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Introduction

The need for better monitoring of water quality and levels of water contamination implies
a need for determining the dielectric response properties of water contaminants with respect to
electromagnetic wave excitation. In addition to monitoring contaminants, there is an associated
need for monitoring chemical processes whose purpose is deactivation or assistance in the
removal of water contaminants. Two naturally occurring water contaminants, which are the
result of decaying vegetation, are Iron and Manganese, where Iron is in general at much higher
concentrations. Correspondingly, a process that is highly effective for assisting filtration of water
contaminants, including Iron and Manganese, is the addition in solution of Ozone, i.e., the
preozonation process. The present study is based on significant progress in density functional
theory (DFT), and associated software technology, which is sufficiently mature for the
determination of dielectric response functions, and actually provides complementary information
to that obtained from experiment. The calculation of ground state resonance structure is for the
construction of parameterized dielectric response functions for excitation by electromagnetic
waves at frequencies within the THz range. The THz range is associated with frequencies that
are characteristically perturbative to molecular states, and thus represent ground state resonance
structure, in contrast to frequencies that can induce appreciable electronic state transitions.
Dielectric functions provide for different types of analyses concerning the dielectric response of
water contaminants. In particular, these dielectric response functions provide quantitative initial
estimates of spectral response features for subsequent adjustment with respect to additional
information such as laboratory measurements and other types of theory based calculations. With
respect to qualitative analysis, these spectra provide for the molecular level interpretation of
response structure. The DFT software GAUSSIAN was used for the calculations of ground state
resonance structure presented here.

Typically, the dielectric response properties for electromagnetic wave excitation at THz
frequencies, as well as at other frequencies, are determined by means of experimental
measurements. The present study is based on significant progress in density functional theory
(DFT), and associated software technology, which is sufficiently mature for the determination of
dielectric response functions, and actually provides complementary information to that obtained
from experiment. In particular, these dielectric response functions provide quantitative initial
estimates of spectral response features that can be adjusted with respect to additional information
such as laboratory measurements and other types of theory based calculations, as well as
providing for the molecular level interpretation of response structure.

Density functional theory has been successfully used to investigate the vibrational spectra
of energetic materials in the form of single molecules and molecular crystals [1-7]. These
calculations provide detection signatures for various forms of materials, which can be
encountered in various detection scenarios [8,9]. The isolated-molecule simulation results help to
identify intramolecular vibrational modes in the absorption spectra of various materials. A series
of studies have focused on the general concept of constructing dielectric response functions
using DFT for the purpose of quantitative simulation of explosives detection scenarios [9,10,11].
As emphasized in these studies, the construction of permittivity functions using DFT
calculations, defines a general approach where dielectric response is estimated within the bounds
of relatively well-defined adjustable parameters. Following this approach, permittivity functions
are constructed using DFT calculated absorption spectra under the condition that the calculated
resonance locations are fixed, while resonance widths and number densities are assumed
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adjustable with respect to additional information such as experimentally observed spectra or
more advanced theory. It is significant to note that, with respect to practical application, water
complexes represent a separate regime for using DFT calculations for construction of dielectric
response functions.

A significant aspect of using response spectra calculated by density functional theory,
DFT, for the direct construction of dielectric response functions is that it adopts the perspective
of computational physics, according to which a numerical simulation represents another source
of “experimental” data. This perspective is significant in that a general procedure may be
developed for construction of dielectric response functions using DFT calculations as a
quantitative initial estimate of spectral response features for subsequent adjustment with respect
to additional information such as experimental measurements and other types of theory based
calculations. That is to say, for the purpose of simulating many electromagnetic response
characteristics of materials, DFT is sufficiently mature for the purpose of generating data
complementing, as well as superseding, experimental measurements.

In the case of THz excitation of materials, the procedure of using response spectra
calculated using DFT, which is associated with ground state resonance structure, for the direct
construction of permittivity functions is well posed owing to the physical characteristic of THz
excitation. In particular, it is important to note that the procedure for constructing a permittivity
function using response spectra calculated using DFT is physically consistent with the
characteristically linear response associated with THz excitation of molecules. Accordingly, one
observes a correlation between the advantages of using THz excitation for detection of
explosives (and ambient materials) and those for its numerical simulation based on DFT.
Specifically, THz excitation is associated with frequencies that are characteristically perturbative
to molecular states, in contrast to frequencies that can induce appreciable electronic state
transitions. THz excitation does not appreciably induce electronic transitions. Moreover, in the
linear (low-intensity) regime, THz excitation can be treated by means of perturbation theory. Of
course, the practical aspect of the perturbative character of THz excitation for detection is that
detection methodologies can be developed which do not damage materials under examination.
The perturbative character of THz excitation with respect to molecular states has significant
implications with respect to its numerical simulation based on DFT. It follows then that, owing
to the perturbative character of THz excitation, which is characteristically linear, one is able to
make a direct association between local oscillations about ground-state minima of a given
molecule and THz excitation spectra.

Construction of permittivity functions according to the best fit of available data for a
given material corresponding to many different types of experimental measurements has been
typically the dominant approach. This approach is extended by using DFT calculations of
electromagnetic response as data for construction of permittivity functions. The inclusion of this
type of information is significant for accessing what spectral response features at the molecular
level are actually detectable with respect to a given set of detection parameters. Accordingly,
permittivity functions having been constructed using DFT calculations provide a quantitative
correlation between macroscopic material response and molecular structure. Within this context
it is not important that the permittivity function be quantitatively accurate for the purpose of
being adopted as input for system simulation. Rather, it is important that the permittivity function
be qualitatively accurate in terms of specific dielectric response features for the purpose of
sensitivity analysis, which is relevant for the assessment of absolute detectability of different
types of molecular structure with respect to a given set of detection parameters. That is to say,



permittivity functions that have been determined using DFT can provide a mechanistic
interpretation of material response to electromagnetic excitation that could establish the
applicability of a given detection methodology for detection of specific molecular characteristics.
Within the context of practical application, permittivity functions having been constructed
according to the best fit of available data would be “correlated” with those obtained using DFT
for proper interpretation of permittivity-function features. Subsequent to establishment of good
correlation between DFT and experiment, DFT calculations can be adopted as constraints for the
purpose of constructing permittivity functions, whose features are consistent with molecular
level response, for adjustment relative to specific sets of either experimental data or additional
molecular level information. In what follows, calculations are presented of ground state
resonance structure associated with water complexes of Fe and the interaction of these
complexes with Ozone, which is for the construction of parameterized dielectric response
functions for excitation by electromagnetic waves at compatible frequencies. For this purpose the
DFT software GAUSSIANO9 (G09) was adopted [12].

The organization of the subject areas presented here are as follows. First, a brief example
is presented of the significance of Iron and Manganese concentrations in water and of their
interaction with Ozone. Second, a brief description is presented of vibrational analysis using
DFT for the calculation of absorption spectra and of the construction of permittivity functions
using DFT calculated spectra. This includes a general review of the formal structure of
permittivity functions in terms of analytic function representations. An understanding of the
formal structure of permittivity functions in terms of both physical consistency and causality is
important for post-processing of DFT calculations for the purpose of constructing permittivity
functions. Third, information concerning the ground state resonance structure of Fe water
complexes and of their interaction with Ozone, which is obtained using DFT, is presented. This
information consists of the ground state molecular geometries and response spectra for different
types of Fe water complexes, with and without the presence of Ozone. Fourth, a discussion is
presented that elucidates the utility of information concerning the ground state resonance
structure of Fe water complexes with ot without the presents of Ozone. This discussion also
suggests procedures for the construction of permittivity functions that are in terms of reduced
sets of phenomenological parameters. Finally, a conclusion is given summarizing the
significance of modeling the dielectric response of molecular clusters relative to monitoring of
water contamiants in practice.

