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ABSTRACT

QUANTUM CALCULATION OF ATMOSPHERICALLY IMPORTANT RADICALMOLECULES COMPLEXES
David Voglozin, Ph.D.
George Mason University, 2013
Director: Dr. Paul Cooper

Atmospheric free radicals play an important role in the chemistry of the Earth
atmosphere. Yet, there is limited knowledge of the physical and chemical properties of
complexes such radicals can form with other components of the atmosphere. The topical
and controversial issue of “global warming” on the one hand, and the health problems
posed by the presence of hundreds of man-made materials in the atmosphere on the other
hand, provide motivation for researchers to investigate free radicals atmospheric
processes and energetics. This work strengthens and extends our knowledge of radical
complexes, starting with the most important radical of the troposphere, the hydroxyl
radical (OH), and then, extending to the mercapto (or sulfhydryl) radical (SH).The goal
of this research was to determine optimal geometries of OH- and SH-containing
complexes as well as accurate vibrational frequencies of the stretch of these radicals in
the complexes, by using high-level ab initio quantum mechanical calculations. Our

xiv

computational method is fully applicable to all complexes of OH and SH, in which these
radicals act, either as hydrogen donor, or as hydrogen acceptor. In order to obtain highly
accurate vibrational frequencies, the effects of anharmonicity were directly accounted for
by fitting Morse potentials to the theoretically calculated potential energy curves for
vibrations of interest. The primary species investigated herein are H2O.HO, (H2O)2.HO,
N2.HO, O2.HO, CO2.HO, H2O.HS, and H2S.HS. The work I have successfully performed
will directly support future laboratory experiments to isolate and identify such
complexes, so their detection in the atmosphere may become possible, for modeling of
atmospheric processes.

xv

CHAPTER 1-INTRODUCTION

Over the past two decades, researchers have increasingly focused their attention
on the role of OH and other radicals (e.g., SH, HO2) present in the Earth atmosphere1-6.
The trend is far from fortuitous; instead, it is continuously fueled by the highly
controversial issue of “global warming”. In effect, because of their high reactivity, these
species are key intermediates in many important atmospheric reactions. The presence of
hundreds of hazardous man-made pollutants in the atmosphere represents a very serious
health issue, as expressed in the following statement from Dellingera: “Atmospheric Free
Radicals May Cause Cancer.” at the annual meeting of the American Chemical Society in
Philadelphia, and reported in NaturalNews on February 26, 2009, by David Gutierrez b.
Thus, it is crucial to monitor the fate of the atmospheric free radicals.
This study is mainly concerned with the properties of OH and SH radicals. These
species are among the most ubiquitous and the most active radicals in the lower
atmosphere. Despite being extremely reactive, they form radical-molecule complexes
with some closed-shell molecules7-11. Such complexes may only have limited
lifetimes6,12, but there is considerable interest in how complexation changes the properties
and reactivity of radicals. To understand these changes, one must first be able to detect

a
b

H. Barry Dellinger, PhD, Environmental Chemistry Professor, Louisiana State University
David Gutierrez, staff writer at NaturalNews Network
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radical-complexes. This is done through a combination of experimental and theoretical
laboratory work. The study herein supports this research effort.

1.1. The OH Radical: Previous Theoretical and Experimental Work
The free OH radical is an extremely important oxidant. It is a key player in
physical and chemical sciences, intervenes in a number of biochemical processes13, and
wherever water interacts with energetic radiation, in the Earth’s atmosphere1,4,8,14, in
interstellar and celestial media ices, clouds, and dusts14-19. The concentration of OH in
the lower troposphere is very lowc.
Sources of OH radical include the reaction of Fe(II) ion with H2O2 (Fenton’s
reaction), the photolysis of dissolved species, such as NO3-, NO2-, and O3, and the
radiolysis of water20.In Earth’s atmosphere it is produced from the reaction between H2O
and O(1D):
Equation 1: Equation of Formation of OH

H2O + O(1D)→ 2OH

(1)

Oftentimes, the OH radical is referred to as the “detergent” of the Troposphere,
because it reacts with many pollutants and plays an important role in eliminating some
greenhouse gases like methane and ozone. Only a few compounds do not react at all (or
react very slowly) with the radical. Examples of these include the chlorofluorocarbons
(CFCs) and carbon dioxide. The lifetime of the OH radical is very short (< 1 ms)6,12 due
to its extreme reactivity.
c

At sea level, its mixing ratio is 0.01-1ppt (pmol/mol), i.e., only 1 of 1000 billion to 100,000 billion
molecules in the air is OH.

2

The geometry of the water-hydroxyl complex has been widely investigated at
various quantum chemistry levels of theory and basis sets8,21,22. OH may hydrogen bond
to H2O through, either its oxygen, or its hydrogen atom. In the former case, the structure
is of Cs symmetry, while the latter case yields a complex of C2v symmetry. Two
electronic structures, 2A’ and 2A”, arise from each symmetry. In 2A’, the singly occupied
orbital on OH is in the molecular plane; in 2A’’, it is out of the plane.

Figure 1: 3-D images of the calculated structures of H2O.HO; the global minimum (or H2O.HO[gm]) of
symmetry 2A’(at left) and second local minimum (or H2O.HO[lm2]) of symmetry 2A’’ (at right).

Figure 1 shows the two types of the H2O.HO complex, with the global minimum
of point symmetry C2v and electronic symmetry 2A’ (denoted H2O.HO[gm]) on the left
side, and a local minimum (denoted H2O.HO[lm2]) of Cs point symmetry, and of

3

electronic symmetry 2A’’. The energy difference between these two geometries is ≈ 3
kcal/mol. The 2A” structure of C2v symmetry, a local minimum (denoted H2O.HO[lm1]),
has essentially the same physical arrangement of atoms as the global minimum (but with
the re-oriented singly occupied orbital) and is slightly less stable than the global
minimum (the energy difference is only 0.3 kcal/mol).
Previous studies8,21,22 reported the predicted fundamental vibrational frequencies
for H2O.HO[gm] and H2O.HO[lm2]. Both exhibit a significant (>100 cm-1) red-shift in
the OH-stretching frequency of the complexed radical compared with the free OH
radical. Notably, the intensity of the vibrational transition also increased ~10-30 folds.
These differences predict that distinguishing between H2O.HO and the free OH radical
should be relatively simple.
Experimental investigations of the infrared spectrum of the OH radical are ideally
suited to the matrix-isolation technique. Prior to the aforementioned series of quantum
calculations, a number of matrix-isolation experiments were performed to measure the
OH radical infrared spectrum. Acquista et al.9 measured absorption bands at 3452 and
3428 cm-1, which showed isotopic shifts (in experiments replacing H with D) in excellent
agreement with shifts calculated from vibrational constants derived from the spectrum of
gas phase OH. They suggested that these bands arose from matrix site effects (i.e., the
existence of two distinct sites in the matrix for non-rotating species), with a red-shiftd
from the free OH by 117 and 141 cm-1. Suzer and Andrews10 later confirmed the finding

d

This is a phenomenon unique to complexes: shifts in intramolecular vibrational modes due to
complexation. The stronger the bond, the larger the transition energy, and the stronger the intensity. Redshifts are utilized to detect species experimentally
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of Acquista et al.9, on the ground that the bands exhibit isotopic, thermal, and
concentration-dependent behavior consistent with the assignment to the OH radical.
Soon thereafter, Cheng et al.11 showed that these bands did not originate from
isolated OH radicals. They produced OH radicals by reaction of H atoms with NO2, O3,
or O instead of using water as precursor. This time, the bands at 3452- and 3428 cm-1
were weak or absent. In place of them, an absorption band was detected at 3548.2 cm-1,
which exhibited isotopic shifts nearly identical to those of the gas-phase OH and
appeared at the lowest reactant concentrations. Cheng et al.11 thus assigned this band to
free OH, with a red-shift of only 21 cm-1 from the gas phase, and not 117 and 141 cm-1,
as concluded from earlier assignments. They also suggested that the doublet observed by
Acquista et al.9 and Suzer and Andrews 10 was possibly due to OH bonded to a single Ar
atom or to a water molecule.
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Figure 2: Dependence on H2O concentration of the absorption bands in OH/Ar spectral at a temperature of
11.5±0.5 K (left)23 and the absorption bands of H2O.HO and D2O.OD in the OH/OD stretch infrared region25

Later, Langford et al.23 reinvestigated the infrared spectrum of OH in Ar matrices
as a function of water concentration for H2O: Ar ratios ranging from 1:70 to 1:1000.
Figure 2 (at right) shows the resulting spectrum. The authors assigned the bands at 3452
and 3428 cm-1 to the H2O.HO complex, specifically to the OH radical stretch, red-shifted
from the free OH radical stretch at 3549 cm-1, on the basis of a comparison to the ab
initio calculated values 21,22,27.
Subsequently, Engdahl et al.24, using a different preparative method, assigned
absorption bands to site-specific fundamental OH radical stretch transitions of the
H2O.HO complex, in which the radical acts as the hydrogen bond donor, a finding
consistent with the global minimum geometry of the complex.
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Cooper et al.25 confirmed the Langford et al.23 assignment and determined that a
previously unassigned 3442 cm -1 band is another absorption band resulting from the OH
radical stretching mode of H2O.HO complex from another site in the matrix (Figure 2,
left). The resulting experimental shifts were compared with the isotopic shift theoretically
calculated for the same vibration in D2O.DO relative to H2O.HO. These calculations were
performed using an anharmonic oscillator local mode model with a Morse potential fit to
the ab initio potential energy (PES) curves. The Morse potential-PES data fitting and
subsequent anharmonic frequency calculation procedures are described in section 1.3.6.
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Table 1: IR bands of VUV photolysis products in solid neon26.

Frequency cm-1(cm-1)
1598.6
3365.2
3382
3472.5
3528
3566

Assignment
OH-(H2O), HOH bending
OH-(H2O)2, OH radical stretch
(H2O)4
OH-H2O, OH radical stretch
(H2O)3
OH

Recently, Tsuji et al.26 studied the IR spectra of [(H2O)n.HO, n=1, 2)] complex
isolated in neon matrices. They identified the OH radical stretch and H-O-H bending
vibrations in H2O.HO and in (H2O)2.HO (for the first time), with the aid of quantum
chemical calculations, but the theoretical vibrational frequencies were calculated only at
the harmonic level. Reported band positions are listed in Table 1, which shows that the
stretching frequency of the free OH is higher in neon (3566 cm-1) than in argon (3549 cm1

). This suggests that the neon matrix imposes less steric constraints on the radical than

the argon matrix, to produce a more gas-phase-like result.

1.2. The SH Radical: Previous Theoretical and Experimental Work
Sulfur compounds are present as trace constituents in the atmosphere, in various
oxidation states, in both organic (e.g., dimethylsulphide (DMS)) and inorganic (e.g., SO2,
H2S) forms. These are brought in from both natural (biogenic and volcanic) and
anthropologic sources.
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As the closest member of the chalcogens family, sulfur is expected to exhibit some
of the chemical features of oxygen, namely, engaging in hydrogen bonding, although for
S, this would be expected to be significantly weaker. H2S, one of the most important
sulfur compounds in the atmosphere, is readily oxidized by OH radical, a process that
produces the sulfhydryl radical (SH), which acts as an intermediate in the conversion of
organic sulfur compounds into inorganic sulfur compounds. Furthermore,
dimethylsulphide (DMS) excreted by marine biota is readily oxidized in the marine
surface air, producing a sulfate and methane sulfonate (MSA) aerosol. Charlson et al.27
showed that aerosol particles - which act as cloud-condensation nuclei in the marine
atmosphere - are principally made of non-sea-salt sulfate (NSS-SO42-) aerosol’s particles.
Thus sulfate aerosols derived from biogenic sulfur gases are important determinants of
the cloud albedo and climate regulation.
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Figure 3: Identification of SH radical absorption in a Kr matrix. SH absorption: *; C is H 2S.H2O absorption; D
is H2S dimer absorption; C’ and D’ are SH complexes absorption; a) irradiated H2S sample; b) situation after
OPO radiation at 300.5 and 315.0 nm.2

In Figure 3 above, the SH absorption is marked by an asterisk (*), C stands for
H2S.H2O complex; D for the H2S dimer; C’ and D’ stand for the complexes of SH radical.
Spectrum a) is the UV-irradiated H2S sample, and b) is the situation after OPO radiation
at 300.5 and 315.0 nm. The spectra after subsequent annealing c), off-resonance
irradiation d), and resonance irradiation e) are shown2.
Studies of the IR spectroscopy of SH radical and its complexes are rather scarce
compared with the OH radical studies. Isoniemi et al.2 studied the IR spectra of hydrogen
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sulfide, some of its complexes, and their photolysis products in rare-gas matrices (Ar, Kr,
and Xe) at 7.5K. Absorption bands at 2607 cm-1 (Ar), and 2594 cm-1 (Kr) were
tentatively assigned to the SH radical antisymmetric stretching. The SH radical was also
observed to be complexed with H2S (2563, 2553, and 2550 cm-1 in Ar, Kr, and Xe
respectively) and with water (2556 cm-1 in Kr). The IR absorptions of H2S.HS and
H2O.HS complexes were assigned by assuming that the relative intensities and matrix
shifts of these complexes are similar to those of H2S…H2S and H2S...H2O complexes. All
relevant wavenumbers are collected in Table 22. The gas-phase value of SH radical
absorption is 2591.8 cm-1.

Table 2: Absorption wavenumbers of SH radical and its complexes2.

Species
HS
HS...H2S
HS...H2O

Ar/ cm-1
2607
2563

Kr/ cm-1
2594
2553
2556

Xe/ cm-1
2550

Gas phase IR spectroscopy and ab initio calculations have been used by Howard et
al.28 to study the hydrogen bonding to divalent sulfur in the DMS-MeOH and DMEMeOH complexes, where MeOH is methanol, and DME is dimethyl ether. The measured
enthalpy of H-bond formation in DMS-MeOH was about 20% smaller than that of DMEMeOH. Calculated redshifts of the methanol (νOH) band in these two complexes were
also found to be comparable at several levels of theory (e.g., 124 cm-1 in DMS-MeOH
and 129 cm-1 in DME-MeOH at CCSD(T) level). These results indicate that divalent
sulfur is nearly equivalent to oxygen as a hydrogen acceptor.
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Figure 4: The structure of the global minimum of H2O.HS (denoted H2O.HS[gm]) at left, and the structure of the
local minimum of SH.H2O (denoted H2O.HS[lm]) at right. The parameters are predicted at the level of
CCSD(t)/aug-cc-pVnZ(n=T,Q,5) from bottom to top29.

Du et al.29 used high-level ab initio quantum calculations to study the geometry, the
binding energye, and the IR spectroscopy of the H2O.HS complex. They found two low
energy stable isomers having the same symmetry and electronic configuration as the
corresponding H2O.HO complex minima. Figure 4 shows the calculated geometries of
these minima.

Table 3: The secondary perturbation energies of H2O.HS and H2O.HO complexes predicted at the
MPW1WP91/aug-cc-pVQZ level29.

Species
H2O.HS
H2O.HO

Complex
Figure 4 ( at left)
Figure 4 (at right)
Global minimum
Local minimum

Interaction Orbital
n(O)→ σ* (S-H3)
n(S)→ σ* (O-H1)
n(O)→ σ* (O-H)
n(O)→ σ* (O-H)

Energy (kcal/mol)a
α electron β electron
1.53
1.46
1.44
1.56
4.16
4.00
2.47
2.93

The binding energy Eb of a complex is the difference between its electronic energy
and the sum of electronic energies of its components. The greater the value of Eb,
the stronger the bond formed.
e
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As expected, these structures are consistent with those of H2O.HO, but their
calculated binding energies (2.91 and 2.62 kcal/mol for the global and for the local
minima respectively) and the electronic energy difference are significantly lower. Table 3
lists the results of the Natural Bond Analysis30 for H2O.HO and H2O.HS complexes. The
weaker bond energy in the SH.H2O complex comes from the overlap of the lone pair
orbital in the O atom of H2O with the antibonding orbital σ* in SH (n(O) →σ*(SH) for
the global minimum, and n(S) →σ*(O-H) for the local minimum).

Figure 5: Geometries of N2.HO and N2.HS complexes. The values are the parameters calculated with the basis set
aug-cc-pVnZ(n=D,T,Q,5 from top to bottom)31

Figure 6: Geometry of CO2.HO complex. The values are the parameters calculated with the basis set aug-ccpVnZ(n=D,T,Q,5 from top to bottom)31

In a more recent paper, Du et al.31 extended the studies of OH and SH radical to a
few complexes of these radicals with N2 and CO. Figure 5 and Figure 6 show the
predicted geometries of N2.HO, N2.HS, and CO2.HO complexes. At CCSD(T)/aug-ccpV5Z level, the calculated OH and SH free radicals bond lengths were found to be
0.9702 Å and 1.342 Å respectively; N2 and CO bonds were 1.0995 and 1.1309 Å
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respectively. These results are in good agreement with the experimental values (0.9697
Å, 1.3409 Å, 1.0977 Å, and 1.1283 Å respectively) once more indicating the high
reliability of current ab initio calculations. In the CO.HO complex, the calculated H...C
and H…O bond lengths were 2.3468 Å and 2.3049 Å respectively, at the same
CCSD(T)/aug-cc-pV5Z level, a result which shows that OH.OC is more stable than
OH.CO. The NBO theory was used to interpret this finding as due to the lack of Lewis
propertyf in the natural orbital interaction in the latter complex. It was also found that the
radical-molecule interaction involving molecules that lack a permanent dipole are smaller
in binding energy; for example, OH.CO and OH.N2, binding energies are 734 cm-1 and
494 cm-1 respectively. The study confirmed the previous finding (Du et al.29) that the SH
radical is weaker in intermolecular complexation than OH.

