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Abstract

The removal of the non-steroidal anti-inflammatory drug (NSAID) Naproxen (NAX) in water by
hydroxyl radicals (*OH) was performed by electrochemical advanced oxidation processes either with
Pt or BDD anodes and a 3D carbon felt cathode. The degradation of NAX by (*OH vs. electrolysis time)
was well fitted to a pseudo-first-order reaction rate kinetic. The detected reaction intermediates
(aromatic compounds and carboxylic acids) were experimentally monitored during the process via LC,
while density functional theory (DFT) was applied to uncover undetected intermediates, some for the
first time in literature. The formation of toxic intermediates with higher toxicity than NAX were
identified, such as IMS4b (6-Methoxy-1-[1-(6-methoxynaphthalen-2-yl) ethyl] naphthalen-2-ol),
catechol, and glycolic acid. Based on these data, a detailed oxidation pathway of NAX by *OH was
proposed. The evolution of solution toxicity indicated that formed toxic intermediates were
subsequently removed during the TOC removal process. Finally, almost complete mineralization of
NAX was achieved in simulated urine or wastewater, by the electro-Fenton treatment with an
optimized dose of iron as catalyst, showing the EAOPs’ potential to efficiently remove NAX even from
challenging matrices. In extension, the strategies developed can be applied to the treatment of other

NSAIDs.
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1. Introduction

The global pharmaceutical market has experienced a significant growth over the recent decades, with
thousands of tons of pharmaceuticals consumed worldwide [1]. Among these pharmaceuticals, non-
steroidal anti-inflammatory (NSAIDs) are used by more than 30 million people every day. Naproxen
(NAX 6-methoxy-a-methyl-2-naphthalene acetic acid) is found in the list of popular pharmaceuticals
consumption (Table S1). It was monitored in environmental samples globally as frequently as
Diclofenac [2], at concentrations in waters from ten to five hundred-fold greater than the threshold
value suggested by the European Medicine Agency (EMEA) [3].

Nearly 60% of NAX is excreted as metabolites and 10% as unchanged form leave our bodies via urine.
Researchers have considered NAX to be an emerging contaminant, considering its trace levels in the
bile of fish of lakes receiving treated wastewater from municipal WWTPs [4]. Several works have
proved that long-term exposure of NAX can increase the potential of heart attack in humans [5, 6].
Furthermore, the by-products of NAX pose a chronic toxicity higher than its acute toxicity levels by
bioassay tests, which may be due to the stability of the NAX chemical structure (i.e., the naphthalene
ring) [4, 7, 8].

It is accepted that the effluents (96% of occurrence) play an important role as pollutant sources to
surface water [9]. Unfortunately, the pharmaceutical compounds and their metabolites, usually
treated by WWTPs, reach the environment without undergoing any changes [10], since conventional
treatment methods are unable to remove them. Even more, their ecotoxicity, as well as their
metabolites or mixture of compounds, are still poorly investigated, raising public concern on their
potential risk for the organisms living in terrestrial and aquatic environments [2, 11, 12]. The

physicochemical properties of NAX limit its biodegradation by traditional wastewater treatment



processes leads to appeal for more effective treatment methods such as the advanced oxidation
processes (AOPs) [13].

A variety of advanced oxidation processes, including UV photolysis of chemical oxidants (e.g., H20,,
chlorine, peracetic acid, etc.) [14-16], semiconductor photocatalysis, Fenton, photo Fenton and
electro-Fenton have been described [15, 17-19]. Despite the high degradation of recalcitrant
contaminants of these AOPs, each method has its own drawbacks; the UV light penetration maybe
obstructed by water turbidity, chlorine oxidation may induce higher toxic by-products, new pollutants
released into environment, high cost of storage of reagents (e.g., H.0;) or extra iron sludge generated
as Fenton reactions [20, 21]. Electro-Fenton (EF) process has been developed as electrochemical
advanced oxidation process (EAOP) where the reaction between electrogenerated the H,0, from
dissolved O on a carbonaceous cathode and externally added catalyst (iron Il salt) leads to the in-situ
generation of strong oxidants hydroxyl radical (*OH) via the Fenton’s reaction [22, 23]. Anodic
oxidation (AO) process is another EAOP where *OH are produced at the surface of anode [24]. *OH is
able to oxidize the organic pollutants in a non-selective oxidation way, causing, among others, ring
opening and other significant transformations in a short timescale. Moreover, EF reacts till conversion
of organics to final products of H,0, CO; and inorganic ions [25]. Due to the potential safety risks in
storage and transportation of H,0,, and presence of wasting reactions decreasing process efficiency,
EAOPs are considered as more environmentally friendly technologies for the removal of persistent
organic pollutants [26]. The main benefit is the significantly lower input of catalyst in EF, due to the
regeneration of Fe?* from electroreduction of Fe3* at the cathode, or generation of *OH in AO without
adding any chemicals, conducting to the effective elimination of refractory organics.

In EAOPs, in situ generated *OH react with organic compounds at a high rate, of around 105° M s’!



[26]. However, the lifetime of important “transition” pollutants’ intermediates of pollutants is less
than 102 s, rendering their detection challenging. Besides, the detailed mechanisms of degradation,
specifically, to locate the *OH attack sites of the target molecules, are still not available by current
analytical technologies. In this case, quantum chemical studies are applied to predict the kinetic
behaviours of organic compounds in advanced oxidation technologies [27]. Recently, the by-products
in the first step of the oxidation reaction between NAX and *OH in water were modeled on molecular
level using a density functional theory (DFT) approach [28]. Initially, it was proposed that
decarboxylation of NAX was performed by deprotonation [29], and most DFT investigations on the
intermediates’ oxidation by *OH were attributed at the “side-chain” reaction of NAX [30]. However,
significantly less work has been dedicated on the “ring-opening” reaction, hence important parts of
the mechanism of NAX degradation mechanism by *OH oxidation systems are missing. At the same
time, deep investigations of the contribution of these intermediates to the toxicity evolution during
*OH-mediated oxidation of NAX are also missing.

Therefore, in our work, the main focus was the experimental and theoretical investigation on the
degradation of NAX and the intermediates produced during its electrochemical advanced oxidation,
and its toxicity evolution. To this end, we monitored the evolution of the toxicity of intermediates
produced during processes by Microtox, while following the decay kinetics and mineralization of NAX,
as well as the generated carboxylic acids. In this novel approach, our methods aimed at clarifying the
dominant mechanism of NAX mineralization by identifying the most important intermediates,
assessing the safety of the NAX oxidized by "OH, and allowing to set up a valid intermediates-toxicity
correlation. Based on the experimentally determined by-products and theoretically obtained ones

(DFT calculation results), we proposed a plausible reaction sequence for NAX degradation. Finally,
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based on the present understanding on the EAOPs effect on NAX elimination, our treatment methods

were assessed in @ more complex matrix of high relevance to NAX, such as urine and wastewater,

validating the high efficiency of these technologies in a more realistic setting.



2. Materials and methods

2.1 Chemicals and Reagents

Naproxen (NAX), sodium sulfate (Na;SO4) and iron (ll) sulphate heptahydrate (FeSO4'7H,0) were
purchased from Sigma-Aldrich. p-hydroxybenzoic acid (p-HBA, C;HeO3) was used as competition
substrate in the kinetic experiments. NAX solution was prepared in tap water (4.56 mg/250 mL
corresponding to the final concentration of 0.198 mM). The pH of the solutions was adjusted using
analytical grade sulfuric acid and/or sodium hydroxide. The main intermediates and short chain
carboxylic acids were all obtained from Alfa Aesar Co, whose detailed information were listed in Table
SI2. For synthetic wastewaters preparation, urea (CHsN>0), sodium acetate (NaCzH303), sodium
dihydrogen phosphate (NaH;POQa), potassium dihydrogen phosphate (KH2POa), potassium chloride
(KCl), sodium hydroxide (NaOH), magnesium chloride hexahydrate (MgCl,'6H,0), calcium chloride
dihydrate (CaCl;'2H,0) and ammonium chloride (NH4Cl) were purchased from Merck. All other

materials were purchased with purity higher than 99%.

2.2 Electrolytic experiments

Experiments were performed at room temperature (23 + 2°C), controlled by water flow in an open,
cylindrical and one-compartment cell of inner diameter of 7.5 cm, with a working volume of 250 mL.
A 3D carbon-felt (18.00 cm x 6.00 cm x 0.60 cm, from Carbone-Lorraine, France) was placed on the
inner wall of the electrochemical as cathode. Pt (4.5 cm? Pt cylindrical mesh) or boron-doped diamond
(BDD) thin-film on niobium substrate (24 cm? from Condias, Germany) were used as anode. Anodes
were placed in the center of the cell. 1 L min™ of compressed air bubbled through the solution to

saturate it in O; and the reaction medium was agitated continuously by a magnetic stirrer (800 rpm)



to ensure mass transfer during the experimental process. An AMEL 2055 potentiostat/galvanostat
was used to apply a constant current. Electrolysis was conducted in 50 mM Na;SO4 solution as
supporting electrolyte (Fig. S1). The pH of the medium was adjusted to 3 by H,SO4 with a CyberScan
pH 1500 meter. An adequate dose of FeSO4'7H,0 was added into initial solutions as catalyst for EF
process. The experiments were conducted in triplicate in tap water, simulated urine and hospital

wastewater (Table 1).

Table 1. Composition of the simulated urine and hospital wastewater.

Artificial cr Urea sodium NazSO4 NaH2PO4 NaOH pH
Lrine (NaCl) acetate

Value (mg L) 6254 16000 10250 2300 2900 120 6.1
Synthetic cr Urea Peptone Meat MgSO, K2HPO4 pH
wastewater (NacCl) extract

Value (mg L) 10 30 160 110 4 28 8.0

2.3 Apparatus and analytical procedures

Concentration of NAX and its aromatic intermediates were monitored by high performance liquid
chromatography (HPLC). The experiments were conducted at a lower current intensity of 50 mA,
which allows slow reactions to proceed and ease the monitoring of the by-products produced during
the degradation. The mobile phase for analyses was a mixture of methanol/water/acetic acid (69:29:2
(v/v/v)) at a flow rate of 0.20 mL min-t. Measurements were carried out by a Merck/Hitachi LaChrom

chromatograph equipped with a Purospher RP-18 column (5 pum, 25 cmx3 mm (i.d.)), coupled with



an L-2400 UV detector set at 240 nm and 40°C. The identification and quantification of carboxylic
acids as terminal by-products were performed by ion-exclusion HPLC with a Supelcogel H column
(4.60 mm x 25.00 cm) using a mobile phase formed of 1% H3PO4 solution at the detection wavelength
set at 210 nm. The identification and quantification of by-products were achieved by comparison of
retention time and area of peaks with that of pure products. The injection volume was 20 pL.
Measurements were controlled through EZChrom Elite 3.1 software. The mineralization degree of
samples was determined on a Shimadzu VCSH TOC analyzer by determining the abatement of total
organic content. Reproducible total organic content (TOC) values with +2% accuracy were obtained
using the non-purgeable organic carbon (NPOC) method.