Example of the Significance of Iron and Manganese Concentrations
in Water and of Their Interaction with Ozone

New York City's water reservoirs, like all other cities upland water storage systems,
have a continuous or occasional water quality problem when the two primary parameters of color
colloids and turbidity inert particulates exceed the desirable limits. As these color colloidal
particles are the result of decaying vegetation, the accompanying consequence is higher
concentrations of both iron and manganese in the water, as both metals are present in the original
vegetation and thereby in the color colloids resulting from the decay. Iron, of course, is present
in much higher concentrations than manganese.

As the above mentioned water quality parameters are present in relatively low
concentrations in typical upland water supply reservoirs, and as the size of all these particulates



are very small, the traditionally used water treatment of coagulation, flocculation, coarse dual
media filtration would not only prove inefficient, but it would also require an addition of a
disproportional amount of chemicals resulting in a large amount of a chemical sludge requiring
disposal. Therefore, the diatomaceous earth filter media with their much smaller size of media
particles and the resulting much smaller pore sizes, would be the most suitable filtering media for
the treatment of these specific water pollutants requiring removal. Additionally, since the only
chemical being added to the process is more diatomaceous earth, and as about 85 percent or
more of the total DE material is being recovered and recycled in every run cycle, the resulting
sludge is of a considerably lesser quantity and much more innocuous in its disposal.

The preozonation step added prior to the DE process has as its aim the oxidation of the
soluble ionized ferric and manganic tiny particulates, therefore resulting in insoluble colloids of
ferrous and manganous compounds. These can then be filtered out by the DE process much more
efficiently, resulting in a desirable reduction of the iron and manganese concentrations, which
are harmful to health, in addition to color and turbidity units reduction.

Therefore, as color levels in the water supply quality are closely correlated to both the
turbidity and the iron and manganese concentrations, in modeling the preozonation, DE filtration
process there seemed to be no statistical need to also include color as an additional modeling
parameter. A multiparameter multiple regression analysis of the NYC pilot test data, which
included color data as well, verified this assumption.

Construction of Dielectric Response Functions using DFT

As in previous studies [9,10,11] the formal mathematical structure underlying DFT
calculations, as well as the procedure for constructing permittivity functions using these
calculations, is included here for purposes of completeness. A brief description of this
mathematical structure is as follows.

The DFT software GAUSSIANO9 (G09) can be used to compute an approximation of the
IR absorption spectrum of a molecule or molecules [12]. This program calculates vibrational
frequencies by determining second derivatives of the energy with respect to the Cartesian nuclear
coordinates, and then transforming to mass-weighted coordinates at a stationary point of the
geometry [13]. The IR absorption spectrum is obtained using density functional theory to
compute the ground state electronic structure in the Born-Oppenheimer approximation using
Kohn-Sham density functional theory [14-18]. GAUSSIAN uses specified orbital basis functions
to describe the electronic wavefunctions and density. For a given set of nuclear positions, the
calculation directly gives the electronic charge density of the molecule, the potential energy V,
and the displacements in Cartesian coordinates of each atom. The procedure for vibrational
analysis followed in GAUSSIAN is that described in [19]. Reference [20] presents a fairly
detailed review of this procedure. A brief description of this procedure is as follows.

The procedure followed by GAUSSIAN is based on the fact the vibrational spectrum
depends on the Hessian matrix fcart, which is constructed using the second partial derivatives of
the potential energy V with respect to displacements of the atoms in Cartesian coordinates.
Accordingly, the elements of the 3N x 3N matrix fcart are given by
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where {£,.5,.8,.5,.55.86...83x } = {Ax. Ay, Az Ax, Ay, Az, .....Azy }, Which are displacements in
Cartesian coordinates, and N is the number of atoms. As discussed above, the zero subscript in
Eq.(1) indicates that the derivatives are taken at the equilibrium positions of the atoms, and that
the first derivatives are zero. Given the Hessian matrix defined by Eq.(1) the operations for
calculation of the vibrational spectrum require that the Hessian matrix Eq.(1) be transformed to
mass-weighted Cartesian coordinates according to the relation
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the mass-weighted Cartesian coordianates. GAUSSIAN computes the energy second derivatives
Eq.(2), thus computing the forces for displacement perturbations of each atom along each
Cartesian direction. The first derivatives of the dipole moment with respect to atomic positions
Ju/og; are also computed. Each vibrational eigenmode leads to one peak in the absorption
spectrum, at a frequency equal to the mode's eigenfrequencyv,,. The absorption intensity
corresponding to a particular eigenmode n whose eigenfrequency is v, is given by
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where lcart is the matrix whose elements are the displacements of the atoms in Cartesian
coordinates. The matrix lcarr is determined by the following procedure. First,

Icart = Mlvwe , 4)

where Iywc is the matrix whose elements are the displacements of the atoms in mass-weighted
Cartesian coordinates and M is a diagonal matrix defined by the elements

My=—— . (5)

Proceeding, lywc is the matrix needed to diagonalize fywce defined by Eq.(2) such that

(hawe) " fuwe( Iuwe) = A, (6)

where A is the diagonal matrix with eigenvalues A,. The procedure for diagonalizing Eq.(6)
consists of the operations
fine = ( D)T fvwc( D) )
and
(L) fuwc(L)= A, (8)

where D is a matrix transformation to coordinates where rotation and translation have been



separated out and L is the transformation matrix composed of eigenvectors calculated according
to Eq.(8). The eigenfrequencies in units of (cm™) are calculated using the eigenvalues A, by the

expression

VA,
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where c is the speed of light. The elements of Icart are given by
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where k, i=1, ..., 3N, and the column vectors of these elements are the normal modes in Cartesian
coordinates.

The intensity Eq.(3) must then be multiplied by the number density of molecules to give
an absorption-line intensity in the non-interacting molecule approximation. It follows that the
absorption spectrum calculated by GAUSSIAN is a sum of delta functions, whose line positions
and cefficients correspond to the vibrational-transition frequencies and the absorption-line
intensities, respectively. In principle, however, these spectral components must be broadened and
shifted to account for anharmonic effects such as finite mode lifetimes and inter-mode couplings.

The construction of permittivity functions using DFT calculations requires that a specific
parametric function representation be adopted. This parametric representation must be physically
consistent with specific molecular response characteristics, while limiting the inclusion of feature
characteristics that tend to mask response signatures that may be potentially detectable. In
principle, parameterizations are of two classes. One class consists of parameterizations that are
directly related to molecular response characteristics. This class of parameterizations would
include spectral scaling and width coefficients. The other class consists of parameterizations that
are purely phenomenological and are structured for optimal and convenient best fits to
experimental measurements. A sufficiently general parameterization of permittivity functions is
given by Drude-Lorentz approximation [21]

eWw)=¢'(v)+ig’ (v)—£m+§(v2 . )—l)/ (11)

where v, and y, are the spectral scaling and width of a resonance contributing to the

permittivity function. The permittivity &, is a constant since the dielectric response at high

frequencies is substantially detuned from the probe frequency. The real and imaginary parts,
€,(v) and ¢,(v), respectively, of the permittivity function can be written separately as
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With respect to practical application, the absorption coefficient « and index of refraction #,,
given by

B 4 v

\2

12 1/2
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respectively, provide direct relationships between calculated quantities obtained by DFT and the
“conveniently measurable” quantities o and #, . It is significant to note that in what follows, the

absorption coefficient « is determined using DFT calculated spectra in the same spirit as for its
measurement in the laboratory. Although permittivity functions e(v) are not determined
explicitly in the present study, it must be kept in mind that the ultimate construction of these
functions is necessary for using DFT calculated spectra to model the dielectric response of
complex composite materials and associated detector designs [9].