Table 4: The Harmonic Stretching Mode Frequencies (cm-1) and Shifts (cm-1) from the corresponding
monomers of the N2.HO, N2.SH, O-H.OC, and O-H.CO complexes predicted at CCSD(T)/aug-cc-pVTZ level
(excerpt from Du et al.31)

Species
S-H
O-H
O-H.N2
S-H.N2
O-H.OC
O-H.CO

Frequency(cm-1)
2688
3722
3719
2697
3725
3695

f

Shift(cm-1)

-3
+9
3
-27

The Lewis property of a bond is an indication of whether the bond is a covalent or an ionic Lewis
structure. Small occupancies of antibonding orbitals, i.e., overlapping between bonding and antibonding
orbitals, lead, in the NBO picture, to a decomposition of the electronic energy E into components
associated with covalent (E σ σ=ELewis) and non-covalent (E σ σ*=Enon-Lewis) contributions.
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Du et al.31 also included a complete set of harmonic vibrational frequencies and
frequency shifts for the free OH and SH radicals. Table 4 displays the harmonic
stretching mode frequencies and frequency shifts from the corresponding monomers of
the O-H.CO, O-H.OC, O-H.N2, and S-H.N2, predicted at CCSD(T)/aug-cc-pVTZ level of
theory. The OH stretching mode in O-H.CO complex is red-shifted by 27 cm-1 at
CCSD(T)/aug-cc-pVTZ level. This suggests that the CO molecule will decrease the bond
strength of O-H by complexation. On the other hand, O-H.OC and O-H.N2 predicted
redshifts are respectively +3 cm-1 and -3 cm-1 at the same level of theory, a result that
(according to its authors) would indicates that the electron transfer in O-H.CO is greater
than in its isomer O-H.OC and in its isoelectronic complex O-H.N2.

1.3. Theory of Quantum Calculationsg
1.3.1. Slater Determinant and Basis Sets
The main task of quantum chemistry is to determine the electronic structures of
chemical systems, their energies, and their physical and chemical properties at a given
geometry, by solving the time-independent Schrödinger equation:
Equation 2: Schrödinger equation:

HΨ = EΨ

(2)

where H, Ψ, and E are respectively the Hamiltonian, the wavefunction, and the
electronic energy of the system of electrons and nuclei.

g

The concepts introduced in this section were mainly drawn from: 1) Quantum Chemistry, Fifth Edition,
2000, by IRAN. Levine; Edited by Prentice Hall, Inc.; 2) Introduction to Computational Chemistry, Second
Edition, by Frank Jensen; edited by John Wiley & Sons, Ltd, 2007.
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If the solutions are generated without making use of any experimental data, the
methods are called ab initio, in contrast to semi-empirical models. The simplest
resolution of equation (1) is the Hartree-Fock (HF) model. Each electron is described by
an orbital, and the overall wave function of the system is given as an antisymmetric
product of individual spin-orbitals, which is conveniently represented by a Slater
determinant (SD). Each atomic/molecular orbital is, by itself, a linear combination of a
set of basis functions. The HF theory is an independent-particle model that takes into
account the interactions between electrons in an average fashion. The best set of orbitals,
i.e., the set that results in the lowest energy, is determined by the variational principle.
The HF model can be improved in two ways: either by increasing the size of the
basis set, or by taking into account the Electron Correlation (EC). Physically, EC means
that the motion of the electrons is correlated, i.e., on average, they are further apart (more
avoiding each other) than described by the HF wave function.
The intuitive approach to EC is to use wave functions made of more than one SD.
This means that the picture of electrons residing in orbitals must be abandoned and the
more fundamental property, the electron density, should be considered. Thus, a generic
multi-determinant trial wave function can be written as:
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Equation 3: Multi-determinant trial function

CI  a0  HF

  ai  i
i 1

(3)

Electron correlation methods differ in how they calculate the coefficients in front of the
additional determinant, with a0 determined by the normalization condition. Usually, the
starting point is the Restricted Hartree-Fock (RHF) calculation, whereby a system of N
electrons and M basis functions will yield N/2 occupied spatial molecular orbitals (MOs)
and M-N/2 unoccupied (also called virtual) MOs. Thus, a Slater determinant is
constructed with N spin-orbitals (one α and one β for each spatial orbital).
1.3.2. Excited Slater Determinants Generated from HF Determinanth
A whole series of determinants may be generated by removing electrons from
occupied MOs and placing them in unoccupied (or virtual) MOs. According to how many
occupied MOs have been replaced by unoccupied HF MOs, the resulting Slater
determinant is denoted singly, doubly, triply, quadruply, etc..., excited, relative to the HF
determinant, up to N excited electrons.

h

Introduction to Computational Chemistry, Second Edition, by Frank Jensen; edited by John Wiley &
Sons, Ltd, 2007
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Figure 7: Excited Slater determinants generated from an HF referencei

Figure 7 illustrates the excited Slater determinants concept. The size of the
excited Slater determinant depends on the size of the basis set: the larger the basis, the
more excited determinants can be constructed. In a sufficiently large basis set, the HF
wave function is able to account for ~99% of the total energy, but the remaining ~1% is
often very important for describing chemical phenomena. If all possible determinants in a
given basis set were included, all the EC energy could be recovered.
Methods that include EC are two-dimensional. If all possible determinants in a given
basis set are included, all the electron correlation (in the given basis set) is (or can be)
recovered. The larger the basis set and, the better the results, as illustrated in Figure 8.

i

Same as 7
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Figure 8: Convergence to the exact solutionj

Two types of basis functions are found in electronic structure calculations: Slater
Type Orbitals (STO) and Gaussian Type Orbitals (GTO); but, in terms of computational
efficiency, GTOs are used almost universally. Basis sets are classified according to the
number and the type of the functions they comprise:


The minimum basis set: only enough functions are employed to contain all the
electrons; thus, only two s-functions and one set of p-functions are used for
carbon.



The zeta basis sets: Double Zeta (DZ), Triple Zeta (TZ), etc., where the term zeta
stems from the fact that the exponent of the STO basis is often denoted by the
Greek letter zeta (ζ); double, triple, etc., respectively indicates that all basis set
functions are doubled (1s and 1s’, 2s, 2s’, 2p, 2p’,…), tripled (1s, 1s’, 1s’’, …),

j

Same as 7
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etc…A variation of the DZ and TZ type basis only doubles the number of valence
orbitals, producing a split valence basis (VDZ, VTZ).
Beside s and p functions, higher angular momentum functions (i.e., d, f, etc…) are
also important: these are called polarization functions, which are indicated by the letter P,
e.g., in DZP, TZP, etc…Multiple sets of polarization functions with different exponents
can also be used. For example, if two sets of polarization functions are added to a TZ spbasis, a Triple Zeta plus Double Polarization (TZ2P) is obtained. Polarization functions
are essential for EC methods.
1.3.3. Configuration Interaction Methods

The Configuration Interaction (CI) method is, like the HF method, based on the
variational method. The trial wave function is written as an expansion of equation (2):
Equation 4: Expansion of the trial function

CI  a0 HF 

a   a   a 
S

S

S

D

D

T

D

T

T

 ...  ai i

(4)

i 0

The expansion coefficients are determined by requiring that the energy be
minimum (or at least stationary). The MOs used for building the excited Slater
determinants are taken from the Hartree-Fock calculation and held fixed. The subscripts
S, D, T, etc., indicate determinants that are Singly, Doubly, Triply, etc., excited relative
to the HF configuration. Figure 8 shows different level of calculations, e.g., CIS, CISD,
CISDT, etc... These correspond to different truncations of the excitation level at one (CI
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with Singles (CIS)), at two (CI with Singles and Doubles (CISD)), at three (CI with
Singles, Doubles, and Triples (CISDT), etc... The only CI method that is generally
applicable for a large variety of systems is CISD. It typically recovers 80-90% of the
available correlation energy, the percentage being highest for small molecules; so it is not
size extensive.
Another commonly used method is Quadratic CISD (QCISD), which is derived
from CISD by including enough higher order terms to make it size extensive.
1.3.4. Coupled Cluster Methods

Coupled Cluster (CC) methods are another approach to resolving the correlation
energy problem, using an excitation operator T, defined as:
Equation 5: Excitation operator

T  T1  T2  T3  ...  TN

(5)

where the Ti operator acting on an HF reference wave function Φ0 generates all
ith excited Slater determinants:
Equation 6: Ith excited Slater determinants from HF and T1

occ vir

T1 0   tia  ia
i

(6)

a
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Equation 7: Ith Excited Slater determinants from HF and T2

occ vir

T2 0   tijab ijab

(7)

i j ab

The expansion coefficients are called amplitudes.
A CI wave function can then be generated by allowing the excitation operator to
work on an HF wave function:
Equation 8: Configuration interaction function generated by T:

CI  (1  T ) 0  (1  T1  T2  T3  ...) 0
(8)

The corresponding coupled cluster wave function is defined by:
Equation 9: Coupled-cluster wave function

CC  eT  0
(9)

Equation 10: general form of eT



e  1  T  T  T  ...   k1! T k
T

1
2

2

1
6
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3

k 0

(10)

From equations (5), (8), and (9), the exponential operator may be re-written as:
Equation 11: Expansion of eT

eT  1  T1  (T2  12 T1 )  (T3  T2T1  16 T1 )  (T4  T3T1  12 T2T1  241 T1 )  ...
2

3

2

4

(11)

The first term generates the reference HF, and the second term generates all the
singly excited states; the first, second, and third brackets generate all the doubly, triply,
and quadruply excited states respectively.
Integrating all cluster operators up to TN (full CC) is practically impossible for all
but smallest systems. As for CI, the operator must be truncated at some excitation level.
The lowest level of approximation that yields noticeable improvement over HF is T=T2.
Using T=T1+ T2 gives the CCSD model. T=T1+ T2 +T3 gives the CCSDT model.
1.3.5. Contracted Basis Sets
The fact that many basis functions focus on describing the energetically
important, but chemically unimportant core electrons, is the foundation for contracted
basis sets. The full set of basis functions, known as primitive GTOs (PGTOs), contracted
into a smaller set of functions by forming fixed linear combinations, is known as basis set
contraction. Contracting a basis set always increases the energy, but will reduce the
computational cost significantly. The following contracted basis sets are commonly used:


6-31G: a split valence basis, where the core orbital is a contraction of six PGTOs,
the inner part of the valence is represented by three PGTOs, and the outer part of
the valence is represented by one PGTO.
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6-311G: a triple split valence basis, where the core is a contraction of six PGTOs,
and the valence split into three functions, represented by three, one, and one
PGTO respectively.
To each contracted basis set can be added diffusek and/or polarization functions.

Diffuse functions are s- and p-functions that go before the G and are denoted by + or ++,
with the first + indicating one set of diffuse s- and p-functions on heavy atoms, and the
second + for one set of diffuse s-functions on hydrogen. Polarization functions are
indicated after the G, with a separate designation for heavy atoms and hydrogen. Thus, a
6-311++G(2df,2pd) is a triple split valence basis with additional diffuse sp-functions on
heavy atoms and s-function on hydrogen, two d-and one f- polarization functions on
heavy atoms, two p- and one d-polarization functions on hydrogen. Diffuse functions and
polarization functions are needed whenever loosely bound electrons are present (for
example anions or excited states) or when the property of interest is dependent on the
wave function tail (for example polarizability).
1.3.6. Anharmonicity
1.3.6.1. The Harmonically Coupled Anharmonic Oscillators Local Mode Model
Ab initio harmonic vibrational frequencies are typically larger than the
fundamentals observed experimentally. A major source of this disagreement is the
neglect of anharmonicity effects in the theoretical treatment. Errors also arise because of
incomplete incorporation of electron correlation and the use of finite basis sets36. In the
k

Diffuse functions can also be added to the cc-pVnZ basis sets, one diffuse function of each type for a
given atom. Thus, the aug- prefix is used to add one s, one d, and one p diffuse functions on H, and one p,
one d, and one f diffuse functions on B through Ne and Al through Ar.
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classical theory of vibrational motions, the potential energy is assumed quadratic with
respect to the displacement from the equilibrium position. This is true, only for small
displacements; and one-dimensional potential energy curves are hardly parabolic (see
Figure 9 below).
The Harmonically Coupled Anharmonic Oscillator (HCAO) local mode model3234

is a simple, yet, very successful alternative to the variational ab initio treatment. The

HCAO method treats each bond as an anharmonic oscillator in a Morse potential
Equation 12: Morse potential

U ( R )  D  (1  e  a ( R  Re ) ) 2

(12)

where D is the depth of the potential well, R, the internuclear distance, Re, the
equilibrium distance, and a is related to the oscillator force constant, which is the second
derivative of the energy with respect to R, at Re , the potential being quadratic in the
displacement from Re (harmonic oscillator).
The zeroth-order Hamiltonian of a system of two oscillators is the sum of their
Morse oscillator Hamiltonians. In a direct product Morse oscillator representation, this
Hamiltonian is diagonal and its matrix elements are:
Equation 13: Two Morse oscillators Hamiltonian

[ H 0 (v1  v2 )  E 0|00 ] / hc  (v1  v2 )e  (v12  v22  v1  v2 )e xe
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(13)

where E0 |00> is the energy of the vibrational ground state; v1 and v2 are quantum
numbers. The frequency  e and anharmonicity (or anharmonic constant) e xe are related
to D and a. The coupling between these oscillators is treated as a first order perturbation,
whose Hamiltonian is often written in terms of the step-up, a+, and step-down, a-,
operators (known from harmonic oscillators) as:
Equation 14: Coupling Hamiltonian of two oscillators

H 1 / hc   ' (a1 a2  a1 a2 )   * (a1 a2  a1 a2 )

(14)

where the parameters  ' and  * are intra and inter-manifold couplings, respectively.
They are defined as:  ' = (  -Φ) e and  *= (  +Φ) e , where  =- G120 /2 G110 and Φ
=F12/2F11.  and Φ characterize the off-diagonal kinetic energy and potential energy
couplings respectively, and Fij are the usual force-constant parameters. In the harmonic
oscillator limit, the operators a+ and a act as follows:
Equation 15 Step-up operator a+

 v  1 | a  | v  v  1

(15)

Equation 16: Step-down operator a-

 v 1 | a  | v  v

(16)
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These properties are approximately retained, even for anharmonic oscillators.
If we approximate the Morse oscillator matrix elements of H1 with their harmonic
counterparts, we obtain what is known as the “harmonically coupled anharmonic
oscillators (HCAO) local mode model. The term “local” is used to indicate that the
overtone spectra are dominated by transitions to states whose components have the
vibrational energy localized in one of a set of equivalent XH oscillators. Within this
model, G120 and G110 are the Wilson G-matrix elements, which depend on the atomic
masses and the equilibrium angle between the two oscillators. F12 is the mixed secondorder derivative of the potential energy with respect to the two XH-stretching coordinates
(X= O, C, N, F, etc…). F11= F22=2Da2 are the diagonal force-constants for a Morse
potential. Basis functions with the same v= v1 + v2 are said to belong to the same
manifold. Intermanifold coupling occurs between states in manifolds that differ by two in
the total number of quanta, v.
If all coupling terms in equation (11) are neglected, then we obtain a pure local
mode case. Such is the case, in the water-OH complex, for the OH radical bond on the
one hand, and the two OH bonds of water on the other hand. The eigenstates are then
simply described by the two quantum numbers v1 and v2 and the states by simple product
functions usually noted | v1, v2 >. States where all the excitation energy is localized in just
one bond are noted | v, 0>, and transitions to these states from the ground states occur
with energies:
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Equation 17: Transitions from ground state energies

E  (v,0)  e [v  xe (v 2  v)]

(17)

On the contrary, the two O-Hs of water are strongly coupled. The model would
then use the eigenvalues of the Hessian, i.e., the matrix elements of the force-constants
(these are second derivatives of energy with respect to displacement), and the G matrix
elements from the output of the ab initio harmonic oscillator frequencies calculations to
compute the coupling parameters.
1.3.6.2. Applications of HCAO Mode Model to OH and SH and their Complexes
The HCAO model has proved to be very successful in predicting the vibrational
stretching frequencies and overtone energy levels of X-H bonds within 20 cm-1 of the
observed peaks34 as well as qualitatively understanding the overtone spectra of
molecules. For example, the model predicts that the overtone spectra of molecules such
as H2O with two anharmonic stretching degrees of freedom should be dominated by
doublets, whose splitting decreases as the energy decreases. Furthermore, the HCAO
model is easily applicable to molecules larger than water, where the rapidly increasing
number of basis functions renders the variational treatment almost impossible.
The frequency in (s-1) is given by:
Equation 18: Frequency in s-1
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(18)

1
1

m X mH

(19)

where h is the Planck constant, and μX-H, the reduced mass of the radical X-H. D and a
are given in hartrees and angstroms respectively. These need to be converted into
international units:

1hartree=4.35975E-18 J

1Å=10-10 m.