The mineralization current efficiency (MCE in %) is an indicator for assessment of the capacity of
current intensity application. It can be calculated according to the Eq. (1) at a given electrolysis time

t (h) [26, 31]:

_nFVsA(TOC)exp

MCE -
4.32x10'mlt

x 100 (1)

where n is the number of electrons consumed per molecule mineralized (i.e. 64), F is the Faraday
constant (96487 C mol?), Vs is the solution volume (L), A(TOC)exp is the experimental TOC decay (mg
L), 4.32 x 107 is a homogenization factor (3600 s h™* x 12,000 mg mol*?), m is the number of carbon
atoms of NAX (14) and / is the applied current intensity (0.10 - 0.75 A).

The assessment of the potential toxicity of NAX and its intermediates was conducted following the
international standard process (DIN 11348-3), by the inhibition of the luminescence (%) of
bioluminescent marine bacteria V. fischeri (Lumistox LCK 487, Hach Lange France SAS), known as the

Microtox” method. The value of the inhibition of the luminescence (%) was measured after 15 min of

exposure of bacteria to treated solutions at 15 °C. The bioluminescence measurements were



performed on solutions electrolyzed at different constant current intensities (I= 0.10 and 0.30 A). The
inhibition toxicity of the samples was expressed as a percentage inhibition compared to the blank (Co

=0 mg L of NAX).

2.4 Computational methods

The optimized theoretical calculations were implemented using the Gaussian 16-A03-AVX2 (09 D.01
program) package based on density functional theory (DFT) [32]. Molecular geometries of all
intermediates and transition states (TS) were optimized by M05-2X/6-31+G** level of theory (Fig. S2)
[28]. The single point energy was calculated by B2PLYPD3 functional and def2TZVP basis set with
higher accuracy. The energy calculations of all structures were thermodynamically corrected [33, 34].
The solvent effects were taken into consideration by using the solvation model of density (SMD) [35].
Vibrational analysis was carried out to confirm that each structure is a true minimum or a saddle point.
Intrinsic reaction coordinate (IRC) calculations were performed to assure the transition states
connected the reactants and products for each elementary reaction [36].

Conventional TS theory was used to predict the rate of reaction between molecular and *OH at 298 K
in water with the standard state [37] through Egs .2 and 3:

k = oT(T) “E% ¢=(A16)/RT (2)

(T =1+ () [1.44”71' : (3)

Where o presents the degeneracy of the reaction pathway, r(T) is the tunneling correction factor
approximated by Wigner approach [38], kg is the Boltzmann’s constant, T is the temperature, h

represents the Planck’s constant, and AZ G is the Gibbs free energy of activation and v; is the

imaginary frequency, whose vibrational motion is the direction of the reaction.



3. Results and discussion

3.1 Determining optimal values of electrochemical parameters on NAX removal

The catalyst concentration is an important parameter in the EF processes that strongly influences
organic pollutants removal efficiency [22]. The optimized concentration of ferrous iron was varied
from 0.05 to 0.5 mM (Fig. 1) in the EF process with Pt anode (EF-Pt). The maximum degradation rate
of NAX was obtained for a catalyst concentration of 0.10 mM. Interestingly, the NAX oxidation rate
catalyst led to increase in the rate of the competitive reaction between Fe?* and *OH (Eq. (4)) causing
a lower NAX degradation efficiency [39, 40].

Fe?* +°*OH — Fe** + OH (4)

k (min-l)

0.05 0.10 0.20 0.30 0.50
Fe2™ (mM)

Fig. 1. Apparent rate constant of naproxen oxidation by *OH at different concentration of ferrous ion (catalyst)
in tap water medium by EF-Pt process. [NAX]o = 0.198 mM; [Na,SO4] = 50 mM; V = 0.25 L; pH = 3.0; current

intensity: 0.10 A.
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NAX mineralization was found to be dependent to the applied current value as its TOC removal rate.
For instance, TOC abatement rate after 4 h of electrolysis was 84.60%, 94.60% and 68.80% at 0.10 A
for EF-Pt, EF-BDD and AO-BDD, respectively (Fig. 2). The current is a main parameter for EAOPs since
it governs the electrochemical reaction generating *OH in the bulk and on the anode surface. Thus,
an applied current intensity ranging from 0.10 to 0.75 A was tested in the EAOPs processes with Pt
BDD anodes vs. carbon felt cathode to monitor the degradation and/or mineralization of 0.198 mM
NAX. The degradation rates of NAX increased with increasing current values (Fig. 3a). NAX
degradation fits well the both pseudo-first order reaction kinetics - kqpp (R?>>0.981, Table S3) and
retarded first-order model (Eq. (5)) kinetics - kq (R>>0.940, Table S3) [41].

core-shell particles

dce _ kg

= = —kq/a
4 = Tral Cior Cp =Cy (1 + at) (5)

where Co and C: are NAX concentration (mg L) at time 0 and t (min), respectively, k« is the apparent
rate constant (min~!), which is analogous to the initial pseudo-first-order rate constant, and
retardation factor a describes the decline of the reaction rate with time.

Higher kqpp and kg values were found for EF when compared with AO; specifically, the kgpp of EF-BDD
was about 7-fold higher than that of AO-BDD at same current intensity. The kqpp values of EF-Pt were
lower than that of EF-BDD (Table S2), which is related to the production of supplementary, highly
reactive *OH on the surface the BDD (BDD*OH), compared with the Pt anode [42]. Pt anodes have a
lower O; evolution overpotential, with relatively less Pt(*OH) which are chemisorbed, thus are less
reactive. Meanwhile, the higher current values accelerate H,0, and Fe?* formation kinetics and
consequently promote *OH generating rate, resulting in higher degradation efficiency of NAX [43].
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Then, TOC removal rate become very low indicating a significantly lower current efficiency. The
mineralization current efficiency (MCE) follows the order: EF-BDD > EF-Pt > AO-BDD as shown in Fig.
3b. The lower MCE value decelerated at higher current values can be attributed to: (i) decrease of
organic matter in the solution, (ii) the competition between the formation of H,0; with the side
reaction of the hydrogen gas evolution (Eq. (6)), (iii) promotion of parasitic reactions consuming *OH
(Egs. (7) and (8)) [44] and (iv) the formation of hard-to-oxidize intermediates, such as carboxylic acids,

due to their lower reaction rates with *OH [45]. Therefore, a lower current intensity should be used,
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for NAX removal in aqueous systems to avoid adverse effect such low current efficiency and high-

energy consumption (Figs. 3b and 3c).

2H,0 +2e —> H; (g) + 2 OH
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For the consideration of economic aspect of the treatment, the energy cost (EC) for the tests was
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calculated using Eq. (9) [22]:

VIt

Energy cost [kWh (g TOC) 7] = rmmesr

(9)

in which, V is the cell voltage (V), t is the electrolysis time (h), and all other parameters are the same
as for Eq. (1). The EC values ranged from 0.012 and 0.036, 0.012 and 0.047, 0.02 and 0.057 kWh (g
TOC)?, at 0.10 A, for EF-Pt, EF-BDD and AO-BDD, respectively.

As expected, the EC increases with increasing current intensity (Fig. 3c). Application of AO results in
higher costs compared to the EF process, which indicates that trace catalyst iron addition could
remarkably reduce the energy input. The lower EC was obtained around 1 to 2 h at 0.10 and 0.30 A,
however, with an obvious increase at 0.75 A in all EAOPs. Hence, considering the degradation,

mineralization and energy costs we show that the removal of NAX solution could be processed under

lower current intensity within the first 2 h.

3.2 Toxicity analysis

The intermediates produced from oxidation of NAX have been often reported to manifest a higher
toxicity than the parent molecule itself [46]. Hence, in order to understand the evolution of the
toxicity of NAX solution during treatment, bioluminescence measurements were conducted after 15
min exposure to marine bacteria V. fischeri with solutions electrolyzed at different constant current
intensities (I= 0.10 and 0.30 A) with BDD and Pt anodes at different electrolysis time (Fig. 4). The
toxicity evolution of a blank sample (Co = 0 mgL!) was also assessed as reference and used for
correction of the presented results.

As it can be seen from the curves of this figure, there was a significant increase of luminescence

inhibition peaks within 20 min of electrolysis, which clearly showed that highly toxic intermediates

15



were produced during this interval of treatment. The research showed higher toxic intermediates
than the parent molecule (NAX) produced in a different treatment process (i.e., photo-transformation)
[47]. Similar results were also obtained by Jallouli et al. [46]. Compared to the initial toxicity level, all
the samples displayed a lower percentage of bacteria luminescence inhibition after about 20 min of
treatment, indicating that toxic intermediates were eliminated during the treatment.

The luminescence inhibition was higher with lower current intensity values, which is attributed to the
lower formation rates of *OH in these processes. At the same current intensity, a higher inhibition
was obtained by the application of Pt anode, due to the lower oxidation power of Pt and the slower
degradation of the organic matter in solutions, as indicated by the lower TOC abatement. Afterwards,
the curves continuously decreased and there was a convergence between the curves of different
anodes application, most possibly due to the similar products in the medium for the different
processes, i.e., the short-chain carboxylic acids (vide infra, section 3.3). These compounds are
relatively recalcitrant to *OH but are all biodegradable. A high efficiency on removal of NAX and a
decreased toxicity of the treated NAX solution makes EF-BDD process an applicable treatment at high

pollutants’ concentration from industrial wastewaters.
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mM; [Na;SO,4] = 50 mM; V = 0.25 L; for EF: [Fe**] = 0.10 mM; pH = 3.0; for AO: pH = 7.5.

3.3 Evolution of the detected mineralization intermediates of naproxen

To investigate the mineralization mechanism of NAX by °*OH during EAOPs treatments, the
experiments were conducted in deionized water and the resulting intermediates (i.e., aromatic by-
products and short-chain carboxylic acids) were identified and quantified by comparison of retention
time (tg) of standards compounds. The intermediates were identified as benzoic acid, hydroquinone,
catechol, 3-hydroxybenzoic acid, pyrogallol, phthalic anhydride, phthalic acid, phenol, 1,5-
dihydroxynaphthalene, 1-naphthaleacetic, and 2-naphthol, at tz (min) of 2.97, 3.53, 4.7, 5.0, 5.3, 6.3,
6.9, 7.5, 8.0, 8.7, and 9.8, respectively (Fig. S3a).

Fig. 5a shows that high molecular-weight aromatic intermediates were formed at the early stage of

17



the electrolysis simultaneously with the disappearance of the parent molecule. 1,5-
dihydroxynaphthalene, 2-naphthol, and phenol were first produced; it is well-known that these three
compounds have high acute toxicity to aquatic life [48, 49], which explains the higher toxicity occurred
in the former processes depicted in Fig. 4. Then, non-toxic compounds as 1-naphthalenacetic and 3-
hydroxybenzoic acids appeared. The concentration of most of the aforementioned intermediates was
less than 0.017 mM Following, intermediates such as catechol, benzoic acid, phthalic acid, pyrogallol,
phthalic anhydride and hydroquinone reached their highest concentration, then decreased gradually
within the electrolysis time. These by-products were all formed in small quantities. However,
compounds such as catechol, with a higher concentration at late stages of NAX elimination,
pinpointed the second peak of luminescence inhibition. All the detected intermediates, except
benzoic acid, were completely removed before the total elimination of NAX. Considering that
persistent intermediates containing polar functional moieties were formed in Fenton-based reactions,
such as hydroxyl and carboxyl groups, they are expected to be highly mobile in environmental systems,
despite their high molecular weight.