Physical Significance of Quantum Mechanical Transition State for
Molecular Transformation

A molecule in 3-dimensions has a total of 3N-6 normal mode vibrations. The Schrodinger
equation for the harmonic oscillations of these normal modes has known solutions. The quantum
mechanical spectrum of each of these vibrations is given in the harmonic approximation by the
energies E, = (n+1/2)hv, where n is a quantum number, h is Planck’s constant, and v is a
vibration frequency given by v=v(k/m), where k is the spring constant of the normal vibration
and m is the effective mass contributed by those atoms vibrating in the normal mode. A molecule
in stable equilibrium is characterized by all positive normal mode frequenciesv. But the
definitive mathematical characteristic of a transition state is that it has all positive frequencies
but one, which is imaginary. That is to say, (k/m) is a negative number. The vibration
corresponding to an imaginary frequency is one in which the atoms are breaking away from
bonds characteristic of chemical reactants and are moving towards those bonds characteristic of
chemical products. Chemical reactions break bonds in the reactants, rearrange them and form
new bonds in the products. The transition state is a particular geometric arrangement of the
atoms in a chemical system, at the maximal peak of the energy surface separating reactants from
products. In the transition state every normal vibration distortion but one, occurs within a stable
energy minimum. But the one normal mode distortion of imaginary frequency occurs at an
unstable energy maximum sending reactants toward products. The height of energy peak, the
activation energy E,, associated with the occurrence of a transition state determines the minimal
energy accumulated by reactants to surmount the barrier separating reactants from products. In
the Arrhenius formulation, the rate constant for the reaction is given by k = A e ~"*", where A is
a constant, R is the ideal gas constant, and T is the absolute temperature. The common
occurrence is that a particular transition state mechanism for chemical reaction is associated with
one imaginary frequency, and therefore a single mechanism of reaction. Much less commonly,
an energy surface of multiple channels of reaction mechanism may give rise to correspondingly
multiple of imaginary frequencies. But in any event, the transition state contains the energetic
and geometric information that defines the transformation inherent within chemical reactions.



Ground State Resonance Structure of Fe Water Complexes
And of Their Interaction with Ozone

In this section are presented the results of computational investigations using DFT
concerning Fe water complexes and their interaction with Ozone. These results include the
relaxed or equilibrium configurations of Fe water complexes, their interaction with Ozone, and
ground-state oscillation frequencies and IR intensities for different geometries of the interacting
systems associated with stable structures, which are calculated by DFT according to the frozen
phonon approximation. For these calculations geometry optimization and vibrational analysis
was effected using the DFT model B3LYP [22, 23] and basis function 6-31G(d,p) [24, 25].
According to the specification of this basis function, (d,p) designates polarization functions
having 1 set of d functions for heavy atoms and 1 set of p functions for hydrogen atoms [26].

In general the geometry of any given Fe water complex interacting with Ozone will
depend on the electronic configuration of the Ozone, as well as the orientation of Ozone relative
to the Fe complex. Shown in Fig. 1 are schematic representations of different electronic
configurations of Ozone for neutral and charged structures [27]. Shown in Fig. 2 are schematic
representations of different orientations of Ozone with respect to approach to Fe [28].

Shown in Figs. 3 through 9 are geometries and energies of Fe water complexes with and
without Ozone, before and after geometry optimization, and with and without the presence of a
water solvent background. In addition, indicated in Figs. 3 through 9 are the numbers of
imaginary frequencies associated with the optimized geometries.

Proceeding, it is to be noted that the Fe water complex [Fe(H,0)s]™ can be associated
with two types of symmetry, which are represented by symmetry groups Da, and D34 [29,30].
These two symmetries are shown schematically in Fig.10. Accordingly, the interaction of this Fe
complex with Ozone will depend on these symmetries. Shown in Figs. 11 through 14 are
geometries and energies of complexes [Fe(HQO)é]+2 for D4y, and D34, with and without Ozone,
before and after geometry optimization, and with and without the presence of a water solvent
background. In addition, indicated in Figs. 11 through 14 are the numbers of imaginary
frequencies associated with the optimized geometries.

Shown in Figs. 15 through 32 are IR spectra calculated for the optimized geometries
shown in Figs. 3 through 32. Again, it must be noted that only a fraction of these calculated
spectra are to be associated with stable structures, i.e., structure for which there are no imaginary
frequencies. The IR intensities shown in these figures are given in the form of continuous
spectrum representations of the spectra. Comparison of these figures shows relative changes of
intensities for individual resonances for the various Fe water complexes and their interaction
with Ozone relative to the single molecule. The continuous spectra shown in Figs. 15 through 32
are constructed using a superposition of essentially Lorenzian functions of various heights and
widths, which have been fit to the discrete spectra, which have been calculated using DFT. This
construction is applied within the GAUSSIAN program [12].

Shown in Tables 1 and 2 are comparisons of energies and numbers of imaginary
frequencies for initial and optimized geometries of [Fe -3(H,0) ‘O3] and [Fe -3(H,0) -Os],
respectively, with and without the presence of a water solvent background. Shown in Tables 3
and 4 are comparisons of energies and numbers of imaginary frequencies for initial and
optimized geometries of [Fe-O3]"* and [Fe-O;], respectively, in presence of a water solvent
background. Finally, shown in Table 5 is a comparison of energies and numbers of imaginary
frequencies for initial and optimized geometries of [Fe(H,0)s]" with and without the presence



of a water solvent background, and for the different symmetries D4, and Dsgq.

Shown in Tables 6 through 12 are frequencies and IR intensities for stable structures of
Fe water complexes with and without interaction with Ozone, and without the presence of a
water solvent background.

Discussion

The DFT calculated absorption spectra given in Tables 6 through 12 provide two types of
information for general analysis of dielectric response. These are the denumeration of ground
state resonance modes and estimates of molecular level dielectric response structure. The
construction of permittivity functions using the DFT calculated absorption spectra follows the
same procedure as that applied for the construction of permittivity functions using
experimentally measured absorption spectra, but with the addition of certain constraint
conditions. Accordingly, construction of permittivity functions using either DFT or
experimentally measured absorption spectra requires parameterizations that are in terms of
physically consistent analytic function representations such as the Drude-Lorentz model.
Although the formal structure of permittivity functions constructed using DFT and experimental
measurements are the same, their interpretation with respect to parameterization is different for
each case.