The quantum energy Q (in Joules) and the corresponding wave number ωe (in cm1

) are respectively given by:

Equation 19: Quantum energy

Equation 20: Wave number

e 

Q  h e

(20)

 e h e Q


c hc hc

(21)

The fundamental frequency is scaled by 0.9719l (for OH) to account for the fact
that theoretical calculations overestimate this parameter with respect to the experimental
values. Generic scaling factors are often applied because the overestimation of ab initio
harmonic vibrational frequencies is found to be relatively uniform35,36,37. Scaling factors
l

The scaling factor is determined by comparing the calculated value with the experimental value from the
HITRAN database.
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depend only weakly upon basis set, and change less with high frequency X-H stretches
than with low frequencies. However, different scaling factors should be used for different
types of vibrational modes, for better results36.
The energy of the transition from the ground state to the first vibrational level
(which is the anharmonic vibrational frequency) is given (according to equation (17)) by:
Equation 21Transitions from ground to first excited state

 e  e  2e xe

(22)

where the anharmonicity parameter x e is defined by:
Equation 22: Anharmonic parameter x e

xe 

e
4D

(23)

The term e xe is scaled by a factor of 0.8154, for the same reason as for the
frequency.
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A PES-Morse Fit Using Microsoft Excel Solver

Electronic Energy (hartrees)
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Figure 9: A Morse potential fit to a Potential energy surface using Microsoft Excel Solver

The Morse potential is known to be one of the best at reproducing the actual
behavior of the oscillator over a wide range of distances, as shown in Figure 9 above. It
also is one of the rare potentials for which the Schrödinger equation is solved exactly.
The “Solver” feature of Microsoft Excel is used to determine the parameters D and a
needed in calculating the anharmonic frequency of the OH (or SH) radical stretching
mode.
The anharmonic frequency calculation process includes the following steps:
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Step 1: The geometry of the species is optimized, and harmonic frequencies are
calculated. The geometry optimization job and the frequency job are successful
only, and only, if the statement: “Stationary point found.” or “CONVERGENCE
CRITERIA APPARENTLY SATISFIED” is posted at the end of each job.
Difficult cases arise, when the frequency job fails to converge to a stationary
point, although the geometry appears optimum. The geometry must then be reoptimized, after a slight distortion, using the Gaussian View38 application, until
convergence is achieved for both the geometry and the frequency jobs.



Step 2: The PES is explored with the OH bond length as the only variable, i.e., all
geometric parameters, except the bond length, are kept constant, from one step to
the next one. In practice, the energy is calculated at fifteen points, seven before,
and seven after the equilibrium bond length, in increment of 0.05 Å. Using more
points does not significantly improve the results.



Step3: The Excel table is made. It must contain: a column for the 15 values of the
bond length, in increasing order, a column filled with the energies corresponding
to the 15 values of the bond length, a column filled with the difference between
each energy and the energy of the minimum (denoted m), and a column filled
with the values of the Morse potential. The latter are calculated with equation (12)
using the initial guess values of D and a, the equilibrium bond length Re, and R,
the actual bond length of the point. This setup, if well done, must show a value of
zero in the median cell of the column that contains the calculated differences in
energy with respect to the equilibrium energy. The table also uses several cells to
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hold the constants involved in the calculation of the parameters  e , 𝜔e, and 𝜔ex e,
e.g., h, c, 𝛍, the conversion factors from hartrees to joules, from factors Å to
meter, etc.(See Appendix 5).


Step 4: Solver needs both the column containing the energy differences (let this
be I) and the column containing the Morse potential values (let this be J). In an
empty cell, e.g., above the Morse potential values, type SSR. Right under SSR,
type: “=SUMXMY2 (I4:I18, J4:J18)”, starting from = and ending at ). Also,
create cells for νe, Q, E, 𝜔ex e, 𝜔e,scaled, 𝜔ex e, scaled, etc...



Step 5: Open the Solver dialog box, and configure it as seen below:
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Figure 10: A Solver dialog box.



Step 6: Click Solve. The “By ChangingVariable cells” box must look like:
“$B$4:$B$18,m,D,Re,a,$A$4:$A$18” without the quotation marks.
Solver automatically calculates the sum of squares of residues (SSR), iteratively
minimizes it to 0 (or close), and posts the resulting optimized values of D and a.
These are used in calculating and populating the cells under νe Q, E,𝜔e,

𝜔ex e,

𝜔e,scaled, 𝜔ex e, scaled, provided that the corresponding formulas (equations
(18)-(23)) are properly entered and the scaling factors applied in the cells under

𝜔e,scaled, and 𝜔ex e, scaled (see Section 2.1.3)
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1.3.7. Isotopic Shifts
One important parameter that can be obtained from an IR spectroscopy study is
the isotopic shift of a vibrational mode. The change in frequency resulting from the
substitution of the atoms of a given chemical element by their isotope depends on the
vibrational mode and on the element. This represents a powerful identification tool. For
example, the three absorption bands of H2O.HO complex in the Ar matrix were
definitively assigned after deuteration of the species, and comparing the measured
isotopic shift with theoretical calculations25. The OD radical stretching frequency
calculation was performed in the same way as for OH, i.e., by fitting a Morse potential to
the OD bond length in the D2O.OD complex PES data. This process can successfully be
repeated, as confirmed, in the next section by our preliminary work. In principal, it can be
repeated for any OH and SH complex. Whenever the coupling is important, e.g., in the
case of the OH bonds of water, we will apply the HCAO model in full.
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CHAPTER 2- Complexes of OH with some Atmospherically Important
Molecules
The review of the field outlined in the introduction has revealed the relevance of
the hydroxyl and sulfhydryl radicals to the lower atmosphere, as well as the need of ab
initio quantum calculations in assigning IR absorption bands. Theoretical IR studies of
these radicals were mostly limited to their complexes with water; only one study
calculated the OH bond stretching mode at a triple excitation level34, and only one work
addressed the anharmonicity of the mode25. As for the experimental IR absorption
spectroscopy and the matrix site effects invoked to explain the observed three absorption
bands in solid rare gases (Cooper et al. 2003), no thorough study has ever explored the
possibility that other structures be at the origin of the bands. This chapter intends to fill
these gaps as much as possible. It contains the fundamentals of this work. In its first part,
Cooper et al (2003) is revisited, essentially, in order to test the accuracy and the
reliability of our method, and to verify the hypothesis of sites effects in solid rare gases.
The second part of the chapter deals with the altitude profile of H2O.OH. The chapter
ends with the study of the complexes of OH with N2, O2, and CO2.
2.1. IR Spectroscopy of H2O.HO in Solid Rare Gases: Site Effects

As mentioned previously, three IR absorption bands were identified at 3452,
3442, and 3428 cm-1 (Cooper et al., 2003), and were assigned to the OH radical stretching
mode in the ground state of H2O.OH, redshifted from the free OH radical frequency
absorption band at 3549 cm-1. The origin of these bands was attributed to matrix site
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effects, but it is possible that similar structures be at the origin of at least one of them.
Candidates include the three aforementioned structures of H2O.OH, and all four possible
structures of [(H2O)2].HO, i.e., the structures wherein (and shown in Figure 11):


the OH radical would donate a hydrogen bond to a water molecule, which, in turn,
would donate a hydrogen bond to a second water molecule: (H2O)2.OH #1 or
dimer-OH #1;



the OH radical would donate a hydrogen bond from a water molecule, which, in
turn, would receive a hydrogen bond to the second water molecule: (H2O)2.OH #2
or dimer-OH #2;



the OH radical would receive a hydrogen bond from a water molecule which, in
turn, would receive a hydrogen bond from the second water molecule: (H2O)2.OH
#3 or dimer-OH #3;



the OH radical would receive a hydrogen bond from a water molecule , which
would, in turn, donate a hydrogen bond to the second molecule of water:
(H2O)2.OH #4 or dimer-OH #4.
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Figure 11: Four possible structures of (H2O)2.HO complex.

A rapid look indicates that the water molecules are assigned different roles in the
same structure; e.g., in dimer-OH #2, the water molecule in direct contact with OH is set
to receive both hydrogen bonds; in dimer-OH #4, the same water is the sole donor of the
hydrogen bond. Intuitively and from basic thermodynamics viewpoints, both of these
structures may not be stable.
In order to solve this long-standing problem, the geometries of all the
aforementioned structures have been optimized at high levels of theory, and their normal
mode vibrational frequencies calculated. The vibrational frequency of the OH radical
stretch in these complexes were then refined to an anharmonic frequency, by fitting the
PES data to a Morse potential, and by using the HCAO local mode model.
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2.1.1. Preliminary Work

Preliminary work consisted of reproducing part of the work of Cooper et al.
(2003), i.e., recalculating the anharmonic frequency and the isotopic shift for the OH
radical in H2O.OH. At this point, a crucial question arises; that is: given the size of the
system and the target physical property, what is the most appropriate method, i.e., the
combination of level and basis set, in terms of accuracy and computer resource
consumption? In order to answer this question, the bond length and the frequency of OH
and SH radicals stretching mode were calculated with the most commonly used methods.
These calculations were described in section 1.3.6.2.

Table 5: Calculated harmonic frequencies (in cm-1) of OH and SH radical stretching modes with some methods.
Values in parenthesis are anharmonic frequencies.

Method and basis set
CCSD/6-311++G(2d,2p)
CCSD/aug-cc-pVQZ
CCSDT/6-311++G(2d,2p)
CCSDT/aug-cc-pVQZ
QCISD/6-311++G(2d,2p)
QCISD/aug-cc-pVQZ
QCISDT/6-311++G(2d,2p)
QCISDT aug-cc-pVQZ
B3LYP/6-311++G(3df,2p)
B3LYP/6-311++G(2d,2p)
B3LYP/aug-cc-pVQZ
Reported Experimental Value

OH radical
3713.9(3636.7)
3545.4(3472.9)
3571.6(3564.8)
3604.2(3530.0)
3596.6(3572.2)
3614.0(3539.6)
3605.7(3562.9)
3600.5(3526.4)
3589.0(3515.2)
3502.7(3431.3)
3524.45(3452.51)
3549 (solid Ar)25
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SH Radical
2651.6(2603.4)
2659.0(2610.6)
2637.1(2589.1)
2649.3(2601.2)
2651.4(2603.2)
2647.85(2599.7)
2627.6(2580.1)
2653.1(2604.8)
2659.6(2611.2)
2652.4(2604.16)
2650.41(2602.23)
2607 (solid Ar)26

Anharmonicity for Free OD at QCISD(T)/6311++G(2d,2p)
0.18

Energy w/r Minimum (hartrees)

0.16
0.14
Data

0.12

Morse

0.10
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0.06
0.04
0.02
0.00
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
R (Å)

Figure 12: Anharmonicity Curve for Free OD

Table 5 shows the results of these calculations, with the anharmonic frequencies
listed in parenthesis. At this time, the only one scaling factor available to us is the one
determined by Cooper et al (2003) for QCISD/6-311++G(2d,2p) and OH/OD. Except in a
few cases (at the B3LYP and CCSD levels of theory), this factor works quite well for
other combinations of levels of theory and basis sets and, amazingly, for SH. In most
cases, uncertainties are less than 1% with respect to the reported experimental values.
However, the zeta bases demand too much computational time at no markedly additional
improvement. All optimizations met all convergence criteria, including the zero
imaginary frequency constraint, which states that a final structure is a true minimum on
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the PES (rather than a saddle point) only if no imaginary frequency, i.e., of negative sign,
is found. In practice, a true minimum may have a few small imaginary frequencies (of
one order of magnitude or a few dozen cm-1), but a negative frequencies above 100 cm-1
definitely indicates that the stationary structure is a saddle point.
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Table 6: QCISD calculated geometries and harmonic frequencies for the minima of H2O.HO

H2O.HO[gm]
(2A’)
Interatomic distances (Å)
Parameters

H2O.HO[lm1]
(2A”)

O1-H2
0.9732
O1-O3
2.9235
O1-H4
3.4908
O1-H5
3.4908
H2-O3
1.9507
H2-H4
2.5597
H2-H5
2.5597
O3-H4
0.9568
O3-H5
0.9568
H4-H5
1.5215
Interatomic angles (º)
O1-H2-O3
178.2
O1-H2-H4
160.2
O1-O3-H4
119.1
O1-O3-H5
119.1
O1-H2-H5
160.2
H2-O3-H4
119.4
H2-O3-H5
119.4
H2-H4-H5
72.7
H4-O3-H5
119.4
Dihedral angles
H4-O3-H2-O1
-65.9
65.9
H5-O3-H2-O1
H5-H4-H2-O1
149.7
H5-O3-H4-H2
-137.6
Harmonic Frequencies (cm-1)
165.8(121.6)
ν1
174.4(3.7)
ν2
184.5(65.3)
ν3
427.0(197)
ν4
621.2(148.8)
ν5
1685.1(70.3)
ν6
3697.7(250.4)
ν7
3877.3(13.8)
ν8

168.4(22.1)
185.3(0.0)
199.5(174.6)
525.4(170.1)
526.2(167.3)
1688.9(69.5)
3694.3(235.5)
3875.1(13.8)
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Parameters

H2O.HO[lm2]
(2A’’)

H1-O2
H1-H3
H1-O4
H1-H5
O2-H3
O2-O4
O2-H5
H3-O4
H3-H5
O4-H5

0.9557
1.5198
3.5865
3.9718
0.9592
3.0104
3.2129
2.0990
2.4597
0.9698

H1-O2-H3
H1-O2-O4
H1-H3-O4
H1-H3-H5
O2-H3-H5
O2-H3-O4
O2-O4-H5
H3-O4-H5

105.05
120.12
164.49
172.66
135.27
158.12
93.13
99.96

O4-H3-O2-H1
H5-H3-O2-H1
H5-O4-O2-H1
H5-O4-H3-H1
H5-O4-H3-O2

180.0
180.0
180.0
180.0
0.0

ν1
ν2
ν3
ν4
ν5
ν6
ν7
ν8

86.9(187.4)
106.0(219.6)
160.9(73.5)
310.9(178.9)
369.9(4.1)
1697.2(51.4)
3758.6(23.7)
3853.3(94.1)

ν9

3978.6(82.3)

3974.4(79.1)

ν9

3967.3(116.0)

Table 6 lists the calculated bond lengths, valence angles, dihedral angles, and
harmonic frequencies for the three minima of H2O.HO. The first local minimum, i.e.,
H2O.HO[lm1] (of 2A’’symmetry), was obtained from H2O.HO[gm] (of (2A’) symmetry)
using the “Guess= (Read, Alter)” option implemented in Gaussian W0939, which
achieves a transposition of two orbitals of H2O.HO[gm], specifically, orbital 9 (an
occupied orbital of a’ symmetry), and orbital 13 (an unoccupied orbital of a’’ symmetry).
Thus, these structures differ only in their electronic configuration, which explains why
the “Guess = (Read, Alter)” option does not provide a listing of the geometric parameters
for H2O.HO[lm1]. The absence of imaginary frequencies in the results is a confirmation
that these three structures were true minima, H2O.HO[gm] being the global one; ν7 is the
OH radical stretching mode frequency. All binding energies, harmonic frequencies, and
absorption intensities are identical to those reported by Cooper et al. (2003).
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Table 7: Comparison of calculated and measured anharmonic frequencies and isotopic shifts for the OH
stretching in H2O.HO[gm].

Method
CCSD(T)
QCISD
QCISD(T)
Cooper et al. (2003)
Experimental site 1
Experimental site 2
Experimental site 3

E(H) (cm-1)
3467.0
3478.5
3466.00
3479.0
3452.2
3428.0
3442.1

E(D) (cm-1)
2556.5
2564.8
2555.7
2586.8
2542.9
2524.6
2536.4

Shifts (cm-1)
910.5 (0.13; 0.79;0.53)
913.7 (0.48;1.15; 0.90)
910.3 (0.10; 0.76;0.51)
892.2 (1.88; 1.24;1.51)
909.3
903.4
905.7

Table 7 shows how our results compare with Cooper et al. (2003) calculated and
experimental values. Calculated percent errors are shown in parentheses. These are ratios
(difference between the calculated value and each experimental value/divided by that
experimental value) × 100. The results are in good agreement with Cooper et al. (2003).
The noticeable improvement achieved at QCISD level, as compared to Cooper et al.
(2003), probably comes from our data fitting method. Furthermore, no matter the method,
all these results are within less than 2% of the experimental data. They indicate that the
quadratic single and double excitation method (QCISD) performs relatively well, as
compared to triple excitation methods. In general, whenever one is mostly interested in
qualitative results or trends, the level of theory does not matter much. Since triple
excitation methods are ≈ 10 to 100 (even more, depending on the size of the molecule)
times more computer time and resource demanding than single and double excitation
methods (such as CCSD and QCISD), the latter are the methods of choice when the triple
excitation methods are overwhelmingly lengthy or fail to converge.
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We have successfully reproduced and refined the Cooper et al. (2003) work. The
high level of accuracy achieved with the triple excitation configuration interaction
methods and our anharmonic frequency calculation procedure allows us to now explore
other OH radical complexes with much confidence, starting with H2O.HO[lm1] and
H2O.HO[lm2].
2.1.2. CCSD(T) and QCISD(T) Optimized Geometries of [(H2O)n, n=1,2].HO
One of the most challenging tasks of this work was to obtain the geometries
of the first local minimum of H2O.HOand the minima of (H2O)2.HO, at triple
excitation levels.
The first local minimum of H2O.HO is actually a low-lying excited state. Its
geometry and harmonic frequencies had never been optimized at triple excitation levels
before. In order to obtain them, we had to devise a completely new procedure. In effect,
the “Guess=(Read, Alter)” option usually selected when optimizing an excited state using
a ground state method (e.g., QCISD and CCSD) is completely inadequate for methods
that include perturbative triples. The latter methods must use double numerical
differentiations of the energies and the Hessians (matrix elements of the force constant),
at slightly displaced geometries, as there is no analytic gradient calculations module
available for them in the Gaussian package yet. The fact that the energy difference
between the ground state and the local minimum is so small adds more difficulty. The
local minimum of H2O.HO was optimized at QCISD(T) and CCSD(T) levels in three
steps. First, a reference SCF wave function for the A’’ doublet state is generated at HF
level, using the “Guess=Alter” and SCF=QC options. Second, the geometry is optimized
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at the triple excitation level, by reading the wave function from the checkpoint file
generated at the end of the first step, and by using the regular SCF procedure, with tight
thresholds for the geometry and integrals evaluation. In the final step, which uses the
actual double numerical differentiation method to calculate the frequencies, the step size
is a critical factor. A good step size for either QCSD(T) or CCSD(T) frequencies
calculations was determined at HF level, where both numerical differentiation and
analytic Hessian can be run. A difference less than 1 cm-1 between the HF frequencies
results of the double numerical and differentiation job and the HF frequencies from the
analytic Hessian job was considered satisfactory. In the current case, the optimum step
size was determined to be 0.005 Å.