The concentrations of the produced carboxylic acids were higher than that of aromatics (Fig. 5b),
indicating that short-chain carboxylic acids were quickly generated from the oxidative breaking of the
aryl moiety of aromatics in the EF process [50, 51]. The elution time for each acid was shown in Fig.
S3b. Oxalic and formic acids persisted for longer, being the terminal carboxylic acids that are directly
converted into CO; [42]. Glycolic and malic acid were identified at the beginning of electrolysis time
and disappeared gradually, among which glycolic acid contributed the latter peak of inhibition % of
bacteria shown in Fig. 4. Formic acid got to its maximum peak concentration of 0.08 mM after 1 h of
electrolysis and then decreased gradually. Glyoxylic acid constantly appeared in the electrolysis time,
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below 0.004 mM. Acetic acid was formed as the largest amount acid with its highest amount of 0.076
mM formed after 2 h electrolysis time. Oxalic acid gradually increased to its maximum peak
concentration 0.197 mM after 2 h, meaning it can be produced from other carboxylic acids oxidized
by *OH (Fig. 5b). The glyoxylic acid may also derive from the oxidation of aryl moieties and then
converted to oxalic acid [44]. Oxalic and acetic acids were persistent as the final intermediates during
the whole processes. The lack of complete mineralization of NAX by the EF processes can be explained
by the ferric-oxalate complexes, which are formed by terminal intermediates reaction with the ferric

iron and are resistant to oxidation [52, 53].
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Fig. 5. Time course of the concentration of the main aromatic intermediates (a), and short chain carboxylic acids
(b) accumulated during degradation of NAX in tap water medium: electro-Fenton process with Pt as anode.

[NAX] o = 0.198 mM; [Na;SO4] = 50 mM; V = 0.25 L; [Fe?*] = 1 mM; pH = 3.0; current intensity = 50 mA.

3.4 DFT calculation of undetected intermediates oxidized by e¢OH

DFT calculations were used to systematically compute the intermediates of NAX produced by *OH in
the separate pathways of “ring-opening” and “side-chain”. The optimized structure of NAX is
represented in Fig. S4.

The intermediate and transition states of the first step reaction between NAX and *OH at branched
chain have been well investigated in the study of Luo [30]. The “side-chain” reaction by *OH were

investigated in our research at first part at possible site of NAX or intermediates of NAX.
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3.4.1 Reaction at C;, C12, and C17 of NAX
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Fig. 6. “Side-chain” reaction of *OH and NAX with calculated intermediates at C;, C12, and C17 (path A-C); Cs
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(path D); C1> and C2; (path E); and Ci7 and Cis.(path F).

*OH attacked Ci2 (black) and C; (blue) of naphthalene, leading the formation of IMS1a and IMS2a,
forming the new Ci,-O and C;-O at branched chain in NAX separately (Fig. 6 path A & B), the
corresponding Gibbs free energy change AG of IMS1a and IMS2a are AGsi, = 5.78 Kcal mol™ and AGs2a
= 9.46 Kcal mol™? (Fig. S5a & b), respectively, which are consistent with Luo [30]. The corresponding
second-order rate constants ks1a = 3.58 x 10° s'm™, and ks2a = 7.21 x 107 s'm™.

IMS1a was further oxidized at C12-022 with -O-CHs broken off, of AGsi, = 11.21 Kcal mol?, and ksip =
3.80 x 10* s71, forming IMS1b- 6-Desmethylnaproxen [11]; IMS2a oxidized at C7-C17 with -CH-CH3s-
COOH off, of AGsy, = 12.16 Kcal mol?, and ksap = 7.58 x 103 572, forming IMS2b - 6-Methoxy-2-naphthol
(Fig. S5a & b) [54].

*OH attacked Ci7 of the branched chain of NAX, producing IMS3a radical (Fig. 6 path C & Fig. S5c), of
AGs3a = 21.04 Kcal mol?, and ks3a = 2.12 x 10t s*m L. Furthermore, one *OH added in the C17 with the
formation of IMS3b, which is dehydrated to produce active IMS3c, of AGs3p = 1.54 Kcal mol?, and ks3p
=4.58 x 10'3 s'm™. The generated IMS3c radical combines with *OH at the active O to form IMS3d.
It has been well illustrated that IMS3d - 2-hydroperoxy-2-(6-methoxynaphthalen-2-yl) propanoic acid,
produced the Ketone derivatives by further dehydration and decarboxylation, as an important
intermediate in the oxidative degradation of NAX.

The results show that the de-methoxylation reaction rate (ks1a) of NAX oxidized by *OH is significantly
faster than that of de-propionylation reaction rate (ks:a). That is due to the difference of
electronegativity of the O atom of -O-CH3 and that of the C atom of -CH-CH3-COOH, implying that -O-
CHs connecting the naphthalene ring has higher electron-donating ability. Therefore, the path A is

considered as a primary channel.
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3.4.2 Reaction at Cs of intermediates of NAX

Following, IMS2b produced in the reaction of “path B” was oxidized to active IMS4a, and H,0, under
the activation of *OH with the extraction of H at Cs (Fig. 6 path D), of AGssa = 3.53 Kcal mol™, and ksaa
=1.60 x 102 s'm* (Fig. S5d). Immediately, IMS4a reacts with molecular named as 3a identified in the
oxidation process of NAX in other literature [28], and transfers into a macro-molecular IMS4b (6-
Methoxy-1-[1-(6-methoxynaphthalen-2-yl) ethyl] naphthalen-2-ol). IMS4b was detected in the study
of Yang [55] and Jallouli [46], proved to be more toxic than the parent NAX, leading to increased

toxicity in the early stage of the oxidation process.

3.4.3 Reaction at Ci; and O;; of intermediates of NAX

IMS5a formed by *OH oxidation of NAX was confirmed by Tu [28]. In this paper, the following oxidants
produced of IM5Sa by *OH reaction were calculated (Fig. 6 path E & Fig. S5e). IMS5b was formed of
one -OH added at C;2 of IM5Sa, of AGssa = 6.45 Kcal mol?, and kssa = 1.16 x 10%° s'm™. Owing to the
change of electron-donating ability, *OH attacked the same position, C12-02; bond was broken and
demethoxylation reaction happened. IMS5c - 6-Vinylnaphthalen-2-ol [56] was produced in the
hydroxylation process of NAX, of AGssp, = 14.54 Kcal mol?, and kssp = 1.37 x 10% s,

3.4.4 Reaction at C17 and Cis of intermediates of NAX

IMS5c obtained above was further oxidized by *OH (Fig. 6 path F & Fig. S5f). *OH firstly attacked the
double bond of Cis to form pre-intermediate IMS6ao, leading to the reduction of energy, then
transfers into C17 to have active IMS6a generated, of AGsea = 29.45 Kcal mol?, and ksga = 1.63 x 10”7 s
!m™. *OH continues to attack active Cig to form IMS6b and then reacts with H connected of Cy7,
leading to dehydration reaction, i.e. one molecular H,O was off from IMS6b, of AGse, = 7.59 Kcal mol

1 and ksepb = 1.70 x 10° s'm?, forming the active IMS6c. The active IMS6c reacts with *OH, forming

one -OH added at C17-IMS6d, that significantly reduces the energy barrier, of AGssq = 37.41 Kcal mol
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1, and kseq = 2.41 x 101> 51, The -OH group connected to Ci7 undergoes intermolecular dehydration
to form IMS6e. Under the oxidation of "OH, IMS6f -6-Hydroxy-2-naphthoic acid, was formed by one
*CH,0H off from IMS6e, of AGsse = 0.22 Kcal mol?, and ksge = 4.22 x 102 s'1. IMS6f obtained is an
important oxidation product in the degradation of NAX as previous works indicated [12, 57].

3.4.5 Reaction at Co-C13, C12-C14 and C2-C;, Cs5-C7 of “ring-opening” of NAX

*OH has strong oxidization ability as its element O reacted with the C of naphthalene ring, opening
the “ring” of NAX. The ortho- methoxy- group in NAX makes the “opening” process easier [58]. In the
calculation of branched chain reaction, it is proved that AG of attacking C12 was lower than that of C;
by *OH. The sites near methoxy group were calculated as the reacted sites at 3.4.1. Hence, ortho-
position of C12 as Co and Cia, and of C7 as C; and Cs, that connect to methoxy group of IMS1a, were
calculated.

*OH attacked Ci2, making the whole naphthalene ring becoming a large active free radical group,
forming C-O bond IMS1a. The calculated results demonstrated that the formation of IMS1a is no
energy barrier. "OH attacked sites of adjacent Co and Ci4 to C12 and then generated the corresponding
stable intermediates IMR1a and IMR2a (Fig. 7 path G & H). These intermediates continued being
oxidized by *OH, form coupled structures IMR1ap and IMR2ay, respectively. IMR1a0 reacted with *OH
at Co, with one hydroxylic hydrogen extracted, IMR1b generated, of AGria = 16.23 Kcal mol?, and kria
=7.97 x 102 s'm%; the same reaction occurred at C14 of IMR2ag, to formed IMR2b, of AGrza = 33.11
Kcal mol?, and kgaa = 3.40 x 101 s'm™* (Fig. S5 g & h).

Following, the bound-breaking reaction of Cy-C1; and C12-Ci14 bonds implied that “ring-opening” of
NAX occurred, with the generation of IMR1c and IMR2c, of AGrib = 0.66 Kcal mol?, and AGrab = 6.33
Kcal mol?, respectively. The corresponding reaction rates are krip = 2.05 x 10 s and krip = 1.43 x
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108 s, IMS2a was formed after "OH attacked the C; (Fig. 7 path 1). The calculated AG of C; reaction
with *OH was so high that further research ended. On the contrary, a coupling IMR3a0 was formed
from the reaction of IMS2a and *OH firstly, and then, *OH attacked Cs to form IMR3a, of AGrsa = 6.80
Kcal mol?, and kg3a = 4.13 x 10° s'm™. Hydroxyl hydrogen connected with Cs was extracted through
the reaction of "OH and TSR3b, to produce the IMR3b and H,0, of AGgrsb = 0.78 Kcal mol?, and kg3p =
1.64 x 10 sIm™1. TSR3c was formed under the continuous oxidation of IMR3b. Then the bond of Cs-
C; was broken in the oxidative reaction of TSR3c, forming the IMR3c, of AGrsc = 2.63 Kcal mol?, and
krac = 7.35 x 10%° s'm2, (Fig. S5i)

By using Becke method of the multiwfn program, the spin population is obtained:

(1) IM1R1c, the spin population of C1; and Ci6 are 0.26 and 0.38 respectively, which are the higher of
all atoms. Based on this data, the optimal resonance formula of IM1R1c is obtained;

(2) IMR2c, the spin population of C1s and Osa4 are as high as 0.46 and 0.21, respectively. Based on the
spin population, the optimal resonance formula of IMR2c structure is achieved;

(3) Similarly, for IMR3c, the spin population of C4 and C; are 0.39 and 0.31, respectively, the optimal
resonance formula of IMR3c is got.