The construction of permittivity functions using experimental measurements defines an
inverse problem where resonant locations, peaks and widths, as well as the number of
resonances, are assumed adjustable. Following this approach, it follows that many of the detailed
characteristics of resonance structure are smoothed or averaged. In addition, measurement
artifacts associated with sample preparation and detector configuration can in principle introduce
errors. One advantage of permittivity functions constructed using experimental measurements,
however, is that many aspects of dielectric response on the macroscale that are associated with
multiscale averaging and molecule-lattice coupling are taken into account inherently.
Accordingly, the disadvantage of this approach is that the nature of any multiscale averaging and
resonant structure, contributing to dielectric response on the macroscopic level, may not be
understood. This lack of quantitative understanding can in principle inhibit the development of
methodologies for selective excitation of molecular modes, which are for the purpose of
enhanced signature detection. Better interpretation of dielectric response of explosives on a
macroscale can be achieved through correlation of resonance structure, which is experimentally
observed, with spectra calculated by DFT. In principle, correlation of resonance structure would
include the quantitative analysis of changes in signature features associated with the transition of
the system from that of a low-density system of uncoupled molecule to that of systems consisting
of molecules coupled to their molecular environment. Among these types of systems are
molecular clusters of explosive molecules [27] or individual explosive molecules having
intermolecular coupling with their ambient environment, consisting of either bulk systems or
individual molecules, which would include water complexes.

One approach for the construction of permittivity functions using DFT calculations,
discussed previously [10,11], is that of a direct problem approach where dielectric response is
estimated within the bounds of relatively well-defined adjustable parameters. Following this
approach, a permittivity function is constructed using the DFT calculated absorption spectra
under the condition that the calculated resonance locations are fixed, while resonance widths and



number densities are assumed adjustable. With respect to this approach, reference is made to
Figs. 15 through 32, which show continuous spectra consisting of a superposition of essentially
Lorenzian functions of various heights and widths, constructed using discrete spectra. Although
the primarily purpose of this type of construction within GAUSSIAN is for the purpose of
enhanced visualization of spectral features, it is significant to note that this operation represents,
at some level, a zeroth-order estimation of the characteristic scaling and widths of resonances
contributing the dielectric response, i.e., permittivity function. For qualitative comparison of
spectral features this type of zeroth-order estimate should be sufficient. For the construction of
permittivity functions to be used for quantitative simulations, it is more appropriate, however, to
assume the characteristic scaling and widths of DFT calculated resonances as adjustable
parameters, i.e., parameters to be assigned values according to additional information.

Following an approach for construction of permittivity functions using DFT, which
assumes the characteristic scaling and widths of resonances as adjustable parameters, inverse
methods of analysis can be adopted. Accordingly, permittivity functions can be constructed using
superpositions of Lorenzian functions that are in terms of reduced sets of phenomenological
scaling and widths of resonances. This approach should consider, in principle, the sensitivity of
reflectivity, as would be measured by a specific detection design (see reference [9]), with respect
to variation in values of the associated phenomenological scaling and widths of resonances.

It must be emphasized again here, as in previous studies [10,11], that one purpose of DFT
calculated spectra, related to practical application and extremely important for interpretation
signature features and the design of detection or monitoring systems, is the quantitative analysis
of the inherent limitation on levels of detection associated with various types of detection
strategies. With respect to the purpose of examining inherent limitations on monitoring of water
contaminants, the dominant features of response spectra that are calculated using DFT provide a
foundation for establishing what level of detection is achievable in the absence of instrumental
and environmental factors associated with detection. Accordingly, the approach presented here,
for construction of permittivity functions, provides a specific application of DFT. For any given
water contaminant, e.g., metal-water complex, and frequency range of the incident
electromagnetic wave, DFT can calculate a set of response signatures that are each characterized
by an excitation frequency, magnitude and width. These response signatures must then be
adjusted parametrically to construct permittivity functions. Accordingly, parameter adjustment
with respect to a given set of experimental measurements, which would entail parameter
optimization and sensitivity analysis, will determine what types of signature structure are
recoverable at the level of detection for a given detector design.

Finally, the DFT calculations presented here were performed using the DFT software
GAUSSIAN. With respect to the approach presented here for construction of permittivity
functions, these calculations represent results of numerical experiments with the “numerical
apparatus” GAUSSIAN, which has associated with it specific discrete numerical representations
and associated approximations. Again, an underlying factor supporting the construction of
permittivity functions using DFT calculated spectra is that the associated software technology
has evolved to a point of maturity where dielectric response to electromagnetic excitation can be
determined quantitatively for large molecular systems.
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Conclusion

The calculations of ground state resonance structure associated with Fe water complexes and
their interaction with Ozone using DFT are meant to serve as reasonable estimates of molecular
level response characteristics, providing interpretation of dielectric response features, for
subsequent adjustment relative to experimental measurements and additional constraint based on
molecular structure theory. With respect to spectroscopic methods for monitoring levels of water
contamination, i.e., different types of detection strategies and their associated algorithms for
post-processing of measurements, the calculated resonance spectra presented here serve the
purpose of simulating detector designs for detection of water contaminants. That is to say, for
detection of spatially distributed water complexes that correlate with different types of
contaminants, these spectra can be assumed as a reasonable estimate of dielectric response for
purposes of the practical detection.
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Figure 1. Schematic representations of different electronic configurations of Ozone for neutral
and charged structures [27].
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Figure 2. Schematic representations of different orientations of Ozone with respect to approach
to Fe [28].
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Figure 3. Geometry of complex [Fe™(H,0);], without Ozone, before (black) and after (blue)
geometry optimization. The energies of the complexes before and after geometry optimization
are E=-1492.133 a.u. and E = -1492.195 a.u., respectively, with 1 imaginary frequency. For
optimization in the presence water the energies of the complexes before and after geometry
optimization are E=-1492.526 a.u. and E,=-1492.574 a.u. This optimized state had 1 imaginary

frequency.
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Figure 4(a). Geometry of [Fe-3(H,0)-Os]", for the Ozone approach orientation shown, before
and after geometry optimization. The energies of the systems before and after geometry
optimization are E=-1717.637 a.u. and E= -1717.706 a.u., respectively, with 1 imaginary
frequency. For optimization in the presence water solvent background, the energies of the
systems before and after geometry optimization are E=-1717.964 a.u. and E,= -1718.042 a.u.
This optimized state had 1 imaginary frequency.
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Figure 4(b). Geometry of [Fe-3(H,0)-03]", for the Ozone approach orientation shown, before
and after geometry optimization. The energies of the systems before and after geometry
optimization are E=-1717.546 a.u. and E =-1717.679 a.u., respectively. For optimization in the
presence water solvent background, the energies of the systems before and after geometry
optimization are E=-1717.898 a.u. and E,=-1717.986 a.u. This optimized state had 0 imaginary
frequencies.
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Figure 4(c). Geometry of [Fe-3(H,0)-03]™, for the Ozone approach orientation shown, before
and after geometry optimization. The energies of the systems before and after geometry
optimization are E=-1717.588 a.u. and E= -1717.677 a.u., respectively, with O imaginary
frequencies. For optimization in the presence water solvent background, the energies of the
systems before and after geometry optimization are E=-1717.921 a.u. and E = -1717.024 a.u.
This optimized state had 0 imaginary frequencies.
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Figure 4(d). Geometry of [Fe-3(H,0)-05] ", for the Ozone approach orientation shown, before
and after geometry optimization. The energies of the systems before and after geometry
optimization are E=-1717.483 a.u. and E= -1717.707 a.u., respectively, with 1 imaginary
frequency. For optimization in the presence water solvent background, the energies of the
systems before and after geometry optimization are E=-1717.803 a.u. and E.= -1718.041 a.u.
This optimized state had 2 imaginary frequencies.
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Figure 5(a). Geometry of [Fe 3(H,0) Os], for the Ozone approach orientation shown, before and
after geometry optimization. The energies of the systems before and after geometry optimization
are E=-1718.316 a.u. and E = -1718.381 a.u., respectively, with 2 imaginary frequencies. For
optimization in presence of water solvent background, the energies of the systems before and
after geometry optimization are E=-1718.366 a.u. and E,=-1718.417 a.u. This optimized state
had 1 imaginary frequency.
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Figure 5(b). Geometry of [Fe 3(H,O) Os], for the Ozone approach orientation shown, before and
after geometry optimization. The energies of the systems before and after geometry optimization
are E=-1718.117 a.u. and E = -1718.388 a.u., respectively, with 0 imaginary frequencies. For
optimization in presence of water solvent background, the energies of the systems before and
after geometry optimization are E=-1718.198 a.u. and E,=-1718.417 a.u. This optimized state
had 0 imaginary frequencies.
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Figure 5(c). Geometry of [Fe 3(H,O) Os], for the Ozone approach orientation shown, before and
after geometry optimization. For this geometry sufficient convergence could not be achieved
without a water solvent background. The energies of the systems before and after geometry
optimization are E=-1718.268 a.u. and E= -1718.411 a.u., respectively, with O imaginary