Table 8: QCISD, QCISD(T), and CCSD(T) calculated binding energies, vibrational frequencies, and IR
intensities for OH, H2O, and H2O.HO minima. QCISD predicted intensities are listed in brackets.

Structure

Eb(kcal/mol), ν(cm-1),
QCISD
(Intensity)

QCISD(T)

CCSD(T)

HO

3804.2 (14.7)

3739.4

3742.6

ν1
H2O
ν2
ν3
Eb
ν1
ν2
ν3
ν4
H2O.HO[gm]
ν5
ν6
ν7
ν8
ν9
.
H2O HO[lm1] Eb

1686.5 (65.6)

1678.9

1689.7

3879.9(7.1)

3847.4

3950.8

3982.0(56.1)

3950.8

3953.9

5.69
166.0(120.8)
174.4(3.73)
184.5(66.1)
427.1(196.9)
621.2(148.8)
1685.170.3)
3697.7(250.4)
3877.3(13.8)
3978.5(82.2)
5.37

5.9
172.8
175.5
195.1
439.340
631.7
1676.8
3654.9
3843.9
3946.4
5.6

5.9
174.4
176.8
194.7
438.5
632.5
1677.5
3658.2
3847.1
3949.5
5.9
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ν1
ν2
ν3
ν4
ν5
ν6
ν7
ν8
ν9
Eb
ν1
ν2
ν3
ν
H2O.HO[lm2] 4
ν5
ν6
ν7
ν8
ν9

166.0(120.8)
174.4(3.7)
184.5(66.1)
427.1(196.9)
621.2(148.8)
1685.1(70.3)
3697.7(250.4)
3877.3(13.8)
3978.5(82.2)
3.5
86.9(187.3)
103.5(176.80
167.0(73.7)
325.0(216.4)
369.9(4.1)
1697.2(51.4)
3758.6(23.7)
3853.3(94.2)
3967.3(116.1)

173.4
197.1
209.6
535.3
539.1
1680.7
3651.9
3841.6
3942.1
3.7
94.2
167.2
284.3
376.5
1690.2
3726.5
3813.9
3933.3

173.8
210.1
213.2
539.2
539.6
1681.4
3655.2
3844.9
3945.3
3.7
95.7
103.5
167.6
302.6
378.2
1691.3
3730.0
3817.6
3936.9

Table 9: CCSD(T)/6-311++G(2d,2p) and QCISD(T)/6-311++G(2d,2p) optimized geometries and binding
energies of H2O.HO[lm1].

Parameters
Energy(hartrees)
Binding Energy(kcal/mol)
Interatomic distances
O1-H2
O1-O3
O1-H4
O1-H5
H2-O3
H2-H4
H2-H5
O3-H4
O3-H5
H4-H5
Interatomic angles
O1-H2-O3
O1-H2-H4

CCSD(T)
-151.9320146
5.6

QCISD(T)
-151.9324211
5.6

0.9757
2.9375
3.4579
3.4579
1.9626
2.5310
2.5310
0.9590
0.9590
1.5191

0.9759
2.9377
3.4574
3.4574
1.9626
2.5305
2.5305
0.9592
0.9592
1.9192

177.3
158.6

177.3
158.6
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O1-O3-H4
O1-O3-H5
O1-H2-H5
H2-O3-H4
H2-O3-H5
H2-H4-H5
H4-O3-H5
Dihedral angles
H4-O3-H2-O1
H5-O3-H2-O1
H5-H4-H2-O1
H5-O3-H4-H2

115.3
115.3
158.6
115.7
115.7
72.5
104.8

115.2
115.2
158.6
115.7
115.7
72.5
104.7

-61.6
61.6
143.4
-128.7

-61.5
61.5
143.3
-128.6

Table 8 displays the binding energy and the harmonic frequencies for the H2O.HO
structures at QCISD, QCISD(T), and CCSD(T) levels, with 6-311++G(2d,2p) basis set.
The frequency of OH stretch is highlighted in bold. IR intensities are listed in brackets
under QCISD only. Intensities are computed from the derivatives of the electric dipole
with respect to displacements along the nuclear coordinates. Since analytic gradients are
not available for methods that include perturbative triples, frequency calculations are
done numerically without producing dipole derivatives. Thus, QCISD(T) and CCSD(T)
frequency jobs list all intensity as 0 by default.
In both QCISD(T) and CCSD(T) cases, H2O.HO[lm1] and H2O.HO [lm2] energy
levels are respectively ≈ 0.3 kcal/mol and ≈ 2.2 kcal/mol above that of H2O.HO[gm] (0.3
and 3.3 at QCISD level). The OH stretch frequency (ν7) in H2O.HO[lm2] is 72 cm-1
greater than its value in H2O.HO[gm].
Table 9 displays the geometric parameters of H2O.HO [lm1] obtained at
QCISD(T) and CCSD(T) levels. The atoms numbering is the same as seen in the 3-D
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image of H2O.HO[gm], Figure 1. The whole geometries are displayed in the Appendix
section. The two methods agree so well, especially at higher frequencies, that either one
may be used to accurately calculate the hydroxyl stretch frequency, when the other fails
to optimize the geometry.
We now turn our attention to the dimer-OH. The optimization of dimer-OH #2
and dimer-OH #4 (Figure 11) never succeeded, even at one of the lowest levels of theory
and smallest basis set, i.e., HF/6-31G(d). This was very predictable. In effect, it is highly
improbable that the same water molecule plays the role of both a receiver (in dimer-OH
#2), and a donor (in dimer-OH #4) of the hydrogen.

Figure 13: 3-D images of the QCISD/6-311++G(2d,2p) optimized geometries of the OH complex with the water
dimer. Top and left: dimer-OH #1 Top and right: dimer-OH #3.
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Figure 13 shows 3-D images of the QCISD/6-311++G(2d,2p) with tight
convergence thresholds optimized geometries of two structures of the dimer-OH
complex, i.e., the dimer-OH #1 (at left) and the dimer-OH #3 (at right). Dimer-OH #1
and dimer-OH #3 are visibly indistinguishable, even though their initial input geometries
(in Gaussian Z-matrix form) were built according to the aforementioned conditions, i.e.,
in the input geometry of the structure in the right, the OH radical was acting as receiver
of the hydrogen bond, whereas it was acting as a donor of the hydrogen bond in the
structure at left. The dimer-OH #1 (at left) is the structure of lowest energy. The
electronic energy difference between these two structures is quite small (≈ 0.4 kcal/mol)
as compared to the energy difference (≈ 3 kcal/mol) between the global minimum [gm]
and the second local minimum [lm2] of H2O.OH shown in Figure 1.
The complex of OH with two molecules of water is of ring type, with the three
oxygen atoms at the vertices of an isosceles (almost equilateral) triangle, and three
hydrogen atoms engaged in the hydrogen bonds (including that of OH) at the vertices of
another triangle, also isosceles (almost equilateral) too. For the sake of argument, in the
dimer-OH #1 geometry, the valence angle O2-O5-O8 is ≈ 62.8o, the distances O5-O2 and
O5-O8 are equal (2.825 and 2.824 Å respectively), and the distance O2-O8 is 2.945 Å.
This indicates that the oxygen that receives the hydrogen bond from OH (here, O5) is the
main vertex of the isosceles triangle. In the dimer-OH #3 geometry, the distances O5-O2
and O5-O8, and O2-O8 are respectively 2.832 Å, 2.830 Å, and 2.960 Å; the valence angle
is ≈ 63.0o. The final geometry of the dimer-OH #3 clearly confirms that the hydroxyl
radical tends to bond with water through its hydrogen. Indeed, in that structure, the input
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distances H7-O5 (H7 is the hydrogen of the radical) and O5-O8 were 2.5 Å and 3.2 Å
respectively, whereas the optimized distances are 1.907 Å and 2.83 Å respectively, an
indication that a hydrogen bond was effectively formed between H7 and O5, which results
in the shortening of the distance O5-O8. No matter the input geometry of (H2O)2.OH
(even when the three oxygen atoms are initially aligned), the final geometry is a ring.
There is a straightforward interpretation to the fact: in an open structure like those that
are displayed in Figure 11, the OH radical would be interacting with only one of the two
water molecules. It is a possibility that a solid gas matrix be able to accommodate such a
structure by physically preventing the closure of the ring, but it is not thermodynamically
achievable in gas phase.
We also obtained the dimer-OH geometry at CCSD(T)/6-311++G(2d,2p) level of
theory, without tight thresholds, after more than 89 days of computing time! An
optimization under tight thresholds with the same computer system would probably last
more than one year! An excerpt of the output follows:
ITEM

VALUE

THRESHOLD CONVERGED?

MAXIMUM FORCE
RMS

0.000450

YES

0.000087

0.000300

YES

MAXIMUM DISPLACEMENT

0.000606

0.001800

RMS

FORCE

0.000195

DISPLACEMENT

0.000211

0.001200

YES

YES

*************************************************
** CONVERGENCE CRITERIA APPARENTLY SATISFIED **
*************************************************
! Optimized Parameters !
! (Angstroms and Degrees) !
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---------------------!

Name

----------------------

Value Derivative information (Atomic Units)

!

-----------------------------------------------------------------------!

B1

0.9575 -DE/DX =

0.0001

!

!

B2

0.9659 -DE/DX =

0.0

!

!

B3

1.9693 -DE/DX =

0.0

!

!

B4

2.8159 -DE/DX =

0.0

!

!

B5

0.9576 -DE/DX =

0.0

!

!

B6

1.8935 -DE/DX =

0.0

!

!

B7

2.8181 -DE/DX =

0.0

!

!

A1

105.7734 -DE/DX = -0.0002

!

PREDICTED CHANGE IN ENERGY 0.000000
NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEFNEF--------------------------------------------------------------------------------------------------Z-MATRIX (ANGSTROMS AND DEGREES)
CD

Cent Atom N1

Length/X

N2

Alpha/Y

N3

Beta/Z

J

--------------------------------------------------------------------------------------------------1

1 H

2

2 O

1 0.957475(

1)

3

3 H

2 0.965888(

2)

1 105.773(

8)

4

4 H

2 1.969317(

3)

1 140.750(

9)

3 -114.894(

14)

0

5

5 O

2 2.815937(

4)

1 147.834(

10)

3 -99.509(

15)

0

6

6 H

5 0.957626(

5)

2 124.574(

11)

1 -15.976(

16)

0

7

7 H

5 1.893475(

6)

2 70.486(

12)

1 107.184(

17)

0

8

8 O

5 2.818082(

7)

2 62.308(

13)

1 106.836(

18)

0
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--------------------------------------------------------------------------------------------------Z-Matrix orientation:
--------------------------------------------------------------------Center

Atomic

Number

Atomic

Number

Coordinates (Angstroms)

Type

X

Y

Z

--------------------------------------------------------------------1

1

0

0.000000

0.000000

0.000000

2

8

0

0.000000

0.000000

0.957475

3

1

0

0.929517

0.000000

1.220035

4

1

0

-0.524490 -1.130242

2.482491

5

8

0

-0.247664 -1.478518

3.341201

6

1

0

-0.615518 -2.360870

3.397655

7

1

0

1.563322 -0.987898

3.086510

8

8

0

2.324106 -0.582082

2.617331

Distance matrix (angstroms):
1

2

3

4

5

1 H 0.000000
2 O 0.957475 0.000000
3 H 1.533782 0.965888 0.000000
4 H 2.777642 1.969317 2.232796 0.000000
5

O

3.662100 2.815937 2.840971 0.967115 0.000000

6 H 4.182897 3.450658 3.564108 1.536312 0.957626
7 H 3.598119 2.820054 2.204853 2.178086 1.893475
8 O 3.548339 2.914688 2.058187 2.903990 2.818082
6

7

8

6 H 0.000000

53

7 H 2.594072 0.000000
8 O 3.523404 0.981635 0.000000
Interatomic angles:
H1-O2-H3=105.7734

H1-O2-H4=140.7496

H1-H3-H4= 93.1589

H3-O2-H4= 92.6249

H1-O2-O5=147.8343

H1-H3-O5=110.047

H3-O2-O5= 81.6355

H1-H4-O5=152.3804

O2-H4-O5=144.8884

H3-H4-O5=119.8631

H1-H4-H6=150.4032

O2-H4-H6=159.5217

H3-H4-H6=141.3409

O2-O5-H6=124.5739

H3-O5-H6=133.0551

H4-O5-H6=105.9144

H1-O2-H7=139.0221

H1-H3-H7=147.9488

O2-H3-H7=120.4476

H1-H4-H7= 92.3072

O2-H4-H7= 85.5235

H3-H7-H4= 61.248

O2-O5-H7= 70.4864

H3-H7-O5= 87.4224

H4-O5-H7= 93.4987

O2-H7-H6= 79.0671

H3-H7-H6= 95.58

H6-H4-H7= 86.7869

H6-O5-H7=127.8844

H1-O2-O8=124.7139

H1-H3-O8=161.9261

O2-H3-O8=146.7842

H1-H4-O8= 77.2597

O2-H4-O8= 70.5108

H4-H3-O8= 85.0795

O2-O5-O8= 62.3076

H3-O8-O5= 69.2673

H4-O5-O8= 85.3305

H6-H4-O8=100.4667

H6-O5-O8=131.2081

O2-H7-O8= 85.64

H3-O8-H7= 85.1966

H4-H7-O8=129.5958

O5-H7-O8=155.8759

H6-H7-O8=157.9863

Dihedral angles:
H4-O2-H3-H1= 144.93

O5-O2-H3-H1= 147.95

O5-H4-O2-H1= 134.3

O5-H4-H3-H1= 169.84 O5-H4-O2-H3= 15.27

H6-H4-O2-H1= 54.1

H6-H4-H3-H1= 129.28 H6-H4-O2-H3= -64.98

H6-O5-O2-H1= -15.9

H6-O5-H3-H1= 52.28

H6-O5-H4-H1=-125.2

H6-O5-O2-H3=-122.37

H6-O5-H4-O2=-144.89 H6-O5-H4-H3=-137.35

H7-H3-O2-H1=-148.6

H7-H4-O2-H1= 122.38 H4-H7-H3-H1= -32.17

H7-H4-O2-H3= 3.2

H7-O5-O2-H1= 107.18 O5-H7-H3-H1= -34.95

O5-H7-H3-O2= 1.0

H7-O5-H4-H1= 5.85

H7-O5-H4-O2= -13.8
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H4-O5-H7-H3= 5.5

H6-H7-O2-H1=-114.12 H6-H7-H3-H1= -20.09

H6-H7-H3-O2= 15.9

H6-H4-H7-H3= 159.37 H6-O5-H7-H3= 118.81

H7-O5-H6-H4=-107.5

O8-H3-O2-H1=-148.92 O8-H4-O2-H1= 120.73

O8-H3-H4-H1=-161.9

O8-H3-O2-H4= -3.98

O8-O5-O2-H1= 106.84

O5-O8-H3-H1= -87.5

O8-H3-O2-O5= -0.97

O8-O5-H4-H1= 6.38

O8-O5-H4-O2= -13.2

O8-H3-H4-O5= 7.87

O8-H3-H4-H6= -32.69

H6-O5-O8-H3= 112.8

O8-O5-H6-H4= -97.88

O8-H7-O2-H1= 49.97

H7-O8-H3-H1= -88.1

H7-O8-H3-O2= 0.45

O8-H7-H4-H1= 4.66

O8-H7-H4-O2= -5.9

H4-H7-O8-H3= 4.07

O8-H7-O5-O2= -2.17

O5-H7-O8-H3= 1.9

O8-H7-O5-H4= 3.68

H6-H7-O8-H3= 45.81

O8-H7-H4-H6= 155.0

O8-H7-O5-H6= 116.98
Rotational constants (GHZ):

7.1425753

6.5952114

3.4587728

0,2|H|O,1,B1|H,2,B2,1,A1|H,
2,B3,1,A2,3,D1,0|O,2,B4,1,A3,3,D2,0|H,5,B5,2,A4,1,D3,0|H,5,B6,2,A5,1,D
4,0|O,5,B7,2,A6,1,D5,0||B1=0.95747526|B2=0.96588793|B3=1.9693171|B4=2.
81593717|B5=0.9576263|B6=1.89347486|B7=2.81808188|A1=105.77336792|A2=1
40.74957535|A3=147.83434567|A4=124.57394602|A5=70.4863726|A6=62.307611
67|D1=-114.89369725|D2=-99.5092425|D3=-15.97640441|D4=107.18419196|D5=
106.83584977

All attempts to optimize the dimer-OH at QCISD(T) level completely failed to
converge, another instance that supports the preference of CCSD(T) (oftentimes referred
to as “golden method”) over QCISD(T), by several experienced authors. However, all
results indicate that, whenever both methods succeed in optimizing a given structure, the
quadratic method yields a slightly lower minimum energy and better frequency shifts of
complexation than the coupled cluster method (see Tables 13 and 14, next subsection). In
55

the CCSD(T) calculated geometry, the aforementioned bond lengths are somewhat
shorter (2.816, 2.818, and 2.915 A for O5-O2, O5-O8, and O2-O8) respectively. The
electronic energy is ≈ 11 kcal/mol lower than that of the QCISD calculated geometry.
Binding energies are ≈ 14.7 and 15.1 kcal/mol respectively for QCISD and CCSD(T).
Our calculated geometry of the dimer-OH agrees well with that of Tsuji et al.26,
which was obtained at MP2/aug-cc-pVDZ level of theory.