It is clear that the “ring-opening” molecules as IMR1c, IMR2c and IMR3c occurred at the 'OH
oxidation process of NAX were all of such lower AG and short time (nanoseconds level). The three

“ring opening” pathways of NAX provide a feasible degradation mechanism.
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Fig. 7. “Ring-opening” reaction of *OH and NAX at C1; and Ciswith calculated intermediates (path G-1).

With the electron-donating methoxy group, the Ci, reacted with *OH of an obviously lower AG in path
A, leading a primary reacted intermediate. All data of AG show that each path of NAX can occur under
the attack of *OH. It is worth noting that AG of TSS6d in path F and TSR2a in path H are 37.41 Kcal
mol™* and 33.11kcal Kcal mol?, respectively. However, free radicals are coupled in the former step of
the reaction, releasing a large amount of energy to overcome the reaction requirements. At the same
time, the change of AG indicates the rationality of the reaction and the feasibility of theoretical

calculation.

3.5 The mechanism of Naproxen removal by *OH

Based on the intermediates (aromatic and carboxylic acids) detected by experimental analysis, the
main intermediates substantiated by computation in our work, as well as the intermediates formed
upon oxidation of NAX on related literature published [59], the detailed degradation pathway of NAX
oxidized by ¢OH was illustrated in Fig. 8.

The reactions of *OH on NAX happen as decarboxylation, hydroxylation, demethylation, yielding the
molecular as other literature illustrated and DFT calculated (mostly black and blue ones). It was clear

that the naphthalic acid and “ring-opening” molecule were formed at the early stage of the
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electrolysis. Aromatic intermediates are generated concomitantly with the disappearance of the
parent molecule. Side chain on the C(B)-atom of polycyclic aromatic hydrocarbons was oxidized to
form intermediates. In parallel, hydroxylation led to hydroxyl-rich polycyclic aromatic hydrocarbons.
The attack of *OH on NAX happened by addition of *OH on the benzoic ring (hydroxylation) or by
losing side chain. These intermediates were then oxidized to form polyhydroxylated products that
finally underwent oxidative ring opening reactions, leading to the formation of aliphatic compounds.
Further reaction with the cleavage of the aromatic ring in the electron-rich benzene formed
hydroxylated benzenes as di/tri-hydroxybenzenes of corresponding as 3-hydroxybenzoic acid, phenol,
catechol, benzoic acid, phthalic, pyrogallol, phthalic anhydride and hydroquinone etc. (mostly top
green ones). Finally, these intermediates were mineralized to carbon dioxide by further reactions with
*OH, as acetic, oxalic, formic, glycolic, malic and succinic acids, which originate from the oxidative
breaking of the benzenes’ moiety of aromatic intermediates. In the end, the final carboxylic acids
were oxidized to carbon dioxide and water, or oxalic acid which formed hardly oxidizable iron

complexes.
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3.6 Application of EAOPs on removal of Naproxen in relevant water matrices

To evaluate the applicability of the EAOPs to degrade NAX in matrices more complex than tap water,
the pollutant treatment was carried out in simulated urine and wastewater (Table 1). These matrices
were considered as the main excretion way of this pharmaceutical in humans is the urine [60, 61],
and hospital wastewater is a recognized source of anti-inflammatories discharge into municipal
treatment plants [62, 63]. Moreover, the application at primary sources of pollution by NAX (as urine
and hospital wastewaters) could contribute to mitigate the negative environmental impact of this
pharmaceutical [64].

The kapp value of all the experiments were shown in Table S4, in which curves of 0.30 A were selected
to present the degradation of NAX in artificial urine and wastewater in Fig. 9. The degradation of NAX
in both urine and wastewater was slower than in tap water. This is most likely associated to the
presence of competing substances in these matrices. Urine contains urea, acetate, chloride, sulfate,
phosphate anions at high concentrations, which can react with electro-generated *OH [65], producing
less powerful and more selective oxidizing agents (e.g., Cl*, SO4*, H,P0O4*) than the hydroxyl radical.
Also, wastewater has urea, peptone, chloride, sulfate and phosphate anions in higher concentrations
than NAX. This explains why the removal in urine and wastewater required more treatment time than
in tap water.

However, the EAOPs were able to reach 100% of degradation even in these complex matrices (which
have elevated concentrations of competing substances) after 2 h of treatment, compared with 30~60
min in tap water. As the experimental parameters show, the naturally occurring iron contents in
wastewater can efficiently remove NAX; this phenomenon indicates that extra iron sludge is not
expected in a potential real application. A moderate hydraulic retention time (2 h), and a low current
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intensity applied (0.3 A) were sufficient to eliminate pollutants from complex matrices.

Removal rate (%)
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Fig. 9. Degradation of NAX by °OH in urine and wastewater. Co = 0.198 mM; [Na,SO,4] = 50 mM; V = 0.25 L;

current intensity: 0.30 A; for EF: [Fe?*] = 0.2mM; pH = 3.0; for AO: pH = 7.5.
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4. Conclusions

In this work, the removal of NAX in aqueous solution was carried out with BDD/Pt as anode and
carbon-felt as cathode at lab-scale. It has been found out that 0.198 mM NAX could be almost
completely eliminated in all EAOPs, with an optimized ferrous ion concentration at natural level in EF
processes. In addition, the increasing current intensity accelerates the degradation and mineralization
processes. The degradation curves of NAX by hydroxyl radicals within electrolysis time followed
pseudo-first order reaction kinetics. EF with BDD anode showed higher removal ability as additional
*OH due to the Fenton reaction, a large surface area and higher ability of the BDD anode, compared
with AO-BDD and EF-Pt, separately.

The “ring-opening” intermediates of NAX were firstly proposed by theoretical DFT calculation. Based
on the intermediates identified during the treatment and DFT calculation, an oxidation pathway of
NAX by *OH was proposed. The evolution of intermediates and toxicity is summarized as: the aromatic
intermediates were oxidized at the early stage by addition of *OH on the benzoic ring (hydroxylation)
or by losing side chain, which cause the increase of the inhibition of the luminescence of bacteria
Vibrio fischeri by phenol, 1,5-dihydroxynaphthalen, 2-naphthol, catechol and IMS4b. Then, the short
chain carboxylic acids were produced from the cleavage of the aryl moiety, such as glycolic, malic,
succinic acids. The non-electrolyzed solution explained the remaining TOC observed within the
electrolysis time. This explained why a high MCE value was obtained at low current intensity, where
the side reaction and energy loss occurred on the persistent small byproducts produced. EAOPs were
able to reach 100% of NAX degradation in artificial urine and hospital wastewater in 2 hours of
treatment with a low current intensity applied.

Considering the energy input, removal efficiency and toxicity evaluation, less than a 2-h application
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is necessary for NAX elimination in different water matrices. Hence, it can be concluded that the EF
with BDD anode process could efficiently and quickly eliminate NAX and aromatic intermediates,
while AO-BDD can be applied at neutral pH and with no catalyst input. Therefore, except the efficiency,
economic input, duration of treatment or other requirements need to be taken into account when
making the choice of EAOPs in real applications.

In overall, our results point out that i) EAOPs can be great in NAX removal, ii) even challenging
matrices can be properly treated, iii) oxidation of NAX can lead to the generation of more toxic by-
products, but prolonged treatment decreases this effect, iv) partial treatment can be risky, according
to the expected intermediates formed, v) high-degree mineralization always ensures toxicity loss, and
vi) DFT is a powerful tool to predict the intermediates and their toxicity, since complete mineralization
is not always feasible and partially treated matrices are often discharged. Further assessment of the
elicited toxicity phenomena must be performed; we should underline that despite the utility of V.
fischeri as a model bacterium indicator of acute toxicity, generalization of the results should be made
with caution, and the employment of higher order or more complex organisms should be tested

before extrapolating these results towards expressing human toxicity concerns.
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Table S1. Basic physico-chemical information of naproxen.

Naproxen Formula: C14H1403 Structure
Molecular weight (g Solubility (at 20°C): OH O CH,
mol™): 230.3 15.9 mg-L!
@)
pKa (25°C): 4.15 Log Kow: 3.18 CH,

Table S2. Basic information of intermediates products.

Intermediates Formula Molecular  Log pKa (25°C)

weight Kow

(gmol™)
Catechol CsHeO2 110 0.88 pKai: 9.45; pKa2: 12.8
Phthalic acid CsHesO4 166 0.73 pKai: 2.76; pKaz: 4.92
Hydroquinone CsHsO2 110 0.59  9.96
Benzoic acid C7H60O2 122 1.87 4.204
Phenol CeHs 94 146 9.99
Phthalic anhydride CsH403 148 1.60 -
Pyrogallol CsHeO3 126 0.97 9.01
3-hydroxybenzoic acid C7HeO3 138 - 4.06
2-naphthol CioHsO 144 2.70 9.51
I-naphthalene acetic acid CHi00, 186 224 4.23
1,5-dihydroxynaphthalene  ¢,)Hs0, 160 1.96 }
Glycolic C2H403 76.05 -1.11  3.83
Oxalic C2H204 90 -0.81  pKai: 1.46; PKa2: 4.40
Formic CH202 46 -0.54 375
Acetic C2H402 60 -0.17  4.76
Malic C4HeOs 134 -1.26  pKai: 3.51; pKa2: 5.03
Glyoxylic C2H203 74 -0.07  3.30
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Table S3. Apparent rate constants (min™') for oxidative degradation of naproxen at various

current intensities by EAOPs.

mA EF-Pt EF-BDD AO-BDD
kapp = 0.113 kapp = 0.144 kapp =0.018
(R*=0.995) (R*=0.981) (R*=0.998)

ka=10.100 ka=0.125 ka=0.018

0.10 a=0.260 a=0.238 a=0.600
(R*=0.983) (R2= 0.940) (R2=0.997)
kapp = 0.170 kapp = 0.216 kapp = 0.029
(R>= 0.990) (R>=0.988) (R2=0.999)

ka=0.147 ka=0.185 ka=0.029

0.30 @=0.310 o= 0.400 @ =2.900
(R*=0.969) (R*=0.961) (R*=0.996)
kapp =0.342 kapp = 0.654 kapp = 0.092
(R>= 0.990) (R>=0.998) (R*=0.998)

ka=0.307 ka=0.637 ka=0.131

0.75 a=1.150 @ =9.100 a=1.460
(R>=0.970) (R2= 0.996) (R2= 0.966)

Table S4. Apparent rate constants (min™') for oxidative degradation of naproxen at various

current intensities by EAOPs in urine and wastewater.

