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Abstract This study uses density functional theory (DFT) simulations to predict the main

pathways by which hydroxyl (OH) radicals oxidize phenol into monohydroxylated prod-

ucts during an electrical discharge directly in or contacting water. The calculated activation

energies and reaction rate constants indicate that phenol ring H abstraction is less likely to

occur than OH addition, which will be the fastest in the ortho and para positions. The chain

propagation with molecular oxygen of such formed ortho and para radicals will result in

the production of hydroquinone and catechol, which are, concurrently, the most likely

products of phenol degradation by OH radicals. Electron transfer reactions between

dihydroxycyclohexadienyl radicals and plasma oxidative species are another important

reaction mechanism which may be contributing significantly to the formation of products.

Good agreement between computed kinetic and experimental data demonstrates the fea-

sibility of applying DFT to investigate chemical reaction mechanisms.

Keywords Density functional theory � Electrical discharge � Phenol � Plasma

Electronic supplementary material The online version of this article (doi:10.1007/s11090-016-9758-6)
contains supplementary material, which is available to authorized users.

& Selma Mededovic Thagard
smededov@clarkson.edu

1 Plasma Research Laboratory, Department of Chemical and Biomolecular Engineering, Clarkson
University, 8 Clarkson Avenue, Potsdam, NY 13699, USA

2 Department of Chemistry, Clarkson University, 8 Clarkson Avenue, Potsdam, NY 13699, USA

123

Plasma Chem Plasma Process
DOI 10.1007/s11090-016-9758-6

http://dx.doi.org/10.1007/s11090-016-9758-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-016-9758-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-016-9758-6&amp;domain=pdf


Introduction

Electrical discharge plasmas are under extensive investigation for numerous applications

including gas cleaning, chemical syntheses, surface modification, and, more recently,

plasma sterilization and plasma medicine. Since the discovery that OH radicals, which are

formed by electronic (and in some cases thermal) splitting of water molecules, degrade

organic compounds, electrical plasmas formed directly in and contacting water have also

been investigated as an alternative advanced oxidation technology (AOT) for drinking and

wastewater treatment. Some studies suggest that apart from OH radicals other reactive

species such as H, O, and HO2/O2
- radicals, H2O2, O2, and aqueous electrons (eaq

- ) also

degrade organic molecules [1, 2]. However, experimental evidence for the plasma-assisted

degradation of organic molecules by reactive radicals other than OH is scarce. This is, in

part, due to the lack of experimental techniques available for scavenging and detecting

radical species in aqueous plasmas as well as the non-selectivity of the existing chemical

probes.

Computer simulations represent an alternative approach to studying the likelihood of a

broad range of degradation pathways a parent compound might undergo upon reacting with

different radicals [3–6]. In addition, recent developments in the field of computational

chemistry have given rise to several novel computational methods that can deliver a

dramatically improved accuracy without a significant increase in computational cost.

However, although there are ample high quality computational studies on chemical kinetics

involving different radicals and organic molecules [7–12], only a few of them apply to

chemical reactions occurring in aqueous electrical discharge plasmas.

In this study, DFT simulations were used to elucidate the main pathways by which OH

radicals chemically transform phenol. Though the calculations were primarily intended to

apply to reactions of electrical discharge plasmas formed directly in and contacting water

at the plasma-bulk liquid interface where the temperature is assumed to be 298 K, the

chemical reaction mechanisms identified in this study are applicable to any AOT including,

but not limited to, Fenton’s reaction and sonochemistry. Phenol was chosen as a model

compound due to a wide availability of experimental data, relatively well known degra-

dation reaction pathways, and the environmental importance of its oxidative degradation.

Phenol is an important raw material in the production of phenolic resins, caprolactam and

bisphenol A. The latter two compounds are intermediates in the manufacture of nylon and

epoxy resins, respectively. The Environmental Protection Agency regulates phenol under

the Clean Water Act. Phenol has been used as a model compound for the evaluation of

many water treatment technologies including electrical discharge plasma. In fact, phenol is

one of the most studied compounds for the assessment of the effectiveness of different

electrical discharge plasma reactors in pollutant removal.

While the complete oxidation of phenol by OH radical attack yields organic and

inorganic acids, due to the complexity and lengthiness of the overall mechanism, this study

considers only the first steps in which phenol is transformed into monohydroxylated

products such as catechol (CA), hydroquinone (HQ), and resorcinol (RS). The subsequent

paper, which is in preparation, investigates further reactions of OH radicals with CA, HQ,

and RS as well as reactions of phenol with H radicals and electrons. The database of

chemical reactions between phenol and OH radicals was constructed using reaction

mechanisms and products identified in Fenton chemistry [13–20], atmospheric chemistry

[21–25], photocatalysis [19, 26–32], radiation chemistry [31, 33–35], electrochemistry

[36–39], as well as plasma chemistry studies [20, 26, 40–54]. Reaction rate constants at
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298 K for individual reactions were also calculated and, when possible, compared with

experimental and other DFT computational studies data.