Table 10: QCISD/6-311++G(2d,2p) calculated vibrational frequencies for the dimer-OH. The OH radical stretch
frequency is in bold.

ν1
ν4
ν7
ν10
ν13
ν16

149.0(26.4)
216.8(4.2)
344.4(80.7)
608.5(344.5)
1775.1(76.2)
3845.2(53.9)

ν2
ν5
ν8
ν11
ν14
ν17

187.5(143.2)
229.6(57.2)
492.3(207.0)
934.1(72.8)
3600.5(216.6)
3953.1(118.7)

ν3
ν6
ν9
ν12
ν15
ν18

189.8(9.6)
293.2(37.0)
513.0(116.4)
1693.1(93.6)
3767.4(258.2)
3963.0(65.1)

Table 10 lists the set of QCISD/6-311++G(2d,2p) calculated normal mode
vibrational frequencies for the dimer-OH. The frequency of the OH radical stretch (here,
ν14) is 97 cm-1 smaller than its value in H2O.HO[gm]. This value agrees well with the
experimental difference (≈ 107 cm-1) provided by Tsuji et al.26. The significant lowering
of the frequency most probably arises from the insertion of the OH radical in the ring
structure.
2.1.3. Anharmonic Frequency of OH Stretch in [(H2O)n, n=1,2].OH

For comparison purposes, anharmonic frequencies of the OH radical stretch were
calculated at QCISD, QCISD(T), and CCSD(T) levels of theory for the three structures of
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H2O.OH, for (H2O)2.OH, and for their isotopomers. The same initial set of Morse
parameters (a = 0.177, D = 2.23) for OH and (0.177, 2.235) for OD was used to fit all
PES data. These value are closest possible to the experimental data. The next four tables
display the results of these calculations, grouped by method. The shift of complexation is
defined as the difference between the anharmonic frequency of the free radical stretch
and that of the complex, at the same level of theory. The experimental shift of
complexation with respect to the highest experimental absorption is 97 cm-1.
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Figure 14: Screenshot of the Excel table of the Solver fit to Morse for the QCISD/6-311++G(2d,2p) calculated
PES of H2O.HO[gm]
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Figure 15: Excel table (screenshot) of the Solver fit to Morse for the QCISD/6-311++G(2d,2p) calculated PES of
D2O.DO[gm]

59

Anharmonicity for H2O.HO[gm] at QCISD/6-311++G(2d,2p)
0.18

0.16

0.14

Data
Morse
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0.12

0.10
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R (Å)

Figure 16: Solver fit to the QCISD/6-311++G(2d,2p) calculated PES of H2O.HO[gm] to a Morse potential
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Figure 17: Excel table (screenshot) of the Solver fit to Morse for the QCISD/6-311++G(2d,2p) calculated PES of
D2O.DO[lm1]
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Figure 18: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD/6-311++G(2d,2p)
calculated PES of H2O.HO [lm1]
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Figure 19: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD/6-311++G(2d,2p)
calculated PES of D2O.DO [lm2]
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Figure 20: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD/6-311++G(2d,2p)
calculated PES of H2O.HO [lm2]
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Figure 21: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD/6-311++G(2d,2p)
calculated PES of (D2O)2.DO
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Figure 22: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD/6-311++G(2d,2p)
calculated PES of (H2O)2.HO

Table 11: QCISD/6-311++G(2d.2p) calculated anharmonic frequencies, isotopic shifts, and shifts of
complexation for the OH stretching mode in H2O.HO and (H2O)2.HO The calculated frequency of the free
radical is 3564.8 cm-1

Structure
H2O.HO[gm]
H2O.HO[lm1]
H2O.HO[lm2]
(H2O)2.HO

E(H)
(cm-1)
3478.5
3477.5
3497.7
3470.2

E(D)
(cm-1)
2564.8
2564.1
2578.8
2557.2

Isotopic Shift
(cm-1)
913.7
913.4
918.9
913.0
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Shift of Complexation
(cm-1)
-93.7
-94.7
-74.5
-102.0

Figure 23: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD(T)/6-311++G(2d,2p)
calculated PES of D2O.DO[gm]
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Figure 24: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD(T)/6-311++G(2d,2p)
calculated PES of H2O.HO[gm]
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Figure 25: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD(T)/6-311++G(2d,2p)
calculated PES of D2O.DO[lm1]
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Figure 26: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD(T)/6-311++G(2d,2p)
calculated PES of H2O.HO[lm1]
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Figure 27: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD(T)/6-311++G(2d,2p)
calculated PES of D2O.DO[lm2]
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Figure 28: Excel table (screenshot) of the Solver fit to a Morse potential for the QCISD(T)/6-311++G(2d,2p)
calculated PES of H2O.HO[lm2]

Table 12: QCISD(T)/6-311++G(2d.2p) calculated anharmonic frequencies, isotopic shifts, and shifts of
complexation for the OH stretching mode in H2O.HO and (H2O)2.HO The calculated frequency of the free
radical is 3564.8 cm-1

Structure
H2O.HO[gm]
H2O.HO[lm1]
H2O.HO[lm2]
Dimer-OH

E(H)
(cm-1)
3466.0
3465.0
3488.9
N/A

E(D)
(cm-1)
2555.7
2555.1
2572.5
N/A

Isotopic Shift
(cm-1)
910.3
910.0
916.4
N/A
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Shift of Complexation
(cm-1)
-96.9
-97.9
-42.6
N/A

Figure 29: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of D2O.DO[gm]
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Figure 30: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of H2O.HO[gm]
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Figure 31: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of D2O.DO[lm1]
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Figure 32: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of H2O.HO[lm1]
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Figure 33: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of D2O.DO[lm2]
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Figure 34: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of H2O.HO[lm2]
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Figure 35: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of (D2O)2.DO
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Figure 36: Excel table (screenshot) of the Solver fit to a Morse potential for the CCSD(T)/6-311++G(2d,2p)
calculated PES of (H2O)2.HO

Table 13: CCSDT/6-311++G(2d.2p) calculated anharmonic frequencies, isotopic shifts, and shifts of
complexation for the OH stretching mode in H2O.HO and (H2O)2.HO The calculated frequency of the free
radical is 3564.8 cm-1

Structure
H2O.HO[gm]
H2O.HO[lm1]
H2O.HO[lm2]
(H2O)2.HO

E(H)
(cm-1)
3467.0
3466.1
3490.5
3455.4

E(D)
(cm-1)
2556.5
2555.8
2573.6
2536.4

Isotopic Shift
(cm-1)
910.5
910.3
916.9
919.0
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Shift of Complexation
(cm-1)
-97.8
-98.7
-74.3
-109.4

Figure 14 and Figure 15 are screenshots of the Solver fit to the QCISD/6311++G(2d,2p) calculated PES of H2O.HO[gm] and D2O.DO[gm] structures. Figure 16
is the plot of the Solver fit to the H2O.HO [gm] PES data, showing 7 points before and
7 points after the equilibrium point. Figures 17-22 are screenshots of the Solver fit
for all other structures, including H2O.HO [lm1], H2O.HO [lm2], and the dimer.OH,
and their respective OD isotopomers, at QCISD level. Corresponding QCISD/6311++G(2d,2p) calculated frequencies and shifts are listed in Table 11. Figures 2328 and Figures 29-36 are screenshots of the Solver fit to the same structures’ PES, at
QCISD(T) and CCSD(T) levels respectively. Corresponding frequencies and shifts
values are placed in Table 12 (for QCISD(T)), and in Table 13 (for CCSD(T)).
2.1.4. Site Effects on the IR Absorption of H2O.HO

Tables 11-13 provide valuable information regarding the origins of the three IR
bands in solid rare gases, and the suggested sites effects. To recall, the experimental shift
of complexation is 97 cm-1 in solid argon (Cooper et al., 2003) and 93.5 in neon (Tsuji et
al., 2009). All three methods yield similar frequencies, isotopic shifts, and shifts of
complexation that are in good agreement with experimental values. The triple excitation
methods perform incredibly well.
Regardless of the method, the calculated frequencies, isotopic shifts and shifts of
complexation for the OH radical stretch in H2O.HO[gm] and in H2O.HO[lm1] are very
similar. Provided that H2O.HO[lm1] is formed in the rare gas matrix, it is a valid
candidate for the absorption band at 3452 cm-1, in the same capacity as H2O.HO[gm].
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The case for H2O.HO[lm2] is easy to make. All three methods yield frequencies
that are ≈ 20 cm-1 greater, isotopic shifts ≈ 5 cm-1 greater, and shifts of complexation
more than 20 cm-1 smaller than those of H2O.HO[gm] and H2O.HO[lm1]. Thus, H2O.HO
[lm2] can barely be one of the sought after candidates for the observed absorption bands.

Table 14: Comparison of the QCISD/6-311++G(2d,2p) Calculated Frequencies of OH Stretch in H2O.HO[gm]
and in (H2O)2.HO with Experimental Values.

Predicted/
Experimental
H2O.HO[gm]
Dimer-OH
Site 1
Site 3
Tsuji et al.
OH (Cooper et al.)
OH (Tsuji et al.).
Dimer-OH(Tsuji et
al)

E(H)
(cm-1)
3478.5
3469.3
3452.2
3442.1
3365
3549
3566

E(D)
(cm-1)
2564.8
2558.3
2542.9
2536.4
N/A

Isotopic Shift
(cm-1)
913.7(0.5)
911.0(0.6)
909.3
905.7

Shift of Complexation
(cm-1)
-93.7(3.2)
-102.9(3.7)
-96.8
-106.9
200.8

3365.2

Table 14 shows excerpts of tables 1, 7, and 11. It reveals how complex the case of
the water dimer complex with OH turns out to be, from both theoretical and experimental
viewpoints. The differences between observed frequencies, isotopic shifts, and shifts of
complexation at site 1 and site 3 are 10.1 cm-1, 3.6 cm-1, and 10.1 cm-1 respectively.
Differences between QCISD/6-311++G(2d,2p) calculated anharmonic frequencies,
isotopic shifts, and shifts of complexation for the OH radical stretch in H2O.HO[gm] and
the dimer-OH are 9.2, 2.7, and 9.2 cm-1respectively. These two sets of results agree well
with each other. A further analysis on the basis that the absorption band at site 1 is due to
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H2O.HO[gm], and that the band at site 3 originates from the (H2O)2.HO complex reveals
an even more striking trend. The values in parenthesis are calculated percent errors with
respect to experimental values. Thus the QCISD calculated isotopic shift for
H2O.HO[gm] has 0.50 % percent error with respect to the isotopic shift at site 1, while the
calculated isotopic shift for dimer-OH has 0.6% error with respect to the shift at site 3.
Similarly, the values in parenthesis (3.2 for H2O.HO[gm], and 3.7 for (H2O)2.HO) under
“Shift of Complexation” are percent errors with respect to site 1 and site 3 respectively.
On the sole basis of these results, one would consider the dimer-OH as a potential
candidate for the absorption band at site 3. However, Tsuji et al.26 attributed a band at
3472.5 cm-1 to the stretch of OH in H2O.HO, redshifted by 93.5 cm-1from the free OH
band, and the band at 3365.2 cm-1 to the OH stretch in (H2O)2.HO redshifted by 200.8
cm-1 from the free OH band, on the basis that their MP2/aug-cc-pVDZ calculated shifts
of complexation from the free OH to (H2O)2.HO (220 cm-1) is also twice the shift from
OH to H2O.HO (112 cm-1). This reasoning bears two weaknesses. First, the MP2 method
is a relatively low level of theory, and the aug-cc-pVDZ basis set is not a preferred one of
its group; VTZ, VQZ, and V5Z are (increasingly) more efficient. Second, the QCISD
calculated normal mode vibrational frequencies are 3769.7, 3697.7, and 3600.5 cm-1 for
the free OH, for H2O.HO, and for (H2O)2.HO respectively. Corresponding shifts of
complexation are 72.0 and 169.7 cm-1. The latter value is 25.7cm-1greater than twice the
former value, and 25.7 cm-1 is 17.8% of 144. That discrepancy is significant. So far, Tsuji
et al. (2009) is the only reference available on IR absorption of (H2O)2.HO. It is also
unfortunate that the authors did not perform experiments using isotopic substitution.
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Clearly, additional works, both theoretical and experimental must be done before any
valid conclusion be reached on the dimer-OH, but it looks like a higher level of
optimization would hardly make up for the huge difference between the calculated
anharmonic frequency and the experimental frequency of the OH stretch in the dimerOH. In fact, the calculated frequency using the PES scan from the CCSD(T)/6311++G(2d,2p) optimized geometry of the dimer-OH is only 6.5 cm-1 smaller than the
CCSD(T) calculated frequency of H2O.HO[gm]. In the meantime, one may also question
the applicability of the HCAO local mode model to oscillators in a ring environment,
which necessarily limits the vibrational motion of the radical. Indeed, a Gaussian View38
animation of the OH vibrational motion in (H2O)2.HO shows a pronounced coupling with
the motions of the other two OH bonds that are involved in the ring. To properly handle
the vibrational motion of the OH in a ring environment, the HCAO model must take this
type of coupling into account. Another way about this would be a relaxed potential
energy surface exploration, which would consider the three OH bond lengths as variables.
Such study is beyond the computing power available at this time.
Even if new experimental data confirm the dimer-OH as a valid candidate for one
of the absorption bands, we would still be left with one band without candidate. The
hypothesis of site effects would still hold until a third candidate is found. Thus, we
conclude this section on the hope that future experimental and theoretical works shed a
complete light on this issue.
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2.2. Altitude Profile of H2O.HO
In order to assess the role that the OH-molecule complexes play in atmospheric
chemistry and climate, it is paramount to determine their abundance. The altitude profile
of the a few hydrated complexes, such as H2O.H2O, O2.H2O, O3.H2O, etc…, was
determined by Vaida et al.40 using basic thermodynamics and statistical thermodynamics
concepts41. No previous work of this kind had involved radical-molecule complexes. Not
only a thorough calculation of all thermodynamic state functions is a tedious task to carry
out, one serious flaw of that approach was not incorporating the hindered internal rotation
contribution to the energy. This section presents the new approach that was taken to
construct the altitude profile of H2O.HO (and of any other complexe) provided that the
altitude profiles of the reactants are available, and that the geometry of the complex be
appropriately optimized.
2.2. 1. Method and Procedure
The equation of the formation of the H2O.HO complex is:
Equation 23: Equation of formation of H2O.HO

OH + H2O ⇔ H2O.HO

(24)

The following derivation assumes ideal gases behavior. The equilibrium constant
of this reaction can be written in the following three forms as:
Equation 24: K in terms of activities

85

K

a H 2O.HO
(25)

aOH a H 2O

Equation 25: K in terms of pressures

K

PH 2O.HO
(26)

POH  PH 2O

Equation 26: K in terms of mixing ratios

K

mH 2O.HO
(27)

mOH  mH 2O

where a, p, and m stand for the activity, the pressure, and the mixing ratio of the
associated species respectively. The raw data, i.e., the altitude profiles of the atmospheric
pressure, temperature, mixing ratios, and number densities are extracted from Brasseur
and Solomon42.
Gaussian W0939 jobs optimize the geometry, calculate the normal mode
frequencies, and other chemical data, including the values of all thermodynamic state
functions for each species of equation (24) at any set of (pressure P, temperature T),
which depends on the altitude. These calculations were made at QCISD and QCISD(T)
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levels of theory with the 6-311++G(2d,2p) basis set. The enthalpy and free energies of
the reaction are given by:

H r ( H O.HO) (T , P)  H f ( H O.OH ) (T , P)  ((H f ( H O) (T , P)  H f ( HO) (T , P))

(28)

