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Conformations of O3;-F 1:1 Complexes. An Ab Initio Study
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The conformational geometries of the FO3; complexes were investigated computationally in the doublet state.
Geometry optimization and frequency calculations were performed at the CCSD/aug-cc-pVDZ, CCSD/6-311+4G(d) and
QCISD/aug-cc-pVDZ levels of theory. To improve the energies, single point calculations were carried out based on the
CCSD/aug-cc-pVDZ, QCISD/aug-cc-pVDZ, and CCSD/6-311+G(d) geometries using the CCSD(T), QCISD(T), and
CASSCF methods. One non-planar and two planar conformational geometries of the FO3 complex were found in the
doublet state. From energy analysis, the planar geometry with a dihedral angle (¢g,0,03r) 0f 0.0° was the most stable
one. In addition, vibrational frequencies obtained by CCSD and QCISD methods confirm that the planar geometry of the
complex is similar to that reported under the experimental conditions. Quantum theory of Atom In Molecule (QTAIM)
was also employed to characterize the electronic properties of the conformational geometries of FO3; complex.

Halogenated source gases containing X atoms, such as
chlorofluorocarbons (CFCs), release X atoms in the atmos-
phere. Following the release of X atoms, XO radicals form
from a fast reaction with ozone: X + O3 - XO + O, (X =F,
Cl, Br, and I). XO radicals may then be involved in a number
of multi-step cycles that lead to ozone depletion.> A rate
constant k of 2.2 x 10~ exp(—230 4 200/7) cm?® mol ! s~!
for the reaction F+ O3 — FO+ O, over the temperature
range 200-300 K has been determined by varying of the elec-
tronic energies during the approach of the reactants.’

The ozone reactions have been the subject of numerous
investigations.!~!” Zhang et al.'>'% have reported a crossed
molecular beam study of the X (Cl, Br) 4+ O3 reactions. They
have concluded that the X (CI, Br) + O3 reactions have a di-
rect reaction mechanism and the X atom most likely abstracts a
terminal O atom of ozone molecule. Although a great deal of
research has been performed in the area of reaction kinetics,
the role of intermediates, such as asymmetrical XO-O, associ-
ation complexes, in the atmospheric cycle remains poorly un-
derstood. Only the stabilized complex FOs in dilute mixtures
of F, and O3 in solid argon, for the first time, has been detected
by FT-IR spectroscopy.'® The observed complex is character-
ized by two intense absorption bands at 1522 and 968 cm~!.
The quantum chemical study of the reaction mechanism of
ozone and fluorine at the MP2/6-31G(d) level performed
by Li et al.'® show that conformers of FO3; complex with
Dooor = 0.0, 85.2, and 81.0° are transition states and an inter-
mediate, respectively. Recently, Nebot-Gil and Peiro-Garcia
have theoretically studied the mechanism of the F + O3 reac-
tion. They have located the same minimum energy structure
reported by Li et al. on the potential energy surface at QCISD/
6-3114-G(d,p) level of theory. From comparison of vibrational
frequencies obtained by QCISD/6-311+4G(d,p) level and cor-
responding experimental values in argon matrix, they have
concluded that FO; QCISD structure (and the MP2 one!®)
can not be the complex reported in argon matrix.'® To our
knowledge, no theoretical works have predicted the structure

of most stable conformer of FO3; complex formed in experi-
mental conditions.

In this study, we computationally investigated the structural,
electronic, and infrared spectroscopic properties of the con-
formations of FO3; complexes at the CCSD/aug-cc-pVDZ,
CCSD/6-3114-G(d), and QCISD/aug-cc-pVDZ levels of theo-
ry. To improve the energies, single point calculations were
carried out based on the CCSD/aug-cc-pVDZ, CCSD/6-
3114G(d), and QCISD/aug-cc-pVDZ geometries using the
CCSD(T), QCISD(T), and CASSCF methods.

