 160 and 20 isotopomers?

1603 160180160 160160180 160180180 180160180 1803
W () 1027.8 999.0 1014.3 984.8 999.1 968.9
w,(ay) 583.7 577.8 569.6 564.0 555.4 550.2
ws(b,) 862.6 833.9 851.8 822.7 842.5 813.1
Dw,(ay) 0 -28.8 -13.5 -43.0 -28.7 -58.9
Dw,(ay) 0 5.9 -14.1 -19.7 -28.3 -335
Day(by) 0 -28.7 -10.8 -39.9 -20.1 -49.5
va(ay) 997.7 970.2 985.6 957.6 970.9 942.1
v,(ay) 572.6 567.2 559.0 553.9 545.1 540.4
va(b,) 941.8 907.8 928.8 894.3 918.3 883.6
v, (ay) 0 -27.5 -12.1 -40.1 -26.8 -55.6
Avy(a,) 0 5.4 -13.6 -18.7 -27.5 -32.2
Avy(b,) 0 -34.0 -13.0 -475 -235 -58.2
Expt® v, 796.3 770.5 786.1 759.5 778.3 751.9
Expt® Av, 0 -25.8 -10.2 -36.8 -18.0 ~44.4

& Computed at the CCSD(T)/aug-cc-pVTZ level of theory using second-order perturbation
theory for the vibrational analysis. Labeling of modes refers to the parent isotopomer. The A
rows refer to the shift from the parent 16O3 isotopomer. b Ne matrix isolation results from
ref.” for the antisymmetric stretch, vs.
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Agreement between theory and gas-phase experiments for the bond dis-
tance of O3 is good, although for the bond angle it appears that the low-
resolution experiments have been interpreted to give a value that is too
small. Our computed fundamentals are in agreement with gas-phase experi-
ments and in particular, they disagree with matrix isolation experiments
for the antisymmetric stretch. The theoretical fundamental for the anti-
symmetric stretch exhibits an unusual positive anharmonicity. The results
of this study, taken with the experimental gas-phase study®, lead us to con-
clude that there is a very large matrix shift for this band. Support for this
assertion is given by the fact that the CASPT2 v; fundamental exhibits posi-
tive anharmonicity for the free gas-phase species, but the usual negative
anharmonicity when a Li* counter ion is present. In other words, the anti-
symmetric part of the O5~ potential surface is shown to be very sensitive to
the external environment. It is hoped that the theoretical data presented
herein will be useful in the interpretation of future high-resolution
gas-phase experiments.

C. E. Dateo gratefully acknowledges support from the NASA prime contract NAS2-00062. This
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