Computational Protocols

Geometries and frequency analyses were computed using the Gaussian 09 D.01 program

[55]. All the geometries, unless otherwise specified, were optimized and transition states

located using the 6-31G?(d,p) basis set [56] and M062X functional [57] with unrestricted

formalism and ultrafine integration grid. The accuracy of this protocol was confirmed by

comparing the obtained geometries with geometries found in a previously published study

[10]. The solvation effect was taken into account by using the polarizable continuum

model (PCM) with SCRF = IEF-PCM keyword [58]. Vibrational frequencies and the

thermal contribution to Gibbs free energy and enthalpy were also calculated at this level.

Final single point energy calculations, unless otherwise specified, for both stable species

and transition states were performed with the ORCA software [59] using the PWPB95 [60]

density functional with unrestricted formalism and integration grid level 5 and the ma-

def2-TZVPP basis set [61]. The solvent effect was modeled using the more accurate SMD

solvation model, which was most likely the largest source of error for the chosen calcu-

lation protocol [62]. According to a benchmark study conducted by Goerigk and Grimme

[63], the mean absolute deviation for barrier height of hydrogen abstraction reaction for

PWPB95 density functional is as low as 1.8 kcal/mol. The mean unsigned error for SMD

solvation model is 0.6–1.0 kcal/mol for neutral species [62], so the reaction Gibbs free

energies calculated in this study should be highly reliable. However, for reactions occur-

ring in liquid water, the use of an implicit solvation model may be inadequate to describe

the involvement of water clusters in the transition state, hence affecting the accuracy of the

computed barrier height. Despite all the drawbacks of the implicit solvation model, it is

nevertheless the only feasible modeling method one can choose for such a large-scale

reaction kinetic study [64]. Density fits were enabled for both the SCF exchange part and

the perturbation part using RIJCOSX and RI-PWPB95 keywords. For reactions in which

the described calculation protocol did not converge, the 6-311?G(d,p)/M062X//midix/

M062X protocol was used.

All transition states (TS), unless otherwise specified, were located using the Berny

algorithm [65] with the following keyword, opt = (ts, calcfc, noeigen) under the same

calculation protocol as the geometry optimization. Initial guesses for transition state

geometry were generated by the plasma chemistry database system software developed by

our research group. When the Berny algorithm failed or the geometry was too complex to

envisage a suitable initial guess, the QST2 and QST3 methods [66] were used to attain the

transition state. Transition states were confirmed by checking the direction of the negative

mode of the vibrational frequencies. For suspicious transition states, an intrinsic reaction

coordinate (IRC) calculation was conducted to confirm the transition state.

The plasma chemistry database system software was used to compute reaction rate

constants with transition state theory (TST) and the Wigner tunneling correction [67].

Although both TST and Wigner tunneling correction calculations are theoretically very

crude, they have the advantage of being computationally straightforward and are able to

deliver qualitatively correct rate constants. The activation energy reported in this paper is

derived from the Eyring equation and is equal to the change in enthalpy between the

transition state and reactants. The electrode potentials E were calculated from the change in
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reaction Gibbs free energy (DrG ¼ �nFE where n is the number of electrons transferred

and F is the Faraday constant). The electrode potential calculated using this approach was

scaled with respect to EHþ=H2, which was set to zero.

Results and Discussion

Phenol reaction with OH radicals can proceed via two general pathways shown in Fig. 1:

OH radical abstraction of an H atom (path X) or OH radical addition to the phenol ring

(path Y). Both pathways yield intermediate radicals which either recombine (paths X.A

and Y.A) or chain propagate (paths X.B, Y.B, Y.C, and Y.D) to form stable molecules.

Sections 3.1 and 3.2 provide mechanistic details for each of these pathways and use

thermodynamic and kinetic data to determine the most probable reactions.

Path X: Abstraction of an H Atom

The OH radical abstraction of the phenolic H atom results in the formation of phenoxyl

radical (PXR), as shown in reaction 1.

ð1Þ

Fig. 1 An overview of the types of chemical reactions phenol undergoes upon OH radical attack
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The abstraction of the H atom bonded to the second, third, and fourth phenol carbon

atom yields PH2DHR, PH3DHR, and PH4DHR radicals respectively:

ð2Þ

All these radicals, including PXR, may undergo further reactions with OH and H

radicals, the most abundant radical species produced by aqueous plasmas to form

stable products (path X.A in Fig. 1). It must also be mentioned that HO2 radicals can

recombine with any organic intermediate