Computational Methods

All of the structures studied in this work were optimized at
CCSD/6-3114+G(d), CCSD/aug-cc-pVDZ, and QCISD/aug-
cc-pVDZ levels of theory. The frequency calculations were
performed to characterize stationary points and to calculate
the zero-point and thermal energies. To improve the energies,
single point calculations were carried out using the CCSD(T)
and QCISD(T) methods and aug-cc-pVDZ aug-cc-pVTZ basis
sets. All computations were performed using the Gaussian-98
program package?! on a Pentium 4 computer. Due to the in-
sufficient memory in the computer, geometry optimization
at QCISD/aug-cc-pVTZ and CCSD/aug-cc-pVTZ levels of
theory could not be performed. In addition, topological proper-
ties were calculated using the AIM method on the wavefunc-
tions obtained at CCSD/aug-cc-pVDZ level by AIM2000
program package.??

Results and Discussion

Energetics and Geometries. Similar to the X (Cl, Br) re-
actions,'>!* it seems that the reaction of F atom with O3 mole-
cule is a direct reaction and the F atom most likely attacks the
terminal oxygen atom. When the F atom attacks the O; mole-
cule, three pathways are possible to abstract an oxygen atom:
two in-plane approaches, which lead to formation of structures
1b and 1c, and an out-of-plane approach, which leads to for-
mation of structure 1a (Scheme 1).
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1c(Cy) 1a(Cy)

Scheme 1.

Table 1. Computed Complexation Energies (kJmol~!) of
Structures la—1c

AED AEP AHD AE® AEY AHY
CCSD/aug-cc-pVDZ CCSD(T)/aug-cc-pVDZ//A®

la -79.7 -71.0 =735 —63.5 —548 —573

b -825 —746 =770 —65.6 =577 —60.2

lc -89.7 -776 —825 —80.2 —68.1 —73.0

QCISD/aug-cc-pVDZ QCISD(T)aug-cc-pVDZ/ /B

la 815 —-76.1 785 737 —683 —70.8
1b 853 748 772 -819 713 738
e -947 -819 —-844 —-100.8 —88.0 —90.5

CCSD/6-311+G(d) CCSD(T)/6-311+G(d)//C

la —-672 —-629 654 —47.7 —434 —-459
1b —-670 —-612 —63.7 —475 —41.8 —442
e 714 —642 —66.7 —61.5 —543 —56.8

QCISD(T)/aug-cc-pVTZ/ /B

la -847 =792 -81.7
1b -762 —-657 —68.1
e 1072 —-944 —-96.9

a) Electronic complexation energy. b) Relative energy and
enthalpy values include ZPE and thermal corrections at
298.15K. ¢) A, B, and C are CCSD/aug-cc-pVDZ, QCISD/
aug-cc-pVDZ, and CCSD/6-3114+G(d) levels of theory, re-
spectively. d) Single point energies have been corrected with
zero-point and thermal energies.

The calculated interaction energies, including ZPE and ther-
mal corrections of the conformational geometries of FO3; com-
plex, are listed in Table 1. The CCSD and QCISD methods
predicted that the structures corresponded to a minimum with
the exception of QCISD method for 1a, which confirms that
this structure is a transition state with an imaginary frequency
of 340.4icm™!. As can be seen from Table 1, at all levels of
theory, structure 1¢ was more stable than 1a and 1b, and all
of the structures were more stable than the separated reactants
F and 03.

Spin contamination problems are inherent to the UHF for-
malism; whereas the UHF wavefunction is an eigenfunction
of S'Z, it is not an eigenfunction of §2. There are a number
of higher order spin states (quartets, sextets, etc.) which con-
taminate (Sz). The amount of spin contamination for UHF or
a correlation corrected ab initio method based on UHF wave-
function is given by the expectation value of the s2 operator,
($?). The theoretical value for a pure doublet spin state
was 0.75. Although, ($?) expectation value calculated at the
UCCSD/aug-cc-pVDZ and UQCISD/aug-cc-pVDZ levels of
theory for structures 1b and 1c¢ was 0.7502, its value for 1a
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Table 2. Calculated Reaction Enthalpy and Gibbs Free
Energies (kJmol™') for F+ O3 — OF CCI) + 0, (3 Eg)

Method AHY AGY

CCSD/aug-cc-pVDZ —161.8 —169.7
CCSD(T)/aug-cc-pVDZ —122.9 —131.3
CCSD/6-3114+G(d) —161.8 —169.7
CCSD(T)/6-3114+G(d) —120.8 —129.2
QCISD)/aug-cc-pVDZ —160.5 —166.8
QCISD(T)/aug-cc-pVDZ —119.5 —125.8

a) All energy values include zero-point and thermal energies
at 298.15K.

was 0.796 and 0.866, respectively. Thus, the energies and
geometries calculated by using the UCCSD and UQCISD
methods for structures 1b and 1c are reliable.