frequencies.
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Figure 5(d). Geometry of [Fe 3(H,O) Os], for the Ozone approach orientation shown, before and
after geometry optimization. The energies of the systems before and after geometry optimization
are E=-1718.197 a.u. and E,= -1718.80 a.u., respectively, with 1 imaginary frequency. For
optimization in presence of a water solvent background, the energies of the systems before and
after geometry optimization are E=-1718.234 a.u. and E,=-1718.412 a.u. This optimized state
had 1 imaginary frequencies.
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Figure 6. Geometry of [Fe-3(H,0)-0s]", for the orientation of cyclic Ozone shown, before and
after geometry optimization. The energies of the systems before and after geometry optimization
are E=-1717.536 a.u. and E = -1717.599 a.u., respectively, with 2 imaginary frequencies. For
optimization in the presence of a water solvent background, the energies of the systems before
and after geometry optimization are E=-1717.852 a.u. and E,= -1717.940 a.u. This optimized
state had 2 imaginary frequencies.
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Figure 7(a). Geometry of [Fe-O3]™, for the orientation of Ozone shown and in presence of a
water solvent background, before (black) and after (blue) geometry optimization. The energies of
the complexes before and after geometry optimization are E=-1488.569 a.u. and E = -1488.572
a.u., respectively. This optimized state had 0 imaginary frequencies.
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Figure 7(b). Geometry of [Fe-Os]™, for the orientation of Ozone shown and in presence of a
water solvent background, before (black) and after (blue) geometry optimization. The energies of
the complexes before and after geometry optimization are E=-1488.540 a.u. and E,= -1488.549
a.u., respectively. This optimized state had 0 imaginary frequencies.
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Figure 7(c). Geometry of [Fe-O3]", for the orientation of Ozone shown and in presence of a
water solvent background, before (black) and after (blue) geometry optimization. The energies of
the complexes before and after geometry optimization are E=-1488.565 a.u. and E,= -1488.588
a.u., respectively. This optimized state had 0 imaginary frequencies.
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Figure 7(d). Geometry of [Fe-O3]", for the orientation of Ozone shown and in presence of a
water solvent background, before (black) and after (blue) geometry optimization. The energies of
the complexes before and after geometry optimization are E=-1488.429 a.u. and E = -1488.548
a.u., respectively. This optimized state had 0 imaginary frequencies.
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Figure 8(a). Geometry of [Fe-O;], which has zero net charge, for the orientation of Ozone
shown and in presence of a water solvent background, before (black) and after (blue) geometry
optimization. The energies of the complexes before and after geometry optimization are E =-

1489.015 a.u. and E= -1489.020 a.u., respectively. This optimized state had O imaginary
frequencies.
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Figure 8(b). Geometry of [Fe-Os], which has zero net charge, for the orientation of Ozone
shown and in presence of a water solvent background, before (black) and after (blue) geometry
optimization. The energies of the complexes before and after geometry optimization are E=-
1488.909 a.u. and E= -1488.922 a.u., respectively. This optimized state had 2 imaginary
frequencies.
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Figure 8(c). Geometry of [Fe-Os], which has zero net charge, for the orientation of Ozone shown
and in presence of a water solvent background, before (black) and after (blue) geometry
optimization. The energies of the complexes before and after geometry optimization are E =-
1489.054 a.u. and E.= -1489.059 a.u., respectively. This optimized state had O imaginary
frequencies.
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Figure 8(d). Geometry of [Fe-Os], which has zero net charge, for the orientation of Ozone
shown and in presence of a water solvent background, before (black) and after (blue) geometry
optimization. The energies of the complexes before and after geometry optimization are E=-
1488.868 a.u. and E= -1488.973 a.u., respectively. This optimized state had O imaginary
frequencies.
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Figure 9. Geometry of [Fe-O3]™, which has net charge +2, for the orientation of cyclic Ozone
shown and in presence of a water solvent background, before (black) and after (blue) geometry
optimization. The energies of the complexes before and after geometry optimization are E=-
1488482 a.u. and E= -1488.507 a.u., respectively. This optimized state had 1 imaginary
frequency.
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Figure 10. Schematic representation of two symmetries of [Fe(H,0)°]" complex, which are
associated with symmetry groups D4, and D34 [29,30].
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Figure 11(a). Geometry of complex [Fe(H20)5]+2 D,,, without Ozone, before and after geometry
optimization. The energies of the complexes before and after geometry optimization are E =-
1645.203 a.u. and E,=-1645.205 a.u., respectively, with 2 imaginary frequencies.
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Figure 11(b). Geometry of complex [Fe(H,0)s]™ D,,, without Ozone and in presence of a water
solvent background, before and after geometry optimization. The energies of the complexes
before and after geometry optimization are E=-1645.506 a.u. and E= -1645.510 a.u.,
respectively, with 3 imaginary frequencies.
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Figure 12(a). Geometry of complex [F e(H20)503]+2 D,,, before and after geometry optimization.
The energies of the complexes before and after geometry optimization are E=-1870.614 a.u. and
E,=-1870.630 a.u., respectively, with 2 imaginary frequencies.
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Figure 12(b). Geometry of complex [Fe(H,0)s0:]™ D,,, in presence of a water solvent
background, before and after geometry optimization. The energies of the complexes before and
after geometry optimization are E=-1870.912 a.u. and E,= -1870.930 a.u., respectively, with 5
imaginary frequencies.
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Figure 13(a). Geometry of complex [Fe(H20)5]+2 D,,, without Ozone, before (black) and after
(blue) geometry optimization. The energies of the complexes before and after geometry
optimization are E=-1645.201 a.u. and E= -1645.205 a.u., respectively, with 0 imaginary
frequencies.

after OPT

Figure 13(b). Geometry of complex [Fe(H,0)s]™ D,,, without Ozone and in presence of a water
solvent background, after geometry optimization. The energies of the complexes before and after
geometry optimization are E=-1645.508 a.u. and E,= -1645.514 a.u., respectively, with O
imaginary frequencies.
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Figure 14(a). Geometry of complex [Fe(H,0)s03]™ D,,, before and after geometry optimization.
The energies of the complexes before and after geometry optimization are E.=-1870.608 a.u. and
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Figure 14(b). Geometry of complex [Fe(H,0)s0s]™ D,,, in presence of a water solvent
background, after geometry optimization. The energies of the complexes before and after
geometry optimization are E=-1870.907 a.u. and E,= -1870.937 a.u., respectively, with 0
imaginary frequencies.