A Matrices EF-Pt EF-BDD AO-BDD
0.10 Urine kapp = 0.047 kapp = 0.056 kapp =0.016
(R2=0.988) (R2=0.961) (R2= 0.900)

Wastewater kapp = 0.059 kapp = 0.067 kapp =0.017

(R2=0.966) (R2=0.971) (R2=0.920)

0.30 Urine kapp = 0.051 kapp = 0.062 kapp = 0.019
(R2=0.972) (R?=0.988) (R2=0.951)

Wastewater kapp = 0.075 kapp = 0.100 kapp =0.031
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(R*=0.976) (R*=0.936) (R*=0.911)
0.75 Urine kapp =0.068 kapp =0.085 kapp =0.051
(R*=0.956) (R*=0.973) (R*=0.957)
Wastewater kapp =0.223 kapp =0.476 kapp =0.080
(R>=0.9879) (R*=0.959) (R*=0.900)
ﬂCompressed air
=] =
= Vil i N
Power supply
Water in g Water out
 — | - )
Heat | |
exchanger

Fig. S1. Schematic diagram for EAOPs experiment set-up.
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-
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A
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v

Reaction Coordinate
Fig. S2. AG for the formation of IMS1a to IMS1b in path A calculated by M06-2X/6-311g**

and M05-2X/6-31+g**. This indicates that the results obtained by M05-2X and M06-2X are

basically consistent.
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Fig. S3. Elution profiles for all the standard substances by HPLC. a: methanol/water/acetic

acid (69:29:2 (v/v/v)) for aromatic intermediates; b: 1% H3PO4 as eluent for short chain

carboxylic acid.

Fig. S4. Optimized structure of NAX under DFT.
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Fig. S5. AG for the formation of a-c: IMS1a to IMS3d for path A-C; d: IMS4a to IMS4b for

path D; e: IMS5a to IMS5c for path E; f: IMS6¢ to IMS6f for path F; g-i: IMS1a to IMS3¢

path G-I.
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TSS1a in path A
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TSS1b in path A

H

C
H
C
C

APPENDIX A:

Imaginary Frequency and Cartesian Coordinates for Transition states

2.03796000
1.37088200
-0.38882900
0.01874100
1.06078500
-0.85574500
1.90525800
-0.32186800
-2.24895900
-0.78707500
1.45755900
-3.09919700
-2.67575400
-2.54832200
-3.19560600
-1.21005600
3.39663500
3.70218600
3.31644000
4.77860100
3.23311100
-4.36651100
-5.31911100
-5.12403600
-6.28802600
-5.28272800
3.95008400
4.36142400
3.93163500
4.27453900
3.87622300
-3.36524200
-2.53069600

-1.77565200
-1.17368100
0.68903700
0.19961900
-1.05173200

Imaginary Frequency:

2.63953900
1.80914200
2.86685900
1.93835100
-0.46602400
0.85670100
0.60294400
-0.36149400
0.95776200
-2.39247500
-1.40244300
-0.12711500
1.86146300
-1.36949600
-2.21431300
-1.46305200
0.48221100
0.23663600
1.06815400
0.16221100
-0.68484900
-0.01264600
-0.99924300
-1.95544100
-0.61933200
-1.09870300
-0.62583700
-1.69855900
-0.30980600
-1.05905600
1.40378400
0.99704400
0.78741200

Imaginary Frequency:

1.70283400
1.02409600
1.72781300
1.04037200
-0.74253300

-165.45
-0.57242600
-0.37320500
-0.98878500
-0.60698900

0.38203200
-0.35097100
0.12908500
0.14818000
-0.58331300
0.75173800
0.76184100

-0.30275700

-0.99768000
0.16380900
0.34900700
0.38877200
0.39844800
1.87427900
2.46466600
2.03383300
2.22066700

-0.73141700
-0.29587400
-0.77993600
-0.60514100

0.78881600
-0.46819200
-0.06595600
-1.77138100
-2.28668300

0.06248900

1.54251200

1.98770600

-465.10
-2.15333300
-1.56050200
-2.35229700
-1.67234400
0.08575900
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TSS2a in path B

T T OO0 0D

0.99310900
-1.81411500
0.35051600
2.40320200
0.65011500
-1.53185300
3.16276200
2.91031000
2.50645000
3.12216400
1.15407800
-3.33099100
-3.91511500
-3.62859300
-5.00375700
-3.53818400
3.22524100
3.94614700
4.78521500
4.37175700
3.31543800
-3.73751500
-4.25604700
-3.45306900
-3.71136600
-3.71792800
4.48346200
491018800

-1.85029200
-1.09445700
0.50346800
0.21176100
-0.50430900
1.23744400
-1.50258600
0.86065800
2.58775000
1.58165500
-0.76245500

0.16251400
0.12819000
-0.74377600
0.15812200
-2.37018500
-1.43956500
-0.66239600
0.82233300
-1.64678500
-2.33292300
-1.65724400
0.10195000
-1.21147600
-1.34676900
-1.19909000
-2.05589600
0.79607700
1.91174000
1.61175300
2.41896700
2.62585100
0.35593800
-0.45861800
1.60497600
1.71132300
0.94071200
-0.78798400
-1.36504800

2.16121900
1.41846100
2.81847400
1.78285100
-0.91619300
0.81024800
0.05030400
-0.55542100
1.16968800
-2.56656000
-1.96487000

-0.89488900
-0.67794000
-0.00526600
-0.99368700
1.40629200
0.76618000
-0.14372000
-1.68199800
0.68083900
1.25087900
0.76416400
-0.58831100
-1.10484900
-2.14814300
-1.03817600
-0.52664400
1.30165400
0.83544500
0.19625600
1.71063700
0.29503500
0.84494000
1.58625000
1.24303100
2.17422100
-1.17067200
-0.42696500
0.22216400

Imaginary Frequency: -161.74

-0.86355900
-0.64683400
-0.68024900
-0.54888600
-0.29135500
-0.29927200
-0.46391900
-0.18415100
-0.19024400

0.12070700
-0.21866900
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TSS2b in path B
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3.55261600
2.88729200
3.19222300
3.94066300
1.86632900
-2.93778900
-3.15335700
-2.50287800
-4.18800700
-2.94752800
4.83803600
5.87128800
5.90263500
6.79755000
5.71874200
-3.90393600
-4.62785800
-3.94217700
-4.57439200
-3.18994700
-1.66057100
-1.87775600

1.80304800
1.12411400
-0.57431200
-0.18043100
0.77100500
-1.07953700
1.67057400
-0.57901400
-2.42408400
-1.10958900
1.14156100
-3.27552600
-2.80971400
-2.80021400
-3.45790400
-1.47860900
2.51056700
1.40396300
0.71764900
1.81691800
0.84780400
-4.56918200

0.19697500
2.20744800
-1.16571200
-1.92654000
-1.52437400
-0.34039700
-1.83483100
-2.20095700
-2.01970000
-2.39491300
0.63614400
-0.33566800
-1.04357900
0.23021800
-0.86100800
0.18729900
-0.50868500
1.52344000
1.78751400
0.19051800
-0.03816500
-0.97853300

Imaginary Frequency:

2.88366100
2.06913700
2.97550900
2.11332500
-0.09084600
1.03457400
0.89419100
-0.06958800
1.05930300
-1.94849200
-0.89472900
0.01901100
1.89394900
-1.07614400
-1.88860900
-1.10903500
-0.01690400
-0.48349300
0.33383500
-0.83708500
-1.30473500
0.12847100

0.02874600
-0.27742300
0.14091800
0.30941300
0.03407300
-0.80186000
-1.00399700
-1.79845700
-1.29133200
-0.09040700
0.12233000
0.33020300
-0.49886700
0.36823400
1.27372800
0.24214000
0.93053200
0.30053700
0.98971900
-1.72594200
1.70793900
1.81902100

-560.08
0.21587100
-0.01065000
0.87853200
0.35282200
-1.12805200
0.03147800
-0.66813300
-0.72362200
0.42131100
-1.64697200
-1.75227000
0.07594800
0.99535400
-0.67925900
-0.95341400
-1.06931300
1.04212000
1.93523200
2.15964300
2.88599300
1.48301700
0.50322600
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TSS3a in path C
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-5.47613400
-5.14238500
-6.43051700
-5.57348400
3.32331100
2.93711800
4.58805200
5.03990700
3.07041500
2.81474300
3.43484000

1.77270800
1.00986300
-0.60297000
-0.30891100
0.45087000
-1.31871800
1.40385800
-0.92578800
-2.68770400
-1.63483400
0.74067500
-3.63928300
-2.99777900
-3.25779000
-4.00100600
-1.92962300
2.87322500
3.47517100
4.52502300
3.40508200
2.92889400
-4.93966200
-5.94853600
-5.95644900
-6.89158300
-5.80502900
3.65755700
4.57455600
3.22528900
3.76336100
2.99246900
3.12122100
2.78507700

-0.92855400
-1.87195900
-0.64129100
-1.02356800
-1.04067900
-2.17142600
-0.64468500
-1.37011700

0.85558900

1.05603600

1.64509600

-2.30450300
-1.53366700
-2.91855800
-1.87741600
0.81731000
-0.87518700
-0.16667600
0.48947800
-1.20033400
2.527774200
1.86034500
-0.20532600
-2.23674100
1.15858400
1.94218300
1.48640400
0.14677300
-0.30275000
-0.01758600
-1.38886800
0.15192000
-0.60997900
0.39933900
0.99649100
-0.13221100
1.04712600
-0.35384000
-1.14691300
0.17083200
-0.19120500
1.30878600
2.69203400
2.61112300

0.16903200
0.60327200
0.60115200
-0.91336400
0.41258300
0.11098100
0.13313600
-0.32758300
1.36305400
-1.44358200
-0.99135100

Imaginary Frequency: -1194.41

0.29618100
0.26484700
0.08390100
0.14620500
0.29609100
0.10119400
0.34362000
0.17663200
-0.01784800
0.18333200
0.34932900
-0.06250700
-0.07562800
0.00995300
-0.02619100
0.12704800
0.49540600
1.81436300
1.87681600
1.90617000
2.63984800
-0.17798500
-0.23462200
0.67869500
-0.32989800
-1.10099000
-0.69198900
-0.62965500
-1.84470200
-2.56798800
0.43966500
0.12960500
-0.78170100



TSS3b in path C
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TSS4a in path D
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1.78931900
1.00957100
-0.55718600
-0.30832500
0.30871600
-1.36726400
1.34070600
-1.03778700
-2.69932600
-1.83241600
0.56629700
-3.71722200
-2.97620000
-3.40355200
-4.17934800
-2.08159000
2.77690400
3.10874900
4.13282000
3.00941900
2.42702200
-4.96177400
-6.05954200
-6.08262700
-6.95017700
-5.98116000
3.72803200
4.66118300
3.44288800
4.09851100
2.95790300
2.25244000
1.30500300
1.45324700

2.85925300
2.15410400
0.40938700
0.80663800
1.79116700
-0.11394900
2.62716100
0.41325200

Imaginary Frequency:

-2.21011400
-1.46029200
-2.87915600
-1.84157900
0.85330700
-0.88160900
-0.11667600
0.48211600
-1.25537000
2.46515200
1.86773800
-0.29113000
-2.28539200
1.05995000
1.80616300
1.42872200
0.34729100
0.20297100
0.53757400
-0.82999800
0.83664000
-0.75187700
0.16731400
0.61967100
-0.43107800
0.93289700
-0.53476200
-1.16996800
-0.48503900
-1.01531900
1.66314600
1.80350500
1.83294100
1.10657300