Because of highly multi-configurational nature of ozone,
use of MCSCF methods, such as CASSCF, and multi-reference
methods, such as CASPT2, to predict the stability of con-
formers may be essential. Geometry optimization by using
Gaussian package at CASSCF and CASPT?2 levels on a com-
puter Pentium 4 with CPU 3.2GHz and RAM 2.0GB is
impossible. Thus, a single point calculation was performed
at CASSCF/aug-cc-pVDZ and CASSCF/aug-cc-pVTZ levels
of theory on the geometries obtained at level of CISD/
aug-cc-pVDZ. The calculated energies for conformers la-
1c at CASSCF(17,12)/aug-cc-pVDZ level are —323.898093,
—323.896979, and —323.903777a.u., respectively, and
at CASSCF(17,12)/aug-cc-pVTZ level are —323.979602,
—323.978162, and —323.984009 a.u., respectively. It is evi-
dent that conformer 1c at both levels is more stable than
the other two conformers.

The calculated reaction energies by CCSD and CCSD(T)
methods for reaction F 4+ O3 — OF (*I1) + O, (3Eg) are giv-
en in Table 2. The CCSD(T)/aug-cc-pVDZ and QCISD(T)/
aug-cc-pVDZ calculated enthalpies for this reaction (—122.9
and —119.5kImol~!, respectively) are in good agreements
with experimental enthalpy' (—112.9kJmol~!) and the corre-
sponding values of G3 (—111.3kI'mol™"), G3MP2 (—112.8
kJ mol~1)! and QCISD(T)/6-311+G(d,p) (—119.5kI mol~1)*°
levels of theory.

The oxygen atom involved in a possible interaction is refer-
red to here as O3. As can be seen from Table 3, 1a in the dou-
blet state has a non-planar structure (C;), whereas 1b and 1c
have planar structures (Cs) with dihedral angles of 81.7,
180.0, and 0.0°, respectively, at CCSD/aug-cc-pVDZ level.
The O3-F and 02-03 bond lengths in 1c were, respectively,
shorter and longer than corresponding bonds of 1a and 1b.
In all conformers, the O2-03 distance was consistently longer
than the O1-02 one. When the O-O distances in the conform-
ers of FO; complex and isolated ozone compound (1.259 A)
are compared, complexation causes a lengthening of both the
02-03 and O1-02 bonds in the la—1c. The amount of the
bond length elongation of O2-O3 bond was greater than
01-02 bond upon complexation. The value of elongation of
02-03 bond length increased in going from structure la to
1c by 0.229, 0.369, and 0.471A, respectively. In addition,
the O1-02 and O3-F bond lengths changed by +0.048 and
+0.049, +0.009 and +0.040, and —0.002 and +0.025 A, as
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Table 3. Optimized Geometrical Parameters of Structures la—1c¢ at (1) CCSD/aug-cc-pVDZ, (2) QCISD/

aug-cc-pVDZ, and (3) CCSD/6-3114+-G(d) Levels®

la (C) 1b (Cy) 1e (Cy)
Parameter 1 2 3 1 2 3 1 2 3

01-02 1.266(1.259)9 1.255 1.238 1.227 1.232 1.218 1.209 1.216 1.200
(1.211)»

02-03 1.488(1.259)9 1.556 1.548 1.628 1.631 1.622 1.730 1.717 1.745

O3-F 1.413 1.408 1.403 1.407 1411 1.39 1.392 1.398 1.378
(1.367)°

01-02-03 109.7(117.3)® 110.0 111.1 107.8 108.0 108.5 110.5 110.4 111.5

02-03-F 102.6 102.1 103.1 100.6 100.6 101.4 994 99.3 100.5

01-02-03-F 81.7 70.5 73.2 180.0 180.0  180.0 0.0 0.0 0.0

a) Geometrical parameters of the monomers are given in parentheses. Bond lengths are given in angstroms
and angles in degrees. b) For O, molecule. ¢) For OF molecule. d) For O3 molecule.