Gr ( H O.HO) (T , P)  G f ( H O.OH ) (T , P)  ((G f ( H O) (T , P)  G f ( HO) (T , P))

(29)

2

2

2

2

2

2

where the subscripts r and f stand for reaction and formation respectively. In practice, the
above equations are replaced by:

H r ( H O.HO ) (T , P)  ( 0  H corr ) ( H 2O.OH ) (T , P) 
2

(( 0  H corr ) ( H 2O ) (T , P)  ( 0  H corr ) ( HO ) (T , P))

Gr ( H O.HO ) (T , P)  ( 0  Gcorr ) ( H 2O.OH ) (T , P) 
2

(( 0  Gcorr ) ( H 2O) (T , P)  ( 0  Gcorr ) ( HO ) (T , P))
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(30)

(31)

where ε0 is the total electronic energy of the species, and Hcorr and Gcorr stand for thermal
enthalpy and thermal free energy of the species, after various correction are applied.
Hcorr and Gcorr are related by the usual thermodynamic relation:

Gcorr = Hcorr – TStot

(32)

where Stot =St + Sr + S v +Se, i.e., the sum of translational, rotational, and vibrational
motions, and electronic contribution to the thermal entropy.
An excerpt of a Gaussian W0939 thermochemistry section is provided in
Appendix section. Values of (ε0 + Hcorr) and (ε0 + Gcorr) are provided in following two
lines of the excerpt:
Sum of electronic and thermal Enthalpies= -79.136266
Sum of electronic and thermal Free Energies= -79.163404

The detailed description and explanation of the process of extracting the desired
thermodynamic data from the Gaussian job output can be found at:
http://www.gaussian.com/g_whitepap/thermo.htm
The equilibrium constant is derived from the change of free energy ∆G of the
reaction, as usual, by:
Equation 27: Exponential form of K
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K e

 G
RT

(33)

The mixing ratio and the number density n of the complex are most conveniently
estimated from equations (27) as follows:
Equation 28: Mixing ratio of H2O.HO in terms of K, mH2O, and mOH

mH2OHO  K  mH2O mOH

(34)

Equation 29: Number density of H2O.HO in terms of mH2O.HO and nA

nH2OHO  mH2O.HO  nA

(35)

where n A stands for the number density of the air at altitude H. The above mixing ratio
and number density include contributions from all three structures of the complex:
Equation 30: Total number density

nH2OHO  n1  n2  n3

where n1, n2, and n3 are the number density of H2O.HO[gm], H2O.HO[lm1], and
H2O.HO[lm2] respectively; n2 and n3 are derived from n1 by:
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(36)

Equation 31: Number density of H2O.HO[lm1]

n2  n1e



E 2
RT

(37)

Equation 32: Number density of H2O.HO[lm2]

n3  n1e



E3
RT

(38)

where Boltzmann distribution of states was applied. ∆E2 and ∆E3 respectively designate
the energy level of H2O.HO[lm1] and H2O.HO[lm2] relative to the energy level of the
global minimum. ∆E3 ≈ 3 kcal/mol is about 6 times RT (for an average temperature
T≈250 K), making the number density of H2O.HO[lm2] negligible in the troposphere.
Such is not the case for H2O.HO[lm1] (∆E2≈0.3 kcal/mol).
2.2.2 Results and Discussions

The procedure outlined above was carried out for 15 sets of (pressure,
temperature) over the altitude range 0-75 km.
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Figure 37: Altitude profile of OH # density
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Figure 38: Temperature versus altitude

92

260.0

280.0

300.0

80

Water # Density

Air Density

70

Altitude ( km )

60
50
40
30

20
10
0
1.0E+8

1.0E+10

1.0E+12

1.0E+14

1.0E+16

Number Density (#.cm-3)
Figure 39: Altitude profile of water and air

93

1.0E+18

1.0E+20

80
Enthalpy of Formation of H2O.HO

Altitude (km)

70
60
50
40
30
20
10
0
-25.0

-20.0

-15.0

∆Hf (kcal/mol)
.

Figure 40: Enthalpy of formation of H2O HO
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Figure 41: Free Energy of formation of H2O.HO
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Figure 42: Equilibrium constant of the formation of H2O.HO complex
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Figure 43: Altitude profile of H2O.HO

Figures 37-43 display, in order of occurrence, the altitude profile of: OH,
temperature, the number density of H2O along with that of air, the enthalpy of formation
of H2O.HO, the free energy of formation of H2O.HO, the equilibrium constant of the
complexation, and of the number density of the complex. Except for Figures 37 (OH
density), 38 (temperature), and 39 (water and air densities), all these profiles were built
through the process outlined above: extraction of ∆Hf and ∆Gf from Gaussian W0939
geometry optimization and frequency calculation jobs, calculation of the equilibrium
constant, and estimation of the number density of the complex.
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The enthalpy of formation of H2O.HO (Figure 40) is about -18.5 kcal/mol. Allodi
et al.43 obtain -4.49 kcal/mol (or 18.8 kJ/mol) using the Gaussian-3 (G3) ab initio method
designed by Curtiss et al.44, when the concentration of water and that of OH are 0.001544
M and 1.66058 × 10-14 M respectively, at 298 K. This profile is no more than what is
expected over a relatively small temperature range of 92 degrees. On the other hand, the
change of free energy varies significantly over this temperature range, with a profile very
akin to that of the temperature, an indication of the strong influence of the temperature.
The positive value of ∆Gf indicates that ∆(TS)= T∆S is negative enough to offset the
negative value of ∆H (in the expression ∆G = ∆H - T∆S) , and that the change of entropy
at a given temperature is negative. This is also predictable, as the formation of the
complex from OH and H2O must result in a more ordered system, i.e., in a lesser value of
total entropy. It is also expected that the equilibrium constant’s profile takes a shape that
is converse to that of ∆G. The shape of all these profiles and all the numerical results of
these calculations are in good agreement with Vaida et al.40.
Figure 43, which shows the actual altitude profile of the complex, is significantly
trickier to interpret. The shape of this plot strongly reveals the complexity of the kinetics
of this reaction. Despite the fact that the number density of water is more than 5 orders of
magnitude greater than that of OH, both reactants strongly determine the equilibrium
constant of the formation of the complex. Indeed, the profile is almost vertical over ≈15
km (between ≈ 25.1 and ≈40.5 km), where the number density of OH increases ≈10 fold
(from 6.62×105 to 6.70×106 radicals/cm-3) whereas that of water decreases ≈ 5 fold (from
2.5×1012 to 4.8×1011 molecules/cm-3).
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The QCISD and QCISD(T) calculations of thermochemical data are highly
accurate. For example, the error in our calculated rotational constants against
experimentally determined values are less than 2%. The atmospheric data that is used to
estimate H2O.HO abundance is actually the main source of error in the results. In
particular, variability in OH density, both locally and globally, is a well-known
atmospheric issue. The atmospheric abundance of H2O.HO can be refined in the future
with better atmospheric measurements, to ultimately provide support for future model of
atmospheric chemistry.
2.3. OH Stretch Frequency in N2.HO, O2.HO, and CO2.HO Complexes

The complexes of OH with these major components of the Atmosphere have not
been studied experimentally yet but it is perfectly reasonable to envision the interest of
researchers in their properties in the near future, in response to the growing issue of
climate change. Furthermore, there is a pertinent interest in determining how the
frequency and the isotopic shifts of the OH stretch in these complexes compare with each
other. All calculations on these complexes have been carried out the same way as with
H2O.HO except when optimizing their geometries. In effect, these complexes are
supposed to be linear (C∞v) but perturbative triples methods do not accept linear input
geometries in their normal mode frequencies step of optimization. Dummies atoms
(represented by the pseudo atomic symbol X, Figure 44) must then be used within
Gaussian Z-matrices in order to obtain the final geometries (Figure 45).
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Figure 44: Input geometries of: N2.HO (at left), O2.HO (in middle) and CO2.HO (at right) with dummy atoms

Figure 45: 3-D images of the QCISD(T)/6-311++G(2d,2p) predicted geometries of: N2.HO (at left), O2.HO
(middle), and CO2.HO (at right).

Table 15: QCISD(T) calculated geometric parameters of N2.HO, O2.HO, and CO2.HO complexes.

N2.HO
Interatomic Distance

O2.HO

CO2.HO
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O1-H2
O1-N3
O1-N4
H2-N3
H2-N4
N3-N4

0.9709
3.3184
4.4223
2.3475
3.4513
1.1039

O1-H2
O1-O4
O1-O6
H2-O4
H2-O6
O4-O6

Valence Angles
O1-H2-N3
H2-N3-N4

179.998 O1-H2-O3
179.9979 H2-O3-O4

0.9704
3.3945
4.6127
2.4241
3.6323
1.2181

O1-H2
O1-O4
O1-C6
O1-O8
H2-O4
H2-C6
H2-O8
O4-C6
O4-O8
C6-O8

0.9709
3.1559
4.3252
5.4898
2.1849
3.3542
4.5189
1.1693
2.3339
1.1647

180.0
180.0

H1-H2O3
H2-O3-C4
O3-C4-O5

180.0
180.0
180.0

Dihedral Angles
N4-N3-H2-O1
14.16

Table 16: Binding energy (Eb, kcal.mol-1) and normal mode vibrational frequencies (cm-1) of N2.HO, O2.HO,
and CO2.HO

Eb, ν
Eb
ν1
ν2
ν3
ν4
ν5
ν6
ν7
ν8
ν9
ν10

N2.HO
1.53
78.4
79.6
89.4
232.8
256.3
2321.1
3744.2

O2.HO
3.11
20.3
40.3
56.6
118.6
142.3
1556.6
3748.1
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CO2.HO
2.17
19.0
35.7
79.2
285.9
291.7
655.9
660.0
1326.2
2363.3
3747.6

Figure 46: : Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p)
calculated PES of N2.DO
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Figure 47: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of N2.HO
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Figure 48: : Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p)
calculated PES of CO2.DO
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Figure 49: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of CO2.HO
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Figure 50: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of O2.DO
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Figure 51: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of O2.HO

Table 17: Comparison of QCISD(T)predicted OH stretch harmonic frequencies (cm-1), anharmonic frequencies
E (cm-1) , isotopic shifts Isot. Shifts (cm-1), and shifts of complexation Shift of Comp. (cm-1) in N2.HO, O2.HO,
CO2.HO, H2O.HO[gm] and H2O.HO[lm2] complexe

Complex
N2.HO
O2.HO
CO2.HO
H2O.HO[gm]
H2O.HO[lm2]

Harmonic
Freq.
3744.2
3748.1
3747.6
3654.0
3758.6

E(H)

E(D)

3516.7
3519.1
3517.5
3466.0
3488.9

2588.9
2590.5
2589.4
2555.7
2572.5

Isot. Shifts Shift of
Comp.
928.9
-46.2
928.6
-43.8
928.1
-45.4
910.3
-96.9
916.4
-42.6

Table 18: Differences between QCISD(T)/6-311++G(2d,2p) calculated frequencies and isotopic shifts of OH
stetch in N2.HO, O2.HO, and CO2.HO and those of H2O.HO[gm]. For H2O.HO[gm], the harmonic frequency of
OH stretch in is 3654.9 cm-1, the anharminc frequency i

Complex

Harmonic Anharmo

Isotopic.
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N2.HO
O2.HO
CO2.HO

Freq. ≠
90.2
94.1
91.6

Freq. ≠
50.7
53.1
51.5

Shifts ≠
18.6
18.3
17.8

The numbering of the atoms in table 14 refers to the input and the final
geometries of the complexes, also seen in Figures 44 and 45. The binding energy (Table
15) of O2.HO is twice that of N2.HO and 1.5 times that of CO2.HO. Thus the hydrogen
bond is significantly stronger in O2.HO than in N2.HO and CO2.HO, a finding in
agreement with the work of Du et al.31. Radical-molecule complexes’ hydrogen bonds
involve electron transfer from a lone pair of the molecule to the anti σ bond of the radical,
e.g., n(X)→σ*(OH), where n(X) symbolizes the lone pair of the molecule, localized on
O in O2 and CO2, and on N in N2. The strength of the bond is mostly determined by two
factors: the electronegativity of the atoms involved in the bond (including the oxygen of
OH) and the dipole moment of the molecule. If the molecule lacks permanent dipole
moment, then (provided that the molecule is polarizable), the dipole moment needs to be
induced by the oxygen of the radical, for the lone pair transfer to occur. That explains the
small binding energy of N2.HO, as compared to that of O2.HO and of CO2.HO complexes.
Though CO2 does not have a permanent dipole moment, the lone pair transfer is being
made through an oxygen atom that is more electronegative than N. The combination of
these two factors (electronegativity, and permanent dipole moment) in the H2O.HO
complex makes it the most stable of the four complexes studied so far.
Calculations on all three complexes involved in this section were performed at
both CCSD(T) and QCISD(T) levels with the 6-311++G(2d, 2p) basis, but only the
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QCISD(T) data are reported in Table 16, as CCSD(T) results hardly differ from those of
QCISD(T). The value reported in this work for the harmonic stretch of OH in N2.HO
(Table 16) is 3744 cm-1, in good agreement with Du et al35 (3689 cm-1 and 3719 cm-1 at
CCSD(T) level with aug-cc-pVDZ and aug-cc-pVTZ respectively).The authors did not
mention whether they used tight optimization criteria or not but the increase of 30 cm-1
from VDZ to VTZ indicates that a larger basis set, e.g., VQZ or V5Z would yield a value
even closer to 3744, thus establishing 6-311++G(2d,2p) as a computer resource costeffective basis set. Beside the work of Du et al.31, there is no other source of data
available to compare the results of this work with. Although the set of anharmonic
frequencies reported in this section is unique, these frequencies are thought to be much
reliable, given the proved accuracy of the method of calculation (Section 2.1). The
calculated differences between anharmonic parameters of N2.HO, O2.HO, and CO2.HO on
the one hand, and those of the H2O.HO global minimum on the other hand (Table 17) are
significant. Because the number densities of atmospheric N2, O2, and CO2 are very
different from each other, respective altitude profiles of their complexes must be very
different. Accordingly, a combination of predicted anharmonic frequency parameters
with altitude profiles of these complexes (if done the same way as for H2O.HO in this
work) would represent a reliable tool of identification.

109

CHAPTER 3: COMPLEXES OF SH WITH H2O AND H2S

In the past, SH radical-molecule complexes have been much less studied than
OH-containing complexes. To recall, Table 2 (from Isoniemi et. al.28) displays
experimental IR absorption frequencies of SH stretch in solid argon, krypton and xenon,
but no experimental or theoretical work on SH has addressed isotopic shifts in SHmolecule complexes. This section presents the predicted frequencies and isotopic shifts
for SH, H2O.SH and H2S.SH. The motivation for this part of the work is the same as for
the complexes involved in section 2.3. Because the known average anharmonic
frequencies of free SH stretch is about 1000 cm-1 smaller than that of OH, it is highly
desirable to use a basis set larger than 6-311++G(2d,2p) in order to reduce relative
errors. The aug-cc-pV5ZP basis set usually yields results very close to the HF limit;
unfortunately, the computing power needed to achieve such an accuracy is still not
available at this juncture.

3.1. Geometries and Normal Mode Frequencies of H2O.HS, H2O.SH, and
H2S.HS Complexes.
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Figure 52: 3-D images of QCISD(T)/6-311++G(2d,2p) predicted geometries of H2O.HS, HS.H2O, and H2S.HS.

The ordering of atoms in H2O.HS (Figure 52, at left), HS.H2O (Figure 52, in
middle), and H2S.HS (Figure 52, at right) is an indication of the role (donor or receiver of
the hydrogen) played by the radical in the formation of the hydrogen bond. Thus, in
H2O.HS, HS is the hydrogen donor; in HS.H2O, it is the hydrogen receiver. The image at
left and the image in the middle (Figure 52) are SH-molecule complex counterparts of
H2O.HO[gm] and H2O.HO[lm2] (Figure 1) respectively. The electronic energy between
these two structures is relatively small (only 0.3 kcal.mol-1), compared to the difference
(3 kcal/mol) between the energy levels of H2O.HO[gm] and H2O.HO[lm2].

Table 19: QCISD(T)/6-311++G(2d,2p) predicted parameters for H2O.HS, HS.H2O, and H2S.HS geometries.

H2O.HS
Interatomic Distance
S1-H2
1.3437
S1-O3
3.5551
S1-H4
4.1428
S1-H5
4.1421

HS.H2O

H2S.HS

H1-S2
H1-H3
H1-O4
H1-H5

1.3414
2.6905
3.3860
4.1853
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S1-H2
S1-S3
S1-H4
S1-H5

1.3392
3.4327
3.4136
3.4136

H2-O3
2.2114
H2-H4
2.8366
H2-H5
2.8362
O3-H4
0.9588
O3-H5
0.9588
H4-H5
1.5183
Valence Angles (o)
S1-H2-O3
179.4025
S1-H2-H4
163.5441
H2-O3-H4
121.8361
S1-H2-H5
163.4859
H2-O3-H5
121.7976
H2-H5-H4
74.4917
H4-O3-H5
104.7007
o
Dihedral Angles ( )
H4-O3-H2-S1
113.8
H5-O3-H2-S1
-108.8
H5-H4-H2-S1
-159.8
H5-O3-H4-H2
-143.5

S2-H3
S2-O4
S2-H5
H3-O4
H3-H5
O4-H5

2.5580
3.4734
4.0362
0.9618
1.5188
0.9581

H2-S3
H2-H4
H2-H5
S3-H4
S3-H5
H4-H5

3.4214
3.7476
3.7476
1.3361
1.3461
1.9255

H1-S2-H3
H1-H3-O4
S2-H3-O4
H1-H3-H5
S2-H3-H5
H3-O4-H5

80.75
129.63
159.11
167.26
163.26
104.57

H4-S3-H5

92.2

O4-H3-S2-H1
H5-H3-S2-H1
H5-O4-H3-H1
H5-O4-H3-S2

0.00
179.99
180.0
179.99

Table 20: QCISD(T)/6-311++G(2d,2p) predicted binding energy (kcal.mol-1) and harmonic frequencies (cm-1)
of H2O.HS, HS.H2O, and H2S.HS complexes.