-2.75927600
-1.93616700
-3.16144100
-2.15373300

0.55167800
-1.04819100
-0.59774500

0.28679500

-713.04
0.03962100
0.10068700

-0.23789300

-0.05527300
0.40375100
0.01885000
0.31833700
0.27287400

-0.12271000
0.57100000
0.67064300

-0.01795700

-0.30876300
0.23726600
0.32183000
0.37910800
0.53033300
2.01802400
2.18246800
2.35289500
2.58621900

-0.17144800

-0.07163200
0.91955100

-0.22920400

-0.84316300

-0.29659000
0.14240200

-1.60575800

-2.08454900
0.11661500

-0.77272900

-1.63292700

-2.24939100

Imaginary Frequency: -1217.60

0.00077800
-0.00050800
0.00236900
0.00040000
-0.00590200
-0.00070200
-0.00207900
-0.00406100
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TSSSa in path E
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-1.48289000
-0.12784900

2.35610800
-2.36754100
-1.89375900
-1.88021000
-2.55563400
-0.51830900
-3.67088400
-4.63820800
-4.52165300
-4.52699400
-5.60540100

3.94784300

4.45970400

2.80557700

3.73925800

-3.11678200
-2.38372900
-0.71073900
-1.04302000
-1.89400900
-0.08055200
-2.83518600
-0.52189200
1.30544900
0.10677700
-2.20282300
2.23897800
1.66558900
1.78893000
2.50384300
0.45660400
-4.28653800
-4.89687200
-5.97634200
-4.35506800
3.51312700
4.53052700
4.44939300
5.47383300
4.44860400
-4.89268700
2.19090000

-1.26002000
2.37536700
1.86356800
-0.16451500
-2.26269400
1.15928800
2.00222100
1.36463400
-0.47911200
0.58620800
1.19663000
1.19242700
0.09402200
-0.35375100
-1.17727700
2.96318300
2.86449000

Imaginary Frequency:

2.33186400
1.53483100
2.85199700
1.82896600
-0.81963600
0.79505900
0.20271100
-0.54512900
1.05969300
-2.61518900
-1.84942600
0.01168100
2.06830400
-1.34539600
-2.15483600
-1.59543800
-0.03018300
-1.21671400
-1.26909800
-2.15547000
0.33166100
-0.65386500
-1.01626200
-0.13527500
-1.47567400
0.87089500
0.63600800

0.00137400
-0.00806100
-0.00889800

0.00053200

0.00376600
-0.00328900
-0.00417300
-0.00559900

0.00382200

0.00416400

0.89923400
-0.89442800

0.00818100

0.00045500

0.00341900
-0.01803800

0.20192800

-148.92
-0.27031700
-0.22022000
-0.45613100
-0.32512100
0.02009500
-0.25830900
-0.04609600
-0.08496400
-0.35156000
0.07619000
0.15689900
-0.26945000
-0.51111800
-0.14181800
-0.11094800
-0.03575100
0.05615800
0.15081100
0.22118700
0.15967500
-0.54627700
-0.29195000
0.73274200
-0.43306400
-1.00214700
0.04588800
1.85433700
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TSS5b in path E

T o@D I I OO0 I I DT oo Do oD I o000 0m oo

TSS6a in path F
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2.70205200

3.02147300
2.30611000
0.64022600
0.98116200
1.84834100
0.03528800
2.76592200
0.49087700
-1.32609500
-0.08894900
2.16818600
-2.24711500
-1.68502900
-1.77371900
-2.49930700
-0.45602100
4.19875000
4.80680100
5.87366600
4.27613900
4.79449600
-2.46217600
-3.73286700
-4.54413700
-3.85104800
-3.84316500
-3.52355300
-3.76133500

1.88722300
1.22097600
-0.54745600
-0.13282300
0.93679900
-1.01495500
1.77896000
-0.46247100
-2.41898400
-0.92275300
1.33192100
-3.23144400
-2.84362000

1.44733900

Imaginary Frequency:

2.35660900
1.57224800
2.91103700
1.88482100
-0.77486500
0.86435600
0.23248500
-0.48536100
1.15466500
-2.53277900
-1.80690400
0.10029600
2.17617100
-1.24370800
-2.00880700
-1.52073400
-0.01950300
-1.21179000
-1.27510700
-2.14415900
0.87250200
-0.01296900
-0.57824800
0.08499500
-0.74446000
-1.54798900
0.33196600
1.25894400

2.58343300
1.72816600
2.90817300
1.91137800
-0.66999400
0.79712700
0.42548200
-0.50995500
0.95614400
-2.62465300
-1.67667900
-0.15076600
1.95006800

1.71572000

-460.74
0.39664100
0.17804000
0.05939900

-0.00938000

-0.19309500

-0.28829800
0.09557100

-0.38683400

-0.48789600

-0.83270300

-0.27727700

-0.64973600

-0.44730800

-0.86346800

-1.10821900

-0.70903400
0.31687700
0.33221900
0.50738700
0.17776200
0.48712800
1.42430500
1.62117300
1.30084400
2.70090200
1.11992300

-1.04045300

-0.89212700

Imaginary Frequency: -236.76

-0.14257200
-0.14653100
0.06404600
-0.03149300
-0.27293700
-0.03130500
-0.27943000
-0.15139400
0.08988100
-0.23399900
-0.34959300
0.09238800
0.18183300
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TSS6b in path F
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TSS6c in path F
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-2.69514400
-3.37306800
-1.34235800
3.23526500
3.91040400
4.98192500
3.40563400
3.79186100
-4.59610600
-4.86796100
3.81085700
4.73293300

-1.18445100
-0.49797500
1.24367900
0.85263300
-0.16013900
1.76514500
-1.02342800
1.24387200
3.16748600
1.75499200
-0.52315700
4.00889800
3.56837800
3.50294700
4.20182600
2.15047300
-2.51399000
-3.03479800
-2.68753300
-2.70179100
-2.93389500
5.37547800
5.62861800
-3.02728700
-3.98527700
-4.46207000
-4.84489400
-4.09321800
-4.64646300

-1.28110500

-1.45882300
-2.30328700
-1.62939500
0.30513800
-0.80904800
-0.77136600
-1.74235300
1.22769600
-0.07010300
0.85398600
-0.61308000
-0.31228600

Imaginary Frequency:

2.45540900
1.61929700
2.85383100
1.84324600
-0.77031700
0.75520300
0.29693500
-0.56642300
0.95925100
-2.66652300
-1.79105700
-0.12256200
1.96680700
-1.44571000
-2.26995700
-1.65775700
0.13451700
-1.28810800
-1.82205800
-1.80392700
0.60558300
-0.00060400
0.93198900
0.87268000
0.73357300
-1.17864900
-2.06259900
0.82958000
0.13943200

-2.45508200

-0.02599700
-0.01946000
-0.14386500
-0.40422500
-0.81597300
-0.95646700
-1.02722200
-0.28165600
0.20926700
0.29370600
1.50176700
1.50839600

-773.78
-0.24528200
-0.18498600
-0.16320700
-0.13796500
-0.05793300
-0.04779700
-0.14958000
-0.00657500
0.00619700
0.11280500
-0.02881100
0.09773500
-0.02249200
0.13536800
0.20585900
0.08369900
-0.19923400
-0.20828600
0.67773200
-1.11237400
0.76030800
0.15931600
0.13177800
-1.29124500
-1.31371600
-0.19602200
-0.24301000
1.81106900
1.39161100

Imaginary Frequency: -1397.54

-0.10166100
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-0.59537900
1.14828100
0.75557000

-0.25947500
1.66789000

-1.11899300
1.14624400
3.07099500
1.65485900

-0.62094100
3.91227200
3.47281900
3.40534500
4.10377200
2.05169900

-2.61448400

-3.13040400

-2.85306500

-2.68553000
5.27956700
5.53326200

-3.24499000

-3.62399700

-4.54474800

-4.86141700

-3.21535300

-3.93042500

-1.43111800
-0.71093700
0.97090500
0.62634700
-0.26586400
1.58226500
-1.16297100
1.12309000
2.97063900
1.72644900
-0.59992100
3.85642900
3.32426600
3.41216700
4.14521500
2.07517800
-2.65845900

-1.61685800
-2.84630700
-1.83621600
0.77724300
-0.74386300
-0.29462000
0.57758900
-0.94379100
2.68140600
1.79857400
0.14200500
-1.95117400
1.46491400
2.29241600
1.67292700
-0.13529800
1.29024600
1.78651700
1.81789900
0.02347700
-0.90922300
-0.95726800
-1.40403000
1.22684100
2.10616800
-0.88180400
-0.33280500

2.32828300
1.52158700
2.82532500
1.79875700
-0.85830900
0.74913700
0.17823700
-0.59501900
1.01178300
-2.67370400
-1.88738500
-0.03488100
2.03608100
-1.37962300
-2.17471500
-1.64857500
-0.07636500

-0.07976000
-0.02176500
-0.03794000
-0.06947900
-0.01877500
-0.08893900
-0.04020400
0.02099300
-0.04351100
-0.08309300
0.03948700
0.03908600
0.01438600
0.02817800
-0.02523800
-0.16253600
-0.09879800
-1.03214500
0.74561300
0.08381100
0.10522200
-1.04160300
0.19170700
0.04912800
0.28639500
1.11783700
1.49339800

Imaginary Frequency: -485.63

0.30603000
0.24747400
0.07496700
0.11985600
0.23229200
0.04655300
0.31047000
0.10636500
-0.08498100
0.07962600
0.26887100
-0.15372400
-0.13254500
-0.09387600
-0.15155600
0.03333700
0.40576000
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-3.24495300
-2.60918400
-3.11414600

5.21163300

5.41718700
-3.32586200
-4.59588600
-4.68174100
-2.90512000
-3.84362200

2.30438500
1.70217700
-0.15173100
0.31824000
1.52735000
-0.46194500
2.31616600
0.14272900
-1.95159200
-0.20697900
1.99053700
-2.68393900
-2.35529900
-2.02289600
-2.63433300
-0.69851300
3.82540100
4.22037200
3.81376700
5.30564200
3.82886800
-4.02468000
-4.90683300
-5.91142200
-4.83379800
-4.67798900
4.40830600
4.81193900
4.41160900
4.75904000
4.22704600
-2.61460600
-3.04545400
-2.07119100

0.19978900
-0.43620300
1.25425900
0.14542800
1.08920600
0.79647300
-0.13439900
-1.09379000
-1.42687400
-1.51149800

Imaginary Frequency:

1.98542200
1.28900100
2.28099800
1.45356500
-0.65818900
0.55655000
0.23284200
-0.50645600
0.76788200
-2.12907000
-1.47863900
-0.57966700
1.30711700
-1.48773800
-2.19803300
-1.44794400
0.05613900
-1.29042900
-2.12127200
-1.39246800
-1.34330500
-0.27394000
-1.39139800
-1.01614100
-1.77138800
-2.17682000
0.26202800
1.32509600
-0.85291100
-0.63423900
0.87076700
-1.23919700
-0.68274900
1.55600700