Table 4. Calculated Harmonic Vibrational Wavenumbers (Not Scaled)

Wavenumber/cm ™!

CCSD/aug-cc-pVDZ

CCSD/6-3114-G(d)

QCISD/aug-cc-pVDZ

96.7, 360.0, 510.5,

la 665.0, 1046.0, 1191.1

b 53.4, 253.8, 328.1,
708.1, 1006.1, 1380.8

Le 142.3, 278.1, 411.2,
617.1, 996.4, 1489.2

0, 1641.5

OF 1022.6

48.6, 264.9, 447.1,
637.5, 916.0, 1274.8

33.0, 262.9, 294 4,
691.6, 1001.2, 1399.3

112.3, 257.8, 337 .4,
610.4, 1005.4, 1514.1

340.4i, 80.65, 381.2,
610.0, 1082.2, 1206.1

55.6, 246.0, 339.4,
713.9, 970.3, 1345.6

159.1, 280.6, 450.1,
620.0, 978.3, 1431.2
1552.5
991.6

1667.2
1048.7

compared with those of O, and OF monomers, for structures
la—1c, respectively. From comparison of the O1-0O2-03 bond
angle in the isolated ozone (117.3°) and conformers la-lc,
it can be seen that the value of this angle decreased upon
complexation. The value of the bond angle reduction in l¢
was greater than the 1a and 1b.

The calculated vibrational frequencies are given in Table 4.
For most stable structure 1c, the O-O and O-F stretching
vibrational frequencies at CCSD/aug-cc-pVDZ level were
1489.2 and 996.4cm™', respectively. These frequencies were
red-shifted by 152.3 and 26.3cm~! from the isolated O,
(1641.5cm™") and OF (1022.71 cm™") molecules, respectively.
The red shift in vibrational frequencies with respect to mono-
mers is in agreement with the bond lengthening of O-O and
O-F bonds upon complexation.

The predicted conformational geometries were character-
ized by two intense infrared bands obtained for OF and O,
at above-mentioned levels. For comparison of calculated and
observed frequencies, the scale factors were determined for
stretching vibration of OF and O, molecules. The calculated
scale factors for OF and O, vibrations at CCSD/aug-cc-pVDZ
level using the observed values of Ve,(OF) = 1033 and
Vexp(02) = 1556 cm~! in solid argon18 were 1.010 and 0.948,
respectively. Using these scale factors, the corrected O-F
and O-O stretching vibrational frequencies at CCSD/aug-cc-
pVDZ level were 1056.6 and 1129.2, 1016.3 and 1309.0, and
1006.4 and 1411.7 cm™! for structures la—1¢, respectively. As
mentioned above, two intense absorption bands at 1522 and

968 cm™! (O-O and O-F stretching wavenumbers, respective-
ly) have been detected by FT-IR spectroscopy for reaction
between F atom and O3 molecule in a solid argon matrix.'8
From a comparison of the observed and the calculated stretch-
ing vibrational frequencies at CCSD/aug-cc-pVDZ level, it
seems that structure 1lc is the complex reported under the
experimental conditions.'® The QCISD/aug-cc-pVDZ level
of theory predicted the same results as that found at CCSD/
aug-cc-pVDZ level.