Eb, ν
Eb
ν1
ν2
ν3
ν4
ν5
ν6
ν7
ν8
ν9

H2O.HS

HS.H2O

SH2.SH

2.82
95.3
110.6
124.1
241.0
371.4
1676.3
2638.4
3841.7
3945.8

2.50
66.0
79.6
118.0
238.05
286.53
1685.14
2655.52
3801.61
3925.84

2.90
50.8
65.4
111.5
130.9
235.4
1220.2
2670.5
2687.0
2702.7

There are only two minima for the complex of SH with H2O; this is in agreement
with Du et al.30.The authors reported bond lengths of 1.346 Å (for S1-H2) and 1.343 Å
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(for S2-H1), 2.192 Å (for H2-O3), and 2.616 Å (for S2-H3) for the global and the local
minima respectively. These values are also in agreement with those reported here (Table
18). The binding energies (Table 19) are approximately 2.82 kcal.mol-1 for H2O.HS and
2.50 kcal.mol-1 for HS.H2O, i.e., twice smaller than the binding energies of H2O.HO[gm]
and H2O.HO[lm2]. Du et al.30 reported 2.91 and 2.62 at CCSD(T)/aug-ccpV5 level for
the global and for the local minima respectively. The discrepancy with the values
reported here most probably come from using different basis sets. These results suggest
that SH is both a weaker hydrogen donor and a weaker hydrogen receiver than OH. There
is a noticeable difference between H2O.HO and H2S.HS geometries. In the latter complex,
the plane of the H2S molecule appears flipped over, in comparison with the spatial
orientation of the plane of water, in H2O.HO and H2O.HS. This suggests that the sulfur
atom of SH interacts more strongly with the hydrogen atoms of H2S than it does with the
hydrogen atoms of water.

3.1. Anharmonic Frequencies and Shifts for H2O.HS, HS.H2O, and H2S.HS
Complexes.
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Figure 53: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of D2O.DS[gm]
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Figure 54: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of H2O.HS[gm]
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Figure 55: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of D2O.DS[lm]
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Figure 56: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of H2O.HS[lm]

117

Figure 57: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of D2S.DS
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Figure 58: Screenshot of the Excel table of the Solver fit to Morse for the QCISD(T)/6-311++G(2d,2p) calculated
PES of H2S.HS

Table 21: Comparison of QCISD(T)/6-311++G(2d,2p) predicted anharmonic frequencies and shifts of SH
stretch in H2O.HS and H2S.HS complexes with H2O.HO[gm] values. The predicted anharmonic frequency for
the free SH is 2608.8 cm-1.

Complex
H2O.HS[gm]
H2O.HS[lm]
SH2.SH
H2O.HO[gm]

E(H)
2608.4
2607.7
2613.9
3466.0

E(D)
1890.1
1889.6.1
1894.0
2555.7

Isotopic Shifts
718.3
718.1
719.8
910.3

Shift of Compl.
-0.4
-1.1
+5.1
-96.9

Isoniemi et al.2 reported SH gas-phase absorption of 2591.8 cm-1. The authors
also reported 2607 and 2594 cm-1, respectively in solid argon and krypton at 7.5 K. These
values are in good agreement with the QCISD(T)/6-311++G(2d,2p) predicted value of
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2608 cm-1 reported in this work (Table 20). Serious discrepancies arise however, when
comparing frequencies they reported for SH.H2S (2563 cm-1 in argon, 2553 cm-1 in
krypton, 2550 cm-1 in xenon) and SH.H2O (2556 cm-1 in krypton) with the results. Since
the authors assigned these bands only on the basis that relative intensities and matrix
shifts of these complexes are similar to those of H2S…H2S and H2S…H2O complexes,
additional laboratory results are greatly needed, in order to resolve this issue.
Based on the proven reliability of the approach taken when calculating
anharmonic frequencies and isotopic shifts in this work on the one hand and the
uniformity of trends in isotopic shifts across levels of theory and basis sets (table 7, 11,
12, and 13) on the other hand, the data given in Table 20 are thought to be reasonable
predictions. Predicted shifts of complexation (Table 20) are very low, a result consistent
with the weak ability of the SH radical to accept or to receive hydrogen bonds.
Differences between predicted frequencies of OH stretch and SH stretch frequencies (in
their respective complexes) are greater than 800 cm-1, and predicted SH isotopic shifts
and those of OH differ by more than 180 cm-1. Thus, experimental detection and
distinction between these two sets of complexes should be straightforward.
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4- CONCLUSIONS

This work is both an extension of a previous work, that of Cooper et al. (2003) on
OH radical complex with water in solid argon, and a study of complexes of OH and SH
with major atmospheric components. During the course of the work, new approaches
were designed to address the issue of matrix site effects on the IR absorption of H2O.HO
complex, to establish the altitude profile of H2O.HO, and to resolve some serious
challenges. These included (but are not limited to): predicting the geometry and harmonic
frequencies of the first local minimum of H2O.HO at perturbative triples level for the first
time, and establishing the altitude profile of H2O.HO by combining ab initio calculations
at QCISD(T) level with statistical mechanics concepts, also for the first time. The use of
Microsoft Excel Solver to fit the ab initio potential energy data to a Morse potential
proved to be a very efficient approach to estimating the anharmonic frequency of the
radical stretch mode in any complex.
It has been established that the first local minimum of H2O.HO is involved in one
of the absorption bands in solid rare gases at the same frequency as the global minimum,
and that the third minimum of the complex (in which the OH radical acts as hydrogen
receiver) could not possibly participate in the absorption. The possibility that (H2O)2. HO
could account for one of the previously identified absorption bands requires additional
work on both theoretical and experimental sides. In particular, the HCAO local mode
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model needs to address the coupling between the OH radical and the hydroxyls of the
water molecules involved in the ring structure.
The altitude profile of H2O.HO may benefit from new and more accurate
atmospheric data in future. Indeed, the currently available data are believed to be the
main source of uncertainty, but the method used in this work is applicable to any radicalmolecule complex of atmospheric importance.
The agreement between the computational results and the experimental IR
spectroscopy of the H2O.HO complex has led to reliable predictions of the anharmonic
frequencies of the OH radical stretch in its complexes with N2, O2, and CO2. The case of
SH and its complexes with water and H2S is controversial, for now. More input is needed
from the experimental side. On the theoretical side however, one pertinent critic as
regards the computation of anharmonic frequencies in this work is the assumption that
the scaling factor determined for OH at QCISD/6-311++G(2d,2p) level and basis set can
safely be applied to SH. Nevertheless, it has been argued that the estimated frequencies
and isotopic shifts for SH bear enough significance with respect to those of OH, to
warrant their utilization in future experimental investigations.
This work is part of an active and collective project that uses experimental and
theoretical synergy, and whose main objective is to provide valuable data for the
establishment of reliable atmospheric physics and chemistry models, in response to the
accelerated growth of concern on climate change.
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5-APPENDICES

5.1. H2O.HO[lm1] QCISDT
ITEM

VALUE

MAXIMUM FORCE
RMS

FORCE

THRESHOLD CONVERGED?
0.000003

0.000002

MAXIMUM DISPLACEMENT
RMS

DISPLACEMENT

0.000015

0.000010
0.000048

0.000027

YES

YES
0.000060

0.000040

YES

YES

*************************************************
** CONVERGENCE CRITERIA APPARENTLY SATISFIED **
*************************************************
! Optimized Parameters !
! (Angstroms and Degrees) !
---------------------!

Name

----------------------

Value Derivative information (Atomic Units)

-----------------------------------------------------------------------!

R2

0.9759 -DE/DX = 0.0

!

!

R3

2.9377 -DE/DX = 0.0

!

!

R4

0.9592 -DE/DX = 0.0

!

!

A3

1.828 -DE/DX = 0.0

!

!

A4

115.2456 -DE/DX = 0.0

!
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!

H2O.HO[lm1] QCISDT (Continued)

!

D4

118.8855 -DE/DX = 0.0

!

-----------------------------------------------------------------------PREDICTED CHANGE IN ENERGY 0.000000

NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEFLeave Link 114 at Fri Nov 02 22:33:05 2012, MaxMem= 33554432 cpu:

0.0

(Enter C:\G09W\l202.exe)
--------------------------------------------------------------------------------------------------Z-MATRIX (ANGSTROMS AND DEGREES)
CD Cent Atom N1

Length/X

N2

Alpha/Y

N3

Beta/Z

J

--------------------------------------------------------------------------------------------------1

1 O

2

2 H

1 0.975890(

1)

3

3 O

1 2.937734(

2)

2 1.828(

4

4 H

3 0.959151(

3)

1 115.246(

6)

2 118.886(

8)

0

5

5 H

3 0.959151(

4)

1 115.246(

7)

2 -118.886(

9)

0

5)

--------------------------------------------------------------------------------------------------Z-Matrix orientation:
--------------------------------------------------------------------Center
Number

Atomic
Number

Atomic
Type

Coordinates (Angstroms)
X

Y

Z

---------------------------------------------------------------------
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H2O.HO[lm1] QCISDT (Continued)

1

8

0

0.000000 0.000000 0.000000

2

1

0

0.000000 0.000000 0.975890

3

8

0

0.093710 0.000000 2.936239

4

1

0

0.525620 -0.759607 3.331740

5

1

0

0.525620 0.759607 3.331740

--------------------------------------------------------------------Distance matrix (angstroms):
1

2

3

4

5

1 O 0.000000
2 H 0.975890 0.000000
3 O 2.937734 1.962587 0.000000
4 H 3.457423 2.530476 0.959151 0.000000
5 H 3.457423 2.530476 0.959151 1.519214 0.000000
Interatomic angles:
O1-H2-O3=177.2632

O1-H2-H4=158.5898

H2-O3-H4=115.682

O1-H2-H5=158.5898

H2-O3-H5=115.682

H2-H4-H5= 72.5314

O1-O3-H4=115.2456
O1-O3-H5=115.2456
H4-O3-H5=104.7376

Dihedral angles:
H4-O3-H2-O1= -61.49 H5-O3-H2-O1= 61.49 H5-H4-H2-O1= 143.3
H5-O3-H4-H2=-128.59
Stoichiometry H3O2(2)
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H2O.HO[lm1] QCISDT (Continued)
Framework group CS[SG(HO2),X(H2)]
Deg. of freedom

6

Full point group

CS

Largest Abelian subgroup

NOp 2
CS

NOp 2

Largest concise Abelian subgroup CS

NOp 2

Standard orientation:
--------------------------------------------------------------------Center

Atomic

Number

Atomic

Number

Type

Coordinates (Angstroms)
X

Y

Z

--------------------------------------------------------------------1

8

0

0.042475 1.640573 0.000000

2

1

0

0.073604 0.665180 0.000000

3

8

0

0.042475 -1.297161 0.000000

4

1

0

-0.376600 -1.706239 0.759607

5

1

0

-0.376600 -1.706239 -0.759607

--------------------------------------------------------------------Rotational constants (GHZ): 344.1697219

6.6147720

6.5413401

1|1|UNPC-KANONTIN-PC7|FOpt|UQCISD(T)-FC|6-311++G(2d,2p)|H3O2(2)|DAVID
VOGLOZIN|02-Nov-2012|1||#p QCISD(T,readamp,saveamp,conver=9,maxcyc=200
)/6-311++g(2d,2p) opt=(tight, MaxCyc=200) scf=(novaracc,noincfock,conv
er=10) int=(acc2e=14) guess=input Geom= (CAngle, CDihedral)||struct2-Q
CISD-T: A" doublet geometry optimization with tight thresholds.||0,2|O
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H2O.HO[lm1] QCISDT (End)
|H,1,R2|O,1,R3,2,A3|H,3,R4,1,A4,2,D4,0|H,3,R4,1,A4,2,-D4,0||R2=0.97588
993|R3=2.9377336|R4=0.95915122|A3=1.82796644|A4=115.24564038|D4=118.88
551487||Version=IA32W-G09RevA.02|State=2-A"|HF=-151.4799409|MP2=-151.9
026303|MP3=-151.9151296|MP4D=-151.9223101|MP4DQ=-151.9167701|PUHF=-151
.4829134|PMP2-0=-151.9043836|PMP3-0=-151.9161561|MP4SDQ=-151.9201503|Q
CISD=-151.9211795|QCISD(T)=-151.9324211|S2=0.756314|S2-1=0.751123|S2A=
0.750024|RMSD=3.723e-011|RMSF=1.609e-006|PG=CS [SG(H1O2),X(H2)]||@

TRUTH, IN SCIENCE, CAN BE DEFINED AS THE WORKING HYPOTHESIS
BEST FITTED TO OPEN THE WAY TO THE NEXT BETTER ONE.
-- KONRAD LORENZ
Job cpu time: 0 days 0 hours 13 minutes 9.0 seconds.
File lengths (MBytes): RWF= 126 Int=

0 D2E=

0 Chk=

3 Scr=

Normal termination of Gaussian 09 at Fri Nov 02 22:33:06 2012.

5.2. H2O.HO[lm1] CCSDT
ITEM

VALUE

THRESHOLD CONVERGED?

MAXIMUM FORCE
RMS

FORCE

0.000003
0.000002

MAXIMUM DISPLACEMENT
RMS

DISPLACEMENT

0.000015

0.000010
0.000024

0.000014

YES

YES
0.000060

0.000040

YES

YES

*************************************************
** CONVERGENCE CRITERIA APPARENTLY SATISFIED **
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1

H2O.HO[lm1] CCSDT (Continued)

*************************************************
---------------------------! Optimized Parameters !
! (Angstroms and Degrees) !
----------------------

----------------------

!

Name

Value Derivative information (Atomic Units)

!

R2

0.9757 -DE/DX = 0.0

!

!

R3

2.9375 -DE/DX = 0.0

!

!

R4

0.959 -DE/DX = 0.0

!

!

A3

1.8288 -DE/DX = 0.0

!

A4

115.3064 -DE/DX = 0.0

!

!

D4

118.8202 -DE/DX = 0.0

!

!

!