-1.10704100
-1.72424300
-1.32842800
-0.28416600
-0.32475500

1.14058800
-1.21101800
-1.28458700

0.71746200

0.93877700

-2111.18
1.83713100
1.26613200
1.72815000
1.20923400

-0.14298800
0.49168000
0.59174100

-0.19843100
0.33836000

-1.63505400

-0.67949300
0.22488000
1.20180200

-0.78323800

-1.32337100

-0.94988000
0.67223100
1.29026200
0.71522100
1.32779200
2.30624600

-0.09013000

-0.27490900

-0.09945600

-1.29371000
0.44415800

-0.71074500

-1.13267800

-1.45515700

-2.33389700
1.27431000
1.47309400
2.13705400

-0.83255200
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-2.94855700
-4.18101600
-4.53029700

path G
2.12606200
1.49025500

-0.26039600
0.14449500
1.18986900

-0.67726500
2.02149500

-0.15813900

-2.08496000

-0.54718900
1.58685500

-3.04514800

-2.64175800

-2.35058100

-2.98236900

-1.02195100
3.47972600
3.63728100
3.15960800
4.69243800
3.16889300

-4.32673700

-5.33687500

-6.26449800

-5.07986100

-5.42029000
4.15150800
4.60173500
4.20046000
4.62368300
3.96884200

-2.77993300

-3.27089800

-2.38269800

path H
-2.57154200
-1.84129300
-0.18021300
-0.50901700
-1.37603100

2.19878000
2.39177700
1.50927100

2.22975300
1.53618200
2.78004800
1.84454500
-0.54277800
0.96917400
0.34316900
-0.24966900
1.42147800
-1.89655500
-1.48234000
-0.39462300
1.82318600
-1.25024100
-1.88855100
-1.21141900
-0.01002900
-1.21430200
-2.09727700
-1.43418000
-0.99340700
-0.04477100
-0.98239700
-0.65897200
-1.98968200
-0.94153300
-0.25200100
-1.31731800
0.85439400
0.64232400
0.86461900
-0.67146700
-0.06568500
1.81237700

-2.57774000
-1.83393500
-3.16437400
-2.16666000

0.42520100

-0.76670500
-0.76924600
-0.53279600

Imaginary Frequency: -166.33

1.55460900
1.01672500
1.17411300
0.80467100
-0.15813700
0.10469100
0.53257400
-0.36753400
-0.19577600
-1.75737400
-0.53074200
0.07999500
0.66299500
-0.89586500
-1.50554200
-1.06423300
0.77233800
1.69808400
1.27138700
1.86478600
2.65757200
-0.21365900
0.24822900
-0.21372600
-0.08054100
1.33260200
-0.56004200
-0.93984300
-1.31665200
-2.16570000
1.20667600
1.38408600
1.96357900
-1.35506000

Imaginary Frequency: -343.48

1.09291500
0.79672700
1.01799100
0.75606300
0.07075400
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0.46235900
-2.29539100
-0.00056300

1.80870000

0.55294900
-1.69810000

2.87659700

2.14894600

2.36014000

2.31197800

0.92471200
-3.77380400
-4.07781500
-3.75013300
-5.14943200
-3.55858100

3.85335500

4.96863100

4.66093100

5.67865500

5.42610400
-4.24126800
-4.67733100
-4.11942900
-4.41682700
-4.31487100

3.40251000

3.69033300

3.14245200

2.44317700

1.63469700

1.12085300

path H
2.27564100
1.57239700

-0.14605100
0.24412600
1.26498400

-0.69486700
2.09776400

-0.15617200

-2.02914600

-0.58653400
1.63317100

-2.98234600

-1.19816500
-0.53243700
0.12080000
-1.50807000
2.00318100
1.42381100
-0.49041900
-2.50612500
0.76113700
0.44458300
1.07455400
-0.19904800
0.89874500
0.57500600
1.09714000
1.82290000
-1.19677200
-0.43146200
0.24121700
-1.15878200
0.13602300
0.18715900
1.27690100
-0.82198100
-0.52501400
-1.11180900
-0.04874800
-0.82798700
1.89263300
2.33255300
2.39339500
3.18759400

2.63223500
1.85294800
2.97353100
2.03996300
-0.40331200
1.02128100
0.62371500
-0.30426300
1.28773600
-2.36951300
-1.34630800
0.39138900

0.37211000
0.45654000
0.01893400
0.31990200
-0.83309600
-0.20706300
0.03957400
0.57140000
-0.72236900
-1.78316400
-0.41914200
0.51625800
1.53359800
2.52162300
1.56593400
1.27714200
-0.69503900
-1.17512700
-1.97614500
-1.56177000
-0.36537700
-0.87104400
-1.18910300
-1.74483400
-2.62114600
0.77494200
1.27601000
1.77362700
-0.54018600
0.51252300
1.26851100
1.08011500

Imaginary Frequency: -775.56

-1.04523900
-0.77572900
-1.33736500
-0.94974300
0.09605200
-0.53362600
-0.19892900
-0.18273100
-0.44330200
0.08156900
0.48721200
0.20600500
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-2.43928400
-2.36109500
-2.46741500
-0.96581400
3.58856900
3.89979500
3.53362200
4.97527900
3.40856000
-4.25883500
-5.31297100
-5.13753600
-6.22053300
-5.37698200
4.10953200
4.45524400
4.15591300
4.48302600
4.09261400
-2.87269300
-1.94186500
-3.19641100

1.54817100
0.89765900
-0.85074500
-0.40361300
0.61414000
-1.27649700
1.56760800
-0.72937900
-2.61752800
-1.16346600
1.00320600
-3.44344600
-3.06822800
-2.92897800
-3.57209600
-1.59362500
2.73317800
2.34222300
2.14314200
3.16063900
1.45382900
-4.71754700

2.18960300
-1.35997800
-0.88610600
-1.39445700

0.58868600

1.26646700

2.29363500

1.28240200

0.73656200

0.59141000

0.02987400
-1.03081700

0.17846700

0.56122600
-0.82723900
-1.47399100
-1.32536800
-2.23990800

1.12063100

0.07202900

0.02100600
-2.23826800

3.01979700
2.16446200
3.12347200
2.21974200
-0.21048000
1.07297500
0.93044700
-0.11912500
1.12403600
-2.10080400
-1.05999200
0.01165700
2.00654000
-1.16551700
-2.00424400
-1.21515200
0.56401600
0.63951800
1.67119600
0.26834200
0.04004200
0.15833100

-0.88839900
-0.73983300
-1.72844000
-0.20696600
0.08085700
1.41669900
1.39598900
1.59758600
2.23361200
-0.18559100
0.62507800
0.79034400
0.04802000
1.57277300
0.04725400
1.01861200
-1.19631500
-1.16170500
-0.72994400
1.53045500
1.79474300
-0.38681800

Imaginary Frequency: -127.66

0.16160400
0.01605000
0.71009700
0.31434800
-0.76639000
0.09137300
-0.52889200
-0.49986300
0.37837100
-1.24936000
-1.30557800
0.09592000
0.81449100
-0.50648300
-0.72700400
-0.79801200
0.43393300
1.91075900
2.19471700
2.52434900
2.11183100
0.42368000
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-5.64688400
-5.34438900
-6.60299900
-5.69357800
3.45244300
4.09577200
3.43320000
3.95444600
3.48602800
2.15561700
1.47738900
1.08301700
1.86438000

-1.69376000
-1.00682700
0.71153100
0.31264900
-0.71126500
1.26090800
-1.57134900
0.75099100
2.61722300
1.24120200
-1.04213500
3.49568200
3.03815000
2.99915900
3.66196400
1.64539600
-3.08850700
-3.46073800
-2.98916600
-4.54478300
-3.12370400
4.78052200
5.76868300
5.77274300
6.71922600
5.56975700
-3.70635300
-3.49231200
-4.56799800
-4.93928100
-3.52827500

-0.91911200
-1.80282500
-0.55245900
-1.12619300
-0.73649100
-1.35374500
-1.10395400
-1.91923100

1.33677100

1.24703100

1.65253000
-2.24106600
-2.37159000

-2.59748800
-1.84910900
-2.79840800
-1.96007800
0.53247200
-1.00060200
-0.74073200
0.20122700
-1.24739900
1.98853300
1.24107800
-0.33185500
-2.15191100
0.83832500
1.52351600
1.10453000
-0.56516800
-0.13038200
-0.79356100
-0.19270100
0.88583900
-0.68295200
0.16329100
1.14903400
-0.33823900
0.24759300
0.38399000
1.58125300
-0.23936300
0.42509300
-1.55161800

0.17465700
0.73411000
0.53218200
-0.89303400
0.12728300
0.95841300
-1.15615600
-1.24949900
0.23245400
-1.79876100
-2.35725500
0.79350800
1.34210200

Imaginary Frequency: -1328.67

1.20545000
0.81979900
1.61037400
1.04704000
0.08082700
0.49074600
-0.04490100
-0.10456100
0.45455600
-1.21267400
-0.68809300
-0.18716000
0.88013600
-0.80582400
-1.31659000
-0.73555500
0.23533000
1.66283000
2.39259800
1.79679300
1.85994800
-0.17184400
-0.79651200
-0.32568700
-0.62915100
-1.86748400
-0.77464600
-0.84144900
-1.60566500
-2.21362400
0.05207000
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-1.41877100
-1.73099000
-0.77588400
-0.01518900
1.01195700
0.75867300

1.59144800
0.93088700
-0.80141500
-0.38123900
0.60861800
-1.30305900
1.56195900
-0.81189300
-2.65580400
-1.30577000
1.07977600
-3.52557300
-3.04583400
-3.04220800
-3.69416200
-1.68186600
3.06235200
3.54181300
3.10517000
4.62638300
3.27230300
-4.83276000
-5.75241800
-5.79144700
-6.72009500
-5.47035000
3.57946500
3.53480700
4.11761100
4.43171600
3.47448000
1.24914600
0.37383400
0.94216500

-1.09644600
-2.00356400
1.08490500
1.89436900
2.74206600
3.56565900

Imaginary Frequency:

2.76803600
1.91403000
3.08609200
2.08692900
-0.46257100
0.96293100
0.57383200
-0.27875200
1.10741500
-2.31499500
-1.40123100
0.01855900
2.05809800
-1.22254900
-2.07860500
-1.35436300
0.53278100
1.16632500
2.15736300
1.27329400
0.55376200
0.26464100
-0.82725800
-1.19190300
-0.42562200
-1.63498700
-0.88612300
-1.70717600
-1.15509500
-2.07569200
1.09559200
-0.17848400
0.05939100
0.03665000

-1.44347300
-1.57469100
1.37284000
1.41314800
1.39159600
0.94962500

-227.69
-0.47940600
-0.36516000
-0.17301400
-0.16456900
0.96953900
0.05147100
-0.46749900
0.49444200
-0.23598700
0.93446100
0.65220100
-0.10860700
-0.58047200
0.30245700
0.40052400
0.60044900
-0.23043900
1.07551100
1.19909800
1.03846200
1.93135400
-0.41878600
-0.30811800
0.71932700
-0.59487400
-0.98520400
-0.34604400
0.55109300
-1.53916100
-1.54545200
-1.07509300
-1.57236000
-1.91373300
2.08760700
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APPENDIX B:

Spin Population and bond order analysis

Table B1 Spin Population of IMR1¢

Atomic space Value % of sum % of sum abs
1(H) 0.00023210 0.023210 0.018802
2(C) 0.09980876 9.980791 8.085473
3(H) 0.00029786 0.029785 0.024129
4(C) -0.02325119 -2.325099 -1.883571
5(C) 0.09421964 9.421884 7.632700
6(C) 0.08208599 8.208529 6.649757
7(C) -0.01743876 -1.743861 -1.412708
8(C) -0.02359722 -2.359702 -1.911603
9(C) 0.04262411 4.262375 3.452965

10(H) -0.00052863 -0.052862 -0.042824
11(H) -0.00071265 -0.071265 -0.057732
12(C) 0.26254912 26.254690 21.269014
13(H) 0.00008137 0.008137 0.006592
14(C) -0.05074991 -5.074948 -4.111232
15(H) 0.00179187 0.179185 0.145159
16(C) 0.37981225 37.980904 30.768459
17(C) 0.00029931 0.029931 0.024247
18(C) -0.00081140 -0.081140 -0.065731
19(H) 0.00015476 0.015476 0.012537
20(H) 0.00007393 0.007393 0.005989
21(H) 0.00002207 0.002207 0.001788
22(0) 0.05548934 5.548887 4.495173
23(C) 0.00863494 0.863487 0.699514
24(H) 0.00011845 0.011845 0.009595
25(H) 0.00224841 0.224839 0.182143
26(H) 0.00018910 0.018910 0.015319
27(C) -0.00002464 -0.002464 -0.001996
28(0) 0.00026085 0.026085 0.021131
29(0) 0.00037517 0.037517 0.030392
30(H) -0.00000104 -0.000104 -0.000084
31(H) -0.00009071 -0.009071 -0.007349
32(0) 0.04543744 4.543706 3.680871
33(H) 0.00284441 0.284439 0.230425
34(0) 0.03756336 3.756304 3.042995
Summing up above values: 1.00000845
Summing up absolute value of above values: 1.23442076
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Table B2 Spin Population of IMR2c

Atomic space Value % of sum % of sum abs
1(H) -0.00038054 -0.038054 -0.028893
2(C) 0.13175471 13.175501 10.003437
3(H) 0.00007747 0.007747 0.005882
4(C) -0.05690034 -5.690047 -4.320141
5(C) 0.11602233 11.602259 8.808960
6(C) 0.12611315 12.611343 9.575103
7(C) -0.04668104 -4.668115 -3.544244
8(C) -0.04048969 -4.048978 -3.074167
9(C) -0.00356404 -0.356404 -0.270598
10(H) -0.00308173 -0.308174 -0.233980

11(H) -0.00137674 -0.137675 -0.104529
12(C) 0.05433020 5.433032 4.125004
13(H) 0.00205749 0.205750 0.156215
14(C) 0.03416844 3.416852 2.594229
15(H) -0.00138423 -0.138424 -0.105098
16(C) 0.46048664 46.048767 34.962310
17(C) 0.00021875 0.021875 0.016609
18(C) -0.00200987 -0.200988 -0.152599
19(H) 0.00004127 0.004127 0.003133
20(H) -0.00053163 -0.053163 -0.040364
21(H) 0.00014243 0.014243 0.010814
22(0) 0.01500920 1.500923 1.139569
23(C) 0.00069274 0.069274 0.052596
24(H) 0.00020692 0.020692 0.015711
25(H) -0.00003573 -0.003573 -0.002713
26(H) 0.00063533 0.063533 0.048237
27(C) -0.00142595 -0.142596 -0.108265
28(0) -0.00016329 -0.016329 -0.012398
29(0) -0.00042117 -0.042117 -0.031977
30(H) 0.00001427 0.001427 0.001083
31(H) -0.00010233 -0.010233 -0.007769
32(0) 0.01032078 1.032080 0.783602
33(H) 0.00039458 0.039458 0.029959
34(0) 0.20585940 20.585986 15.629813
Summing up above values: 0.99999776
Summing up absolute value of above values: 1.31709443
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Table B3 Spin Population of IMR3c

Atomic space Value % of sum % of sum abs
1(H) 0.00291143 0.291145 0.251353
2(C) -0.05945768 -5.945798 -5.133161
3(H) -0.00076349 -0.076349 -0.065914
4(C) 0.38523003 38.523202 33.258071
5(C) 0.02369624 2.369636 2.045768
6(C) -0.01266077 -1.266083 -1.093042
7(C) 0.30665966 30.666125 26.474854
8(C) 0.04474334 4.474357 3.862827
9(C) 0.10090255 10.090307 8.711222
10(H) 0.00034303 0.034304 0.029615
11(H) -0.00010274 -0.010274 -0.008870
12(C) 0.00035173 0.035173 0.030366
13(H) -0.00040062 -0.040063 -0.034587
14(C) 0.05460690 5.460719 4.714379
15(H) -0.00000091 -0.000091 -0.000078
16(C) -0.00570515 -0.570518 -0.492543
17(C) 0.00404732 0.404734 0.349418
18(C) 0.00732719 0.732722 0.632578

19(H) 0.00002829 0.002829 0.002443
20(H) 0.00067345 0.067345 0.058141
21(H) -0.00006393 -0.006393 -0.005520
22(0) 0.00415595 0.415597 0.358796
23(C) 0.00024046 0.024046 0.020759
24(H) 0.00020199 0.020199 0.017438
25(H) 0.00001299 0.001299 0.001122
26(H) 0.00024817 0.024817 0.021425
27(C) 0.01753482 1.753491 1.513834
28(0) 0.01222068 1.222074 1.055048
29(0) 0.00187629 0.187630 0.161986
30(H) 0.00068724 0.068724 0.059331
31(H) 0.00456733 0.456735 0.394311
32(0) 0.07626308 7.626347 6.584022
33(H) 0.00125067 0.125067 0.107974
34(0) 0.02836928 2.836943 2.449206
Summing up above values: 0.99999483
Summing up absolute value of above values: 1.15830539
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Table B4 Bond Order Analysis of IMR1¢, IMR2¢ and IMR3c¢

Bond order from mixed alpha&beta density matrix >= 0.050000
IMR1c IMR2c IMR3c

#1 1(H) 2(C)

0.93111302 1(H) 2(C) 0.92847089  1(H) 2(C) 0.92466626
#2 2(C) 4(C)

1.43486614 2(C) 4(C) 1.44204066 2(C) 4(C) 1.37463083
#3 2(C) 7(C)

1.39155912 2(C) 7(C) 1.37486443 2(C) 7(C) 1.44055349
#4 2(C) 8(C)

0.06171618 2(C) 8(C) 0.05380271 3(H) 4(C) 0.93050747
#5 3(H) 4(C)

0.92643878 3(H) 4(C) 0.93040371 4(C) 6(C) 1.14910593
#6 4(C) 5(C)

0.07359912 4(C) 5(C) 0.07461763  5(C) 8(C) 1.03431014
#7 4(C) 6(C)

1.36410283 4(C) 6(C) 1.38728905  5(C) 11(H) 0.90998931
#8 5(C) 7(C)

1.44831510 5(C) 7(C) 1.47777894  5(C) 34(0) 1.79130677
#9 5(C) 8(C)

1.32846489 5(C) 8(C) 1.28498367  6(C) 8(C) 1.23782298
#10 5(C) 11(H)

0.91931451 5(C) I1(H) 091718935 6(C) 9(C) 1.37145292
#11 6(C) 7(C)

0.06326934 6(C) 7(C) 0.06519522  6(C) 14(C) 0.05310685
#12 6(C) 8(0)

1.30310129 6(C) 8(C) 1.30345030 7(C) 17(C) 0.98689011
#13 6(C) 9(0O)

1.02272287 6(C) 9(C) 1.07159244  7(C) 32(0) 1.03082539
#14 7(C) 17(C) 7(C) 17(C)

0.97051545 0.96875824 8(C) 12(C) 0.05217443
#15 8(C) 16(C) 8(C) 16(C)

1.19967570 1.19375099 8(C) 16(C) 1.32380928
#16 9(C) 13(H) 9(C) 12(C)

0.91985562 1.63932062 9(C) 12(C) 1.36554123
#17 9(C) 34(0) 9(C) 13(H)

1.76299401 0.91642228 9(C) 13(H) 0.92992444
#18 10(H) 16(C) 10(H) 16(C)

0.92698433 0.92415024 9(C) 16(C) 0.06703778
#19 12(C) 14(C) 12(C)  22(0)

1.45737760 1.00173349 10(H) 16(C) 0.93098393
#20 12(C)  22(0) 12(C)  32(0)

1.00975515 1.02266659 12(C) 14(C) 1.31167668
#21 12(C)  32(0) 14(C) 15(H) 12(C)  22(0) 0.95971780
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#22

#23

#24

#25

#26

#27

#28

#29

#30

#31

#32

#33

#34

#35

#36

#37

1.02162711
14(C)  15(H)
0.92803485
14(C)  16(C)
1.34405378
17(C)  18(C)
0.99185015
17(C)  27(C)
0.94749035
17(C)  31(H)
0.91572976
18(C)  19(H)
0.95422084
18(C)  20(H)
0.95561459
18(C)  21(H)
0.95479869
22(0)  23(C)
0.82099296
23(C)  24(H)
0.95682534
23(C)  25(H)
0.94643245
23(C)  26(H)
0.94620191
27(C)  28(0)
1.79600650
27(C)  29(0)
1.09274576
29(0)  30(H)
0.81488069
16(0)  17(H)
0.80751753

0.91890713
14(C)  16(C)
1.15366053
14(C)  34(0)
1.64642730
17(C)  18(C)
0.99266111
17(C)  27(C)
0.94765958
17(C)  31(H)
0.91607754
18(C)  19(H)
0.95509518
18(C)  20(H)
0.95555710
18(C)  21(H)
0.95405599
22(0)  23(C)
0.82520527
23(C)  24(H)
0.95083144
23(C)  25(H)
0.95944482
23(C)  26(H)
0.95025835
27(C)  28(0)
1.79819428
27(C)  29(0)
1.09155085
29(0)  30(H)
0.81480926
32(0)  33(H)
0.80931053

14(C)

14(C)

17(C)

17(C)

17(C)

18(C)

18(C)

18(C)

22(0)

23(C)

23(C)

23(C)

27(C)

27(C)

28(0)

29(0)
32(0)

15(H)

16(C)

18(C)

27(C)

31(H)

19(H)

20(H)

21(H)

23(C)

24(H)

25(H)

26(H)

28(0)

29(0)

29(0)

30(H)
33(H)

0.92865297

1.44932284

0.99867096

0.91421313

0.92066407

0.95610148

0.95669257

0.94818417

0.87863503

0.94442867

0.96184898

0.94436511

1.83952269

1.08435107

0.06479980

0.83943786
0.80967069
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