Atoms In Molecules Analysis (AIM). The AIM theory is
a powerful tool not only to characterize the electronic proper-
ties of the species but also to have a better understanding of the
nature of the intermolecular interactions.?3~2

To gain insight into the nature of complexation, analysis of
electron density topology in structures 1la—1¢ was performed at
CCSD/aug-cc-pVDZ level. The values of charge density (0),
its Laplacian (V?p), local energy density (Hgcp), local one
electron kinetic energy density (Ggcp), the ellipticity (€) at
the bond critical points and distances between bond critical
points and attractors are given in Table 5. Figures la—Ic
respectively present the molecular graphs, contour maps of
charge density p and Laplacian of charge density V?p for
structures la—1c. From Table 5, the charge density at O1-02
BCP for all structures was large and its Laplacian was nega-
tive, indicating that the charge density is concentrated in the
internuclear region. In other word, the electronic charge densi-
ty is shared between Ol and O2 nuclei. On the other hand,
there was a small charge density at O2—O3 bond critical point
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Table 5. Bond Critical Point Data (a.u.) and Distances (a.u.) from BCP to the Nuclei (A and B)

Calculated at CCSD/aug-cc-pVDZ Level

A-B P v2p & H G Cr-A  Cp-B
1a
02-03 0.2587 0.0622 0.0357 —0.19221 0.20775 1.415 1.397
01-02 0.4694 —0.8903 0.0036 —0.59006 0.36749 1.231 1.161
O3-F 0.2928 0.1073 0.1201 —0.21998 0.24679 1.270 1.401
1b
02-03 0.1881 0.1553 0.2124 —0.08231 0.12113 1.561 1.515
01-02 0.5190 —1.0592 0.0062 —0.69258 0.42779 1.196 1.122
O3-F 0.2994 0.0361 0.1167 —0.23004 0.23906 1.253 1.406
1c
02-03 0.1167 0.5636 0.2465 —0.01352 0.15443 1.618 1.650
01-02 0.5418 —1.1008 0.0130 —0.73846 0.46327 1.159 1.125
O3-F 0.3085 0.0621 0.1074 —0.24745 0.26297 1.235 1.395
1c la 1b going from 1a to lc was accompanied by a decrease in the
charge density at O2-03 bond critical point. On the other
(@ g o P SF ro hand, the V2o value at the O2-O3 bond critical point was
. e

Fig. 1.

(a) The molecular graphs of 1a, 1b, and 1c. Nuclei
and bond critical points are represented by big and small
circles, respectively. (b) Display of the contour maps of
charge density in O2—-O3-F plane. BCPs are given as tri-
angles. (c) The contour plots of the Laplacian of the
charge density in O2—-O3-F plane.

and a positive value for its Laplacian, indicating that the elec-
tronic charge density is depleted between O2 and O3 nuclei, as
expected from complexation between F atom and O3 molecule.
In all cases, charge density, its Laplacian and Hgcp at O3-F
bond critical points were relatively large and out of the range
of values for weak interactions.

It can be seen from Table 5 that, whereas the charge density
of 02-03 bond critical point decreased from 1a to 1c, the
charge densities of O1-02 and O3-F bond critical points in-
creased. Thus, the value of charge density at O3-F bond criti-
cal point of most stable structure 1c (0.3085 a.u.) was greater
than 1a (02928 a.u.) and 1b (0.2994 a.u.) structures. The in-
crease in the charge density at O3-F bond critical point in

found to be positive, indicating that the electronic charge is
depleted in the internuclear region. Since the positive value
of Laplacian of charge density at O2—O3 bond critical point in-
creased, depletion of charge density in the internuclear region
also increased from 1la to 1lc. Besides, the positive value of
V2 p at O3-F bond critical point in 1a (C; structure) was great-
er than that of structure 1¢ (C; structure). As a result, interac-
tion between F atom and O3 molecule in 1c is stronger than
for 1a, which is agreement with results obtained from energy
analysis. As expected, the shortening of the O3-F bond on
going from la to lc¢ was accompanied by an increase in p
and a decrease in positive value of V2 at the associated BCP.

Another quantity used to determine the nature of the inter-
action is the energy density, Hgcp. Unlike the Laplacian, of
which the sign is determined by the local virial expression,>
the sign of Hpcp is determined by the energy density itself
and is found to be negative for all interactions that result from
the accumulation of electron density at the BCP. As can be
seen from Table 5, the negative value of Hgcp at the O3-F
bond critical point of 1¢ was bigger than that of 1a, indicating
the greater accumulation of electron density at the associated
BCP of 1c¢ with respect to the 1a.