-----------------------------------------------------------------------PREDICTED CHANGE IN ENERGY 0.000000

NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEF-NEFLeave Link 114 at Fri Nov 02 22:05:04 2012, MaxMem= 33554432 cpu:

0.0

(Enter C:\G09W\l202.exe)
--------------------------------------------------------------------------------------------------Z-MATRIX (ANGSTROMS AND DEGREES)
CD Cent Atom N1

Length/X

N2

Alpha/Y

N3

Beta/Z

---------------------------------------------------------------------------------------------------
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J

H2O.HO[lm1] CCSD(T)(Continued)
1

1 O
2

2 H

1 0.975708(

1)

3

3 O

1 2.937523(

2)

2 1.829(

4

4 H

3 0.958973(

3)

1 115.306(

6)

2 118.820(

8)

0

5

5 H

3 0.958973(

4)

1 115.306(

7)

2 -118.820(

9)

0

5)

--------------------------------------------------------------------------------------------------Z-Matrix orientation:
--------------------------------------------------------------------Center

Atomic

Number

Atomic

Number

Coordinates (Angstroms)

Type

X

Y

Z

--------------------------------------------------------------------1

8

0

0.000000 0.000000 0.000000

2

1

0

0.000000 0.000000 0.975708

3

8

0

0.093745 0.000000 2.936027

4

1

0

0.524536 -0.759563 3.332402

5

1

0

0.524536 0.759563 3.332402

Distance matrix (angstroms):
1

2

3

4

5

1 O 0.000000
2 H 0.975708 0.000000
3 O 2.937523 1.962560 0.000000
4 H 3.457886 2.531024 0.958973 0.000000
5 H 3.457886 2.531024 0.958973 1.519125 0.000000
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H2O.HO[lm1] CCSD(T)(Continued)

Interatomic angles:
O1-H2-O3=177.2621

O1-H2-H4=158.6105

H2-O3-H4=115.742

O1-H2-H5=158.6105

H2-O3-H5=115.742

H2-H4-H5= 72.5363

O1-O3-H4=115.3064
O1-O3-H5=115.3064
H4-O3-H5=104.7566

Dihedral angles:
H4-O3-H2-O1= -61.56 H5-O3-H2-O1= 61.56 H5-H4-H2-O1= 143.4
H5-O3-H4-H2=-128.73
Stoichiometry H3O2(2)
Framework group CS[SG(HO2),X(H2)]
Deg. of freedom

6

Full point group

CS

Largest Abelian subgroup

NOp 2
CS

NOp 2

Largest concise Abelian subgroup CS

NOp 2

Standard orientation:
--------------------------------------------------------------------Center

Atomic

Number

Atomic

Number

Type

Coordinates (Angstroms)
X

Y

Z

--------------------------------------------------------------------1

8

0

0.042353 1.640541 0.000000

2

1

0

0.073491 0.665331 0.000000

3

8

0

0.042353 -1.296982 0.000000

4

1

0

-0.375569 -1.706903 0.759563
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H2O.HO[lm1] CCSD(T)(End)
5

1

0

-0.375569 -1.706903 -0.759563

--------------------------------------------------------------------Rotational constants (GHZ): 344.5991918

6.6153189

6.5417429

1|1|UNPC-KANONTIN-PC7|FOpt|UCCSD(T)-FC|6-311++G(2d,2p)|H3O2(2)|DAVID V
OGLOZIN|02-Nov-2012|1||#p CCSD(T,readamp,saveamp,conver=9,maxcyc=100)/
6-311++g(2d,2p) opt=tight scf=(novaracc,noincfock,conver=10) int=(acc2
e=14) guess=input Geom=(CAngle, CDihedral)||struct2-CCSD(T): A" double
t geometry optimization with tight thresholds.||0,2|O|H,1,R2|O,1,R3,2,
A3|H,3,R4,1,A4,2,D4,0|H,3,R4,1,A4,2,-D4,0||R2=0.97570766|R3=2.93752333
|R4=0.95897313|A3=1.82878498|A4=115.30636669|D4=118.82021287||Version=
IA32W-G09RevA.02|State=2-A"|HF=-151.4799634|MP2=-151.9026314|MP3=-151.
9151351|MP4D=-151.9223133|MP4DQ=-151.9167744|PUHF=-151.4829357|PMP2-0=
-151.9043844|PMP3-0=-151.9161612|MP4SDQ=-151.9201531|CCSD=-151.9203406
|CCSD(T)=-151.9320146|S2=0.756312|S2-1=0.751122|S2A=0.750024|RMSD=3.71
4e-011|RMSF=1.580e-006|PG=CS [SG(H1O2),X(H2)]||@
NO MATTER HOW THIN YOU SLICE IT, IT'S STILL BALONEY

-- ALFRED E. SMITH
Job cpu time: 0 days 0 hours 14 minutes 11.0 seconds.
File lengths (MBytes): RWF= 126 Int=

0 D2E=

0 Chk=

3 Scr=

Normal termination of Gaussian 09 at Fri Nov 02 22:05:05 2012.
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1

5.3. Excerpt of a Typical Gaussian Thermochemistry Section
- Thermochemistry ------------------Temperature 290.200 Kelvin. Pressure 0.99975 Atm.
Atom 1 has atomic number 8 and mass 15.99491
Atom 2 has atomic number 1 and mass 1.00783
Atom 3 has atomic number 8 and mass 15.99491
Atom 4 has atomic number 1 and mass 1.00783
Atom 5 has atomic number 1 and mass 1.00783
Molecular mass: 35.01330 amu.
Principal axes and moments of inertia in atomic units:
1
2
3
Eigenvalues -- 4.90408 271.34217 274.76976
X
0.01706 0.00000 0.99985
Y
0.99985 0.00000 -0.01706
Z
0.00000 1.00000 0.00000
This molecule is an asymmetric top.
Rotational symmetry number 1.
Rotational temperatures (Kelvin) 17.66159 0.31921 0.31522
Rotational constants (GHZ):
368.00822 6.65116 6.56819
Zero-point vibrational energy 88555.7 (Joules/Mol)
21.16531 (Kcal/Mol)
Warning -- explicit consideration of 4 degrees of freedom as
vibrations may cause significant error
Vibrational temperatures: 237.94 243.94 265.41 614.01 892.82
(Kelvin)
2424.49 5320.14 5578.54 5724.29
Zero-point correction=
0.033729 (Hartree/Particle)
Thermal correction to Energy=
0.038632
Thermal correction to Enthalpy=
0.039551
Thermal correction to Gibbs Free Energy=
0.008767
Sum of electronic and zero-point Energies=
-151.887983
Sum of electronic and thermal Energies=
-151.883079
Sum of electronic and thermal Enthalpies=
-151.882160
Sum of electronic and thermal Free Energies=
-151.912945
E (Thermal)
CV
S
KCal/Mol
Cal/Mol-Kelvin Cal/Mol-Kelvin
Total
24.242
13.942
66.567
Electronic
0.000
0.000
1.377
Translational
0.865
2.981
36.456
Rotational
0.865
2.981
20.450
Vibrational
22.512
7.980
8.284
Vibration 1
0.609
1.880
2.436
Vibration 2
0.610
1.874
2.390
Vibration 3
0.616
1.854
2.233
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Excerpt of a Typical Gaussian Thermochemistry Section (Continued)
Vibration

4

0.777
1.386
0.832
Q
Log10(Q)
Ln(Q)
Total Bot
0.719836D-04
-4.142766
-9.539072
Total V=0
0.625907D+12
11.796510
27.162468
Vib (Bot)
0.719238D-15
-15.143127
-34.868339
Vib (Bot) 1 0.118611D+01
0.074126
0.170682
Vib (Bot) 2 0.115534D+01
0.062711
0.144397
Vib (Bot) 3 0.105621D+01
0.023752
0.054691
Vib (Bot) 4 0.394768D+00
-0.403658
-0.929456
Vib (V=0)
0.625388D+01
0.796149
1.833202
Vib (V=0) 1 0.178719D+01
0.252171
0.580646
Vib (V=0) 2 0.175890D+01
0.245240
0.564686
Vib (V=0) 3 0.166858D+01
0.222348
0.511976
Vib (V=0) 4 0.113706D+01
0.055782
0.128444
Electronic 0.200000D+01
0.301030
0.693147
Translational 0.761322D+07
6.881569
15.845397
Rotational 0.657298D+04
3.817762
8.790722
***** Axes restored to original set *****
------------------------------------------------------------------Center Atomic
Forces (Hartrees/Bohr)
Number Number
X
Y
Z
------------------------------------------------------------------1
8
0.000000032 0.000000000 -0.000000312
2
1
-0.000000020 0.000000000 0.000000362
3
8
-0.000000388 0.000000000 -0.000000366
4
1
0.000000188 0.000000256 0.000000158
5
1
0.000000188 -0.000000256 0.000000158
------------------------------------------------------------------Cartesian Forces: Max 0.000000388 RMS 0.000000226
GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad
Berny optimization.
Internal Forces: Max 0.000000403 RMS 0.000000176
Search for a local minimum.
Step number 1 out of a maximum of 2
All quantities printed in internal units (Hartrees-Bohrs-Radians)
Second derivative matrix not updated -- analytic derivatives used.
The second derivative matrix:
R1
R2
R3
R4
R5
R1
R2
R3
R4
R5
A1

0.22013
0.10935
-0.10738
-0.00044
-0.00038
-0.00112

0.05778
-0.05140
0.00002
-0.00005
-0.00107

0.05572
0.00064 0.55457
0.00070 -0.00477 0.55457
0.00075 -0.00816 -0.00715
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A2
A3
A4
A5
D1
D2

-0.00992 0.00041 -0.00034 -0.00465 -0.00616
0.00196 0.00129 -0.00176 -0.00593 -0.00870
0.01141 -0.00053 0.00003 -0.00580 -0.00215
-0.00118 0.00005 0.00099 0.01913 0.01930
0.01291 0.00116 -0.00191 -0.00420 -0.00441
-0.01334 -0.00150 0.00155 -0.00666 -0.00631
A1
A2
A3
A4
A5
A1
0.03339
A2
-0.01836 0.06580
A3
-0.01766 0.03844 0.04716
A4
0.03783 -0.06564 -0.03376 0.09000
A5
-0.02566 -0.01737 -0.02751 -0.01780 0.06692
D1
-0.00390 -0.01851 0.01898 0.02781 -0.01795
D2
0.01758 0.02774 -0.00675 -0.01994 -0.01545
D1
D2
D1
0.04432
D2
-0.03724 0.04829
Eigenvalues --- 0.00082 0.00240 0.00533 0.09612 0.10404
Eigenvalues --- 0.18832 0.32981 0.55243 0.559371000.00000
Eigenvalues --- 1000.000001000.00000
Angle between quadratic step and forces= 79.62 degrees.
Linear search not attempted -- first point.
Iteration 1 RMS(Cart)= 0.00001497 RMS(Int)= 0.00000000
Iteration 2 RMS(Cart)= 0.00000000 RMS(Int)= 0.00000000
ClnCor: largest displacement from symmetrization is 2.67D-09 for atom
Variable
Old X -DE/DX Delta X Delta X Delta X New X
(Linear) (Quad) (Total)
R1
1.83905 0.00000 0.00000 0.00000 0.00000 1.83905
R2
5.52464 0.00000 0.00000 0.00000 0.00000 5.52464
R3
3.68621 0.00000 0.00000 0.00000 0.00000 3.68620
R4
1.80809 0.00000 0.00000 0.00000 0.00000 1.80809
R5
1.80809 0.00000 0.00000 0.00000 0.00000 1.80809
A1
2.07926 0.00000 0.00000 -0.00002 -0.00002 2.07924
A2
2.07926 0.00000 0.00000 -0.00002 -0.00002 2.07924
A3
2.08362 0.00000 0.00000 -0.00002 -0.00002 2.08360
A4
2.08362 0.00000 0.00000 -0.00002 -0.00002 2.08360
A5
1.83835 0.00000 0.00000 0.00000 0.00000 1.83835
D1
-2.39012 0.00000 0.00000 0.00006 0.00006 -2.39006
D2
-2.40119 0.00000 0.00000 0.00005 0.00005 -2.40114
Item
Value Threshold Converged?
Maximum Force
0.000000 0.000015 YES
RMS Force
0.000000 0.000010 YES
Maximum Displacement 0.000029 0.000060 YES
RMS Displacement 0.000015 0.000040 YES
Predicted change in Energy=-4.815591D-12
Optimization completed.
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Excerpt of a Typical Gaussian Thermochemistry Section (Continued)
-- Stationary point found.
---------------------------! Optimized Parameters !
! (Angstroms and Degrees) !
--------------------------------------------------! Name Definition
Value
Derivative Info.
!
-------------------------------------------------------------------------------! R1 R(1,2)
0.9732
-DE/DX = 0.0
!
! R2 R(1,3)
2.9235
-DE/DX = 0.0
!
! R3 R(2,3)
1.9507
-DE/DX = 0.0
!
! R4 R(3,4)
0.9568
-DE/DX = 0.0
!
! R5 R(3,5)
0.9568
-DE/DX = 0.0
!
! A1 A(1,3,4)
119.1326
-DE/DX = 0.0
!
! A2 A(1,3,5)
119.1326
-DE/DX = 0.0
!
! A3 A(2,3,4)
119.3825
-DE/DX = 0.0
!
! A4 A(2,3,5)
119.3825
-DE/DX = 0.0
!
! A5 A(4,3,5)
105.3298
-DE/DX = 0.0
!
! D1 D(1,3,5,4)
-136.9436
-DE/DX = 0.0
!
! D2 D(2,3,5,4)
-137.578
-DE/DX = 0.0
!
-------------------------------------------------------------------------------GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad
1|1|UNPC-KANONTIN-PC7|Freq|UQCISD-FC|6-311++G(2d,2p)|H3O2(2)|DAVID VOG
LOZIN|02-Mar-2012|0||#N Geom=AllCheck Guess=TCheck SCRF=Check GenChk U
QCISD(FC)/6-311++G(2d,2p) Freq||struct1-QCISDT||0,2|O,0.0135520648,0.,
-0.0605189167|H,0.0069639529,0.,0.912643732|O,0.0558694882,0.,2.862687
1646|H,0.4086238819,-0.7607546031,3.3234311778|H,0.4086238819,0.760754
6031,3.3234311778||Version=IA32W-G09RevA.02|State=2-A'|HF=-151.4807162
|MP2=-151.9031565|MP3=-151.9156885|MP4D=-151.9228367|MP4DQ=-151.917317
1|PUHF=-151.4836914|PMP2-0=-151.9049114|PMP3-0=-151.9167172|MP4SDQ=-15
1.9206827|QCISD=-151.9217117|S2=0.756319|S2-1=0.751124|S2A=0.750024|RM
SD=8.856e-012|RMSF=2.260e-007|ZeroPoint=0.0337291|Thermal=0.0386325|Di
pole=0.4670744,0.,1.5054821|DipoleDeriv=-0.3998604,0.,-0.0034925,0.,-0
.3852719,0.,-0.0112971,0.,-0.3384333,0.3538152,0.,0.013672,0.,0.325894
4,0.,0.0211204,0.,0.4975634,-0.5426303,0.,0.1396374,0.,-0.4920231,0.,0
.1204586,0.,-0.6458579,0.2943368,0.0343675,-0.0749141,0.0281631,0.2757
003,0.0242803,-0.0651433,0.0341055,0.243361,0.2943368,-0.0343675,-0.07
49141,-0.0281631,0.2757003,-0.0242803,-0.0651433,-0.0341055,0.243361|Q
uadrupole=-0.3116029,0.7325472,-0.4209443,0.,1.7189891,0.|QuadrupoleDe
riv=0.0555443,-0.0301715,-0.0253728,0.,1.5676326,0.,0.,0.,0.,-0.010613
1,0.,0.9838129,-0.4381938,-0.3705348,0.8087286,0.,0.0131175,0.,-0.0700
82,0.0364229,0.0336591,0.,-0.8136708,0.,0.,0.,0.,-0.1124995,0.,-0.1981
725,0.0047398,-0.0725301,0.0677903,0.,-0.0079915,0.,-0.6624173,0.04111
87,0.6212986,0.,-1.5700874,0.,0.,0.,0.,0.1537176,0.,-1.2019836,0.79357
7,1.0958502,-1.8894272,0.,0.2515427,0.,0.6498511,-0.1794038,-0.4704472
,-0.4631131,1.1608169,0.189851,0.4087003,-1.0433831,0.6346827,0.218235
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8,0.1349595,0.9609127,-0.6818827,-0.8282192,1.5101018,-0.0933617,0.105
1872,-0.6184049,0.6498511,-0.1794038,-0.4704472,0.4631131,1.1608169,-0
.189851,-0.4087003,1.0433831,-0.6346827,0.2182358,-0.1349595,0.9609127
,-0.6818827,-0.8282192,1.5101018,0.0933617,0.1051872,0.6184049|PG=CS [
SG(H1O2),X(H2)]|NImag=0||0.00259772,0.,0.00360358,-0.00337855,0.,0.496
66224,-0.00403681,0.,0.00408955,0.00648276,0.,-0.00651559,0.,0.,0.0124
9626,0.00364316,0.,-0.48837892,-0.00419158,0.,0.49079929,0.00158382,0.
,-0.00130768,-0.00260150,0.,0.00059014,0.17256760,0.,0.00372198,0.,0.,
-0.00748549,0.,0.,0.71118666,-0.00096205,0.,-0.00632586,0.00237239,0.,
-0.00480306,0.22360434,0.,0.31159505,-0.00007277,0.00008876,0.00029869
,0.00007819,-0.00014043,-0.00002129,-0.08577494,0.16387459,-0.11250723
,0.08086351,-0.00002816,-0.00040498,-0.00098595,0.00010742,0.00075241,
0.00204673,0.12565717,-0.35371158,0.16336330,-0.14477964,0.38538075,0.
00034889,-0.00118190,-0.00097835,-0.00113539,0.00304184,0.00119097,-0.
11144323,0.21177942,-0.15023301,0.10571426,-0.18903173,0.14133238,-0.0
0007277,-0.00008876,0.00029869,0.00007819,0.00014043,-0.00002129,-0.08
577494,-0.16387459,-0.11250723,0.00490598,0.01904328,0.00651543,0.0808
6351,0.00002816,-0.00040498,0.00098595,-0.00010742,0.00075241,-0.00204
673,-0.12565717,-0.35371158,-0.16336330,-0.01904328,-0.03201660,-0.024
60763,0.14477964,0.38538075,0.00034889,0.00118190,-0.00097835,-0.00113
539,-0.00304184,0.00119097,-0.11144323,-0.21177942,-0.15023301,0.00651
543,0.02460763,0.00868794,0.10571426,0.18903173,0.14133238||-0.0000000
3,0.,0.00000031,0.00000002,0.,-0.00000036,0.00000039,0.,0.00000037,-0.
00000019,-0.00000026,-0.00000016,-0.00000019,0.00000026,-0.00000016|||
@

WE ARE PERHAPS NOT FAR REMOVED FROM THE TIME WHEN WE SHALL BE
ABLE TO SUBMIT
THE BULK OF CHEMICAL PHENOMENA TO CALCULATION.
-- JOSEPH LOUIS GAY-LUSSAC
MEMOIRES DE LA SOCIETE D'ARCUEIL, 2, 207 (1808)
Job cpu time: 0 days 1 hours 15 minutes 43.0 seconds.
File lengths (MBytes): RWF= 689 Int= 0 D2E= 0 Chk= 5 Scr=
Normal termination of Gaussian 09 at Fri Mar 02 23:59:11 2012.

5.4. Altitude Profile data
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1

Figure 59: Excel file of the altitude profile (part 1)
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Figure 60: Excel file (screenshot) of the altitude profile (part 2)
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Figure 61: Excel file (screenshot) of the altitude profile of H2O.HO (part 3)
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