40



1800 4

1600

1400

1200

1000

Epsilon
L

800 -

600

400 o

200

1600 o

1400

1200

1000

800 -

Epsilon

600

400 -

200~

1800 o

1600

1400

1200

1000

Epsilon
.

IR Spectrum

H\ ."‘

500

T T T T T T T
500 1000 1500 2000 2500
Frequency (cm™)

IR Spectrum

T
3000

T
3500

1
4000

3000

2500

2000

1500

{(zwo ;nse ¢, 01) @

1000

500

: T T T T T T T
500 1000 1500 2000 2500
Frequency (cm™)

IR Spectrum

T
3000

T
3500

J\ J

=
1
4000

3000
2500
2000

1500

[fWo Jnse ¢,.01) A

(1000 ~

(- 500

T T
2000 2500

Frequency (cm™)

T T
500 1000

IR Spectrum

e i

T
3000

T
3500

J

1
4000

3500
3000

(2500

ol)a

2000

(~1500

(Zun 2NS3 g,

{1000

(500

“o

T T T T
1500 2000 2500

Frequency (cm™)

T
1000

T
3000

T
3500

1
4000

@
+ 3H,0
(1 imaginary
frequency)

O

N

++

Fe
(b)

+ 3H,0
(NO imaginary
frequency)

Q

N

O

o4

Fe

©
+ 3H,0
(NO imaginary
frequency)

N ’
/
/
;
;

N
N
N

CMIIIIInu----o----unlllllo

++

Fe
(d)

+ 3H,0
(1 imaginary
frequency)

Figure 15. IR spectra for [Fe-3(H,0)-03]™, which has net charge +2, for different approaches of Ozone.
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Figure 17. IR spectra for [Fe-3(H,0)-Os], which has 0 net charge, for different approaches of Ozone.
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frequencies).
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Figure 20. IR spectra for [Fe-3(H,0)-03]™, for approach of cyclic Ozone, in presence of a water solvent
background, (2 imaginary frequencies).

45



350

3004

250

200

Epsilon

150

100

7004

600 -

500

400+

Epsilon

3004

200

1200

1000 -f

800 -

600

Epsilon

400 -

200 -

IR Spectrum

{100

s\ L

T T T T T : T T T T T T T
200 00 600 800 1000 1200 1400
Frequency (cm™)

IR Spectrum

T T T : : - T . T T 7 T 7
200 0 600 800 1000 1200 1400
Frequency {cm™)

IR Spectrum

T : T . T T T T T T T
200 00 600 800 1000 1200 1400
Frequency (cm™)

IR Spectrum

T T T T T T T T T T T T T
200 00 600 800 1000 1200 1400
Frequency {cm™)

~ 700

- 600

- 500

ol)a

I~ 400

I~ 300

(pwo jnse .

- 200

100

~ 300
I~ 800
I~ 700

- 600

ol)a

500

- 40

(zwo ,nsa ¢,

- 300
I 200

100

- 250

- 200

ol)a

150

;WO ;NS o

NO imaginary
frequency

NI

++

Fe
(b)

NO imaginary
frequency

Q

N\

O

o4

++

Fe
(©)

NO imaginary
frequency

0||||m.......o.......nnlo

N

N
N
N
AN

’
’
’
’
’

++

Fe
(d

NO imaginary
frequency
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Figure 22. IR spectra for [Fe-Os], which has 0 net charge, in presence of a water solvent background, for

different approaches of Ozone.
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Figure 26. IR spectra for [Fe(H,0)s05]"* Dy (2 imaginary frequency).
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Figure 31. IR spectra for [Fe™ (H,0)s] D4y, (no Ozone) in presence of a water solvent background (3 imaginary
frequencies).
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Table 1. Comparison of energies and numbers of imaginary frequencies for initial and optimized
geometries of [Fe -3(H,0) :05]"* with and without the presence of a water solvent background.

+ water * water + water
Start Opt . solvent
Imaginary solvent solvent
Structure Energy Energy Opt .
Frequency Start Energy Imaginary
a.u. a.u. Energy
a.u. Frequency
a.u.
“ /"5"*“
’ w/‘ ? \w -1492.133 -1492.195 1 -1492.526 -1492.574 1
]
Fe++(H20)3
-1717.637 -1717.706 1 -1717.964 -1718.042 1
Fe++
+3 H,0
0]
O\O/
-1717.546 -1717.679 NO -1717.898 -1717.986 NO
F‘eﬂ
+3 H,0
AN
e
| -1717.588 -1717.677 NO -1717.921 -1718.024 NO
Fe’
+3 H,0
OIIIIIInm---O-----unIII/O
. -1717483 -1717.707 1 -1717.803 -1718.041 2
Fe++
+3 H,0
o
O\/ : \IO
AN E /, -1717.536 -1717.599 2 -1717.852 -1717.940 2
P
Fe
+3 H,0
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Table 2. Comparison of energies and numbers of imaginary frequencies for initial and optimized
geometries of [Fe -3(H,0) -Os] with and without the presence of a water solvent background.

+ water * water + water
Start Opt . solvent
Imaginary solvent solvent
Structure Energy Energy Opt .
Frequency Start Energy Imaginary
a.u. a.u. Energy
a.u. Frequency
a.u.
-1718.316 -1718.381 2 -1718.366 -1718.417 1
Fe++
+3 H,0
-O\ / o
o
-1718.117 -1718.388 NO -1718.198 -1718.417 NO
F:e++
+3 H,0
-O\
O
({ Converge i : 1718268 | -1718.411 NO
: failed
!++
Fe
+3 H,0
e e el
' -1718.197 -1718.80 1 -1718.234 -1718.412 1
Fe++
+3 H,0
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Table 3. Comparison of energies and numbers of imaginary frequencies for initial and optimized
geometries of [Fe-03]™ in presence of a water solvent background.

Opt .
Structure Startal?lnergy Energy ;T:glnary
. quency
a.u.
-1488.569 -1488.572 NO
\F'e,++
O\ O/O
-1488.540 -1488.549 NO
N
@)
Q/ -1488.565 -1488.588 NO
P
O“|||||||n---O---u|III|||O
-1488.429 -1488.548 NO
'F'e;+
(0]
O\/ : \,O
NS -1488.482 -1488.507 1
Fe++
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Table 4. Comparison of energies and numbers of imaginary frequencies for initial and optimized
geometries of [Fe-Os] in presence of a water solvent background.

Opt .
Structure Start Energy Energy Imaginary
a.u. Frequency
a.u.
-1489.015 -1489.020 NO
t ”++
Fe
-O\ O/ o
| -1488.909 -1488.922 2
O\
O
_J -1489.054 -1489.059 NO
:++
Fe
-O“|||Illnn--O---unIIIIIO_
-148.868 1488.973 NO
pe
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Table 5. Comparison of energies and numbers of imaginary frequencies for initial and optimized
geometries of [Fe(H,0)s]™ with and without the presence of a water solvent background.