In all complexes, the position of critical point at O3—F bond
was closer to the atom O3 with a smaller atomic size (see
Table 6). In structure 1c, the distances between bond critical
point and nuclei at O3-F bond were smaller than associated dis-
tances in 1a and 1b structures. In contrast with 1c, position of
the O2-03 BCP in 1a moved away from O2 toward O3 atom.

In addition to the local topological properties at the bond
critical points, a set of atomic integrated properties, such as
atomic electronic population N(£2), total energy E(£2) for each
atom in a molecule, and atomic volume V(£2), can be calculat-
ed by using topological analysis. The values of integrated
atomic properties are reported in Table 6. The electronic
population of all O atoms decreased on complexation. The
electronic (N) population of O3 and F atoms decreased and
increased, respectively, upon complexation, which is an indi-
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Table 6. Integrated Atomic Properties (a.u.) Calculated at CCSD/aug-cc-pVDZ Level

A-B VvI(A) v¥(B) N(A) N(B) E(A) E(B)
la
02-03 86.9292 83.9439  7.8444  7.9387 —74.65952  —74.76313
01-02  83.9439 107.2638 79387 79349  —-74.76313 —74.79866
O3-F 86.9292 98.1124  7.8444  9.1548 —74.57598  —99.45232
1b
02-03  91.9477 84.6924  7.8906  7.8933 —74.57598  —74.70055
O01-02  84.6924 107.0509  7.8933 79180  —74.70055 —74.86357
O3-F 91.9477 99.2704  7.8906  9.1679  —74.57598 —99.50985
1c
02-03  92.4322 89.1305  7.8139  7.9445 —74.70091 —74.83421
01-02  89.1305 102.6096  7.9445  7.9364  —74.83421 —74.74610
O3-F 92.4322 95.0120  7.8139  9.1735 —74.70091 —99.40873
a) For the 0.01 a.u. contour.
cation of charge transfer from O3 to F. The decrease in elec-
References

tronic population of O3 atom in 1¢ on complexation was great-
er than that in 1a. Because of this greater decrease in electronic
population on atom O3 in 1c relative to 1a, its atomic energy
(—74.10091 a.u.) was smaller than 1a (—74.57598 a.u.).

Conclusion

The structural and electronic properties of the O3—F com-
plex formed by reaction of ground state F (°P3 /2) atom with
ozone molecule in the doublet state were computationally
investigated. Structure 1a in the doublet state has non-planar
structure (Cp), whereas structures 1b and 1lc¢ were planar
(Cs). Both CCSD and QCISD method predicted that the
stability of 1c structure is greater than 1a and 1b ones and all
structures of FO3 complex are more stable than corresponding
monomers.

The values of O-O and O-F stretching vibrational frequen-
cies was red-shifted from the isolated O, and OF molecules.
From comparison of observed and calculated stretching vibra-
tional frequencies, it seems that the 1c structure is the complex
reported under the experimental conditions.

Topological analysis of electron density at CCSD/aug-cc-
pVDZ level showed that the charge density at O1-O2 BCP
for all structures was large and its Laplacian was negative, in-
dicating that the charge density is concentrated in the internu-
clear region. On the other hand, there was a small charge den-
sity at the O2—-03 bond critical point and a positive value for
its Laplacian, indicating that the electronic charge density is
depleted between O2 and O3 nuclei, as expected from com-
plexation between F atom and O; molecule. The negative
value of Hpcp at O3-F bond critical point of 1¢ was bigger
than that of 1a, indicating greater accumulation of the electron
density at the associated BCP of 1c¢ with respect to the 1a.

In all of the structures, the position of critical point at O3-F
BCP was located closer to atom O3, which has smaller atomic
size. In contrast with 1c, the position of the 02-0O3 BCP in 1a
moved away from O2 toward O3 atom. The electronic (N)
population of O3 and F atoms decreased and increased, respec-
tively, upon complexation, which is an indication of charge
transfer from O3 to F.
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