+ water * water + water
Start Opt . solvent
Imaginary solvent solvent
Structure Energy Energy Opt .
Frequency | Start Energy Imaginary
a.u. a.u. au Energy Frequenc
h a.u. 1 y
W
\ 1]
e
IO %
v \, -1645.203 -1645.205 2 -1645.506 -1645.510 3
Dy Fe™ (H,0)s
03
SHO
H;0 F(;++ mo | -1870.614 -1870.630 2 -1870.912 -1870.930 5
v J
L0
Dy
o
». -
@
”\%" .’“ -1645.201 -1645.205 NO -1645.508 -1645.514 NO
f o ¥
Dy Fe™(H,0)s
0;
HZO\ SHO
++
o Fe -1870.608 -1870.638 NO -1870.907 -1870.937 NO
0" \H20
H,0
D34
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Table 6. Frequencies and IR intensities for stable structures of [Fe -3(H,0) -O;]™ with and

without the presence of a water solvent background.

O Q
O\O/ \O
E In water solvent J —1p» In water solvent
e 3H,0 o 43H,0
frequency Intensity frequency Intensity frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol) (cm™) (km/mol) (cm™) (km/mol)
1 63.17 0.35 57.13 1.24 59.13 5.57 95.94 0.76
2 90.06 0.40 155.94 14.62 68.67 1.81 128.00 7.82
3 113.42 2.1 174.27 73.42 100.27 0.72 131.76 3.18
4 138.27 4.25 188.80 4.20 116.93 2.65 166.73 21.21
5 145.15 0.16 215.75 43.49 142.65 6.15 190.55 26.02
6 159.02 1.53 227.59 31.97 182.80 3.74 220.54 7.91
7 186.68 3.37 253.03 1.37 189.00 10.41 230.09 18.81
8 219.09 16.61 279.99 26.29 248.36 1.94 256.01 40.72
9 221.62 4.1 295.11 37.21 280.32 3.86 286.05 2.74
10 270.55 4.1 317.14 29.56 320.17 16.25 306.00 1.64
11 330.07 15.64 330.98 23.90 337.86 17.03 324.36 59.28
12 397.46 156.65 432.36 183.32 374.61 13.93 377.42 34.87
13 404.56 89.30 474.50 138.43 422.13 261.69 475.91 229.49
14 438.44 25.79 479.98 19.80 457.86 5.63 491.83 66.91
15 453.88 328.31 514.40 298.99 473.82 30.86 503.84 183.74
16 512.41 189.23 522.07 17.73 483.76 202.86 516.31 35.10
17 515.90 58.95 547.63 201.98 524.99 337.17 581.94 362.01
18 523.78 110.09 592.40 399.84 562.13 67.11 608.26 383.59
19 582.79 25.11 718.77 15.59 680.85 71.75 720.44 35.40
20 703.26 48.97 765.57 21.06 694.80 73.47 740.45 61.24
21 731.87 63.66 775.89 42.86 722.95 10.97 750.08 35.50
22 751.08 77.97 876.44 49.55 764.08 96.27 795.76 40.35
23 852.70 37.50 1137.94 208.33 883.34 43.72 894.96 64.33
24 1436.20 253.56 1186.06 218.70 1425.16 234.72 1318.50 598.92
25 1671.79 138.52 1610.98 184.48 1670.45 166.21 1639.33 112.06
26 1684.78 147.27 1631.82 157.41 1675.12 101.63 1652.98 193.82
27 1699.44 52.03 1691.05 119.60 1695.23 75.20 1657.79 88.53
28 | 3701.23 271.42 3712.27 149.08 3694.03 358.60 3718.11 257.87
29 | 3711.23 391.45 3744.12 417.87 3701.76 198.81 3733.44 158.45
30 | 3718.98 127.49 3747.86 18.93 3719.75 304.43 3748.77 316.10
31 3785.72 252.36 3809.19 337.18 3782.97 200.62 3798.53 24511
32 | 3790.97 239.33 3834.26 285.92 3789.39 289.66 3824.43 296.77
33 3793.58 295.05 3843.98 301.26 3796.01 313.40 3838.50 277.68
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Table 7. Frequencies and IR intensities for stable structures of [Fe -3(H,0) -Os] with and without

the presence of a water solvent background.

QO
o AN
o/ 0
' — In water solvent ) C,{
Fe' +3H,0
Fe  43H,0
In water solvent
frequency Intensity frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol) (cm™) (km/mol)
1 101.22 6.04 90.78 2.28 43.55 1.47
2 127.15 4.20 128.80 2.56 97.71 8.25
3 144.46 7.18 146.63 42.05 133.54 20.04
4 169.37 8.22 172.60 10.74 174.97 54.68
5 221.42 60.88 219.50 66.53 200.65 17.39
6 260.35 72.88 232.24 45.59 220.15 14.27
7 267.00 7.64 260.76 60.75 232.16 71.02
8 311.89 49.18 305.62 38.36 290.73 49.64
9 360.95 6.12 351.54 6.02 309.68 73.19
10 390.47 1.84 371.28 39.69 361.00 33.93
11 406.46 20.30 403.49 1.68 411.19 23.28
12 436.66 37.86 412.39 49.67 432.07 106.45
13 464.83 36.04 475.70 423.26 438.49 322.56
14 504.26 178.48 488.86 47.10 521.53 77.60
15 518.19 129.81 497.23 134.53 532.95 46.92
16 568.18 102.04 534.82 40.48 561.35 97.29
17 631.30 123.43 543.92 48.12 573.24 25.16
18 655.22 88.96 628.05 309.47 641.31 35.20
19 695.71 115.21 660.41 32.11 664.23 143.72
20 721.98 19.39 726.01 116.25 689.92 145.30
21 733.26 95.72 746.71 127.14 779.91 223.05
22 803.65 94.66 791.13 147.79 824.39 323.85
23 866.56 196.56 880.10 32.44 870.98 96.99
24 885.27 24.39 968.26 158.13 921.25 75.24
25 1458.27 58.82 1592.48 147.48 1591.28 93.67
26 1615.40 84.34 1626.99 124.76 1604.41 73.62
27 1654.91 39.51 1653.87 74.08 1634.25 137.02
28 3204.87 332.53 2816.95 874.06 3004.23 805.76
29 3513.50 122.67 3451.02 336.01 3216.59 488.13
30 3649.79 84.50 3764.05 66.60 3760.51 55.55
31 3810.31 5.75 3804.82 93.77 3799.88 14.93
32 3812.57 81.78 3813.88 11.56 3824.39 129.85
33 3847.04 90.73 3858.08 188.45 3870.93 198.24
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Table 8. Frequencies and IR intensities for stable structures of [Fe ‘03] in presence of a water
solvent background.

Q
Q/O\Q L /O \o Ot Qi O
AN s Q ({ \\ i ///
Fe++ FleH s FeH
Fe
frequency Intensity frequency Intensity frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol) (cm™) (km/mol) (cm™) (km/mol)
1 388.33 12.49 148.48 1.07 176.10 2.02 178.63 0.24
2 410.61 16.16 152.31 0.02 205.59 1717 302.55 6.39
3 422.12 42.13 205.77 35.59 410.56 7.01 523.37 15.45
4 666.49 102.43 746.98 9.88 751.43 10.34 654.37 2.15
5 823.08 0.20 1213.07 197.10 944.86 102.56 760.40 48.24
6 1002.50 34.27 1255.54 15.57 1401.77 300.13 1008.01 24.03

Table 9. Frequencies and IR intensities for stable structures of [Fe ‘O3] in presence of a water
solvent background.

_O\
-Q/O\O- O -O“||IIllnn--o---unlllllO_
Fe' | Fe'"

I++

Fe
frequency Intensity frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol) (cm™) (km/mol)
1 268.96 7.61 105.85 32.06 321.90 17.24
2 569.06 78.62 114.55 67.25 411.54 22.42
3 583.08 20.20 440.01 14.74 526.19 23.80
4 717.97 96.23 562.06 0.86 612.05 5.23
5 764.84 26.69 956.28 12.37 696.99 42.95
6 858.47 57.64 1156.21 281.06 893.21 76.08
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Table 10. Frequencies and IR intensities for stable structure of Fe™ (H,0); (no Ozone) with and
without the presence of a water solvent background.

7’ ) —> In water solvent
L W
W
frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol)

1 -54.93 6.92 -297.33 19.68
2 95.48 1.28 128.28 24.53
3 139.12 0.10 134.40 39.67
4 160.47 2.41 149.89 7.14
5 228.68 12.05 204.19 21.27
6 252.11 0.00 297.30 54.35
7 422.30 330.34 362.37 75.14
8 488.81 243.07 427.69 774.50
9 489.86 14.95 461.90 270.44
10 518.37 11.53 466.91 7.14
11 546.97 410.80 485.89 32.17
12 550.86 39.25 541.34 83.44
13 702.17 30.98 665.37 76.91
14 757.20 149.72 734.25 37.42
15 760.33 71.04 891.06 124.25
16 1683.90 160.20 1648.33 124.94
17 1686.15 123.67 1660.54 112.77
18 1703.40 44.92 1759.27 81.19
19 3669.11 362.79 3748.67 175.96
20 3677.90 358.45 3761.91 57.99
21 3697.97 128.75 3766.93 153.60
22 3748.81 1.46 3835.12 204.94
23 3751.17 628.29 3845.61 318.46
24 3769.93 298.76 3854.38 247.18

61



Table 11. Frequencies and IR intensities for stable structure of Fe™ (H,0)s D3q (no Ozone) with

and without the presence of a water solvent background.

W
w’~ //Lw
:3\ — | » 1 t Ivent
w\%/’ : \‘W n water solven
/‘ o @
frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol)
1 33.56 1.44 131.22 15.53
2 73.97 11.85 136.98 24.45
3 85.49 24.74 158.07 40.33
4 135.45 8.15 164.53 14.08
5 137.01 63.78 167.58 27.46
6 142.56 38.97 189.27 12.39
7 177.81 3.99 202.31 49.28
8 189.14 1.1 208.33 58.96
9 236.51 5.49 216.33 9.68
10 250.75 1.99 248.75 43.72
11 266.30 55.09 266.04 53.57
12 322.65 176.32 304.75 78.16
13 328.07 467.55 385.97 0.43
14 356.66 22.35 412.44 7.23
15 375.95 1.39 443.33 36.02
16 407.48 15.37 462.32 128.08
17 417.69 69.91 467.56 40.10
18 439.98 313.48 486.52 302.72
19 446.20 66.81 507.22 353.32
20 449.14 43.48 511.09 740.97
21 463.42 146.93 531.44 83.18
22 483.71 19.89 546.10 181.68
23 638.99 8.02 686.44 7.42
24 657.66 5.89 701.25 32.01
25 672.10 127.47 736.62 63.66
26 688.59 222.57 753.09 37.99
27 713.58 132.28 777.62 134.24
28 1664.99 108.94 1642.07 105.11
29 1672.08 179.59 1646.16 165.58
30 1673.90 47.57 1652.16 66.94
31 1678.82 135.27 1655.19 130.65
32 1689.62 24.01 1669.23 123.16
33 3753.66 193.43 3763.44 109.51
34 3758.18 128.13 3765.85 189.51
35 3758.58 97.90 3766.86 8.25
36 3759.94 293.86 3768.65 130.20
37 3765.86 5.67 3773.39 94.06
38 3839.96 169.11 3855.37 164.02
39 3843.89 160.39 3855.74 208.81
40 3844.51 237.00 3856.33 228.74
41 3847.34 266.35 3857.33 224 .44
42 3849.95 216.97 3859.02 219.26
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Table 12(a). Frequencies and IR intensities for stable structure of [Fe(HzO)503]+2 D34 with and without

the presence of a water solvent background.

03
HZO\ “‘\\\HZO
_Fe'* — 1 In water solvent
10" \HZO
HO
frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol)
1 55.05 36.60 71.25 2.14
2 68.43 0.15 109.86 6.95
3 100.10 10.92 114.01 36.23
4 149.98 13.22 140.96 50.15
5 157.40 0.09 160.78 12.00
6 160.78 0.04 163.94 27.51
7 169.03 5.69 186.95 35.19
8 195.64 4.82 198.12 9.96
9 203.34 2.03 204.75 21.00
10 203.40 0.68 226.93 49.86
11 217.01 6.90 242.09 2.87
12 227.91 1.08 245.52 21.31
13 286.03 7.57 269.08 7.71
14 294.91 4.28 271.53 48.81
15 300.62 33.71 310.55 8.84
16 308.61 10.87 322.42 9.08
17 350.97 384.86 336.35 63.88
18 385.28 2.33 414.02 17.14
19 400.66 1.14 428.19 25.29
20 413.04 1.75 445.42 435.08
21 427.65 175.53 461.66 151.99
22 449.68 3.74 471.74 178.05
23 473.94 4.48 486.43 155.70
24 474.07 3.98 493.49 440.19
25 493.36 414.95 507.98 48.09
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Table 12(b). Frequencies and IR intensities for stable structure of [Fe(HzO)503]+2 D34 with and without

the presence of a water solvent background.

03
HzO\ ‘ :“\\\‘Hzo
. Fe't™ ——————p In water solvent
10" \HZO
H,0
frequency Intensity frequency Intensity
(cm™) (km/mol) (cm™) (km/mol)
26 523.60 10.09 531.08 248.43
27 529.83 339.56 535.39 174.40
28 530.00 20.87 548.39 62.04
29 669.53 53.96 705.20 4.30
30 691.30 23.65 750.48 5.51
31 691.85 128.58 755.42 20.07
32 704.36 16.25 776.84 38.33
33 732.06 32.88 803.88 49.78
34 745.60 55.22 830.43 98.70
35 1156.94 144.44 1131.76 230.30
36 1167.58 111.63 1146.92 288.38
37 1648.30 304.39 1617.80 194.81
38 1649.69 101.20 1639.23 128.38
39 1653.42 15.16 1641.65 132.52
40 1668.55 165.85 1647.41 228.66
41 1674.42 32.15 1653.29 75.11
42 3722.12 225.36 3732.57 122.87
43 3723.18 4.10 3743.68 135.01
44 3733.24 291.76 3756.54 187.68
45 3736.24 13.82 3759.00 262.76
46 3757.77 215.30 3762.68 184.61
47 3819.55 5.49 3836.55 257.20
48 3820.12 375.66 3842.47 279.46
49 3824.99 21.76 3850.28 230.82
50 3826.10 376.32 3851.01 254.59
51 3854.55 226.05 3852.79 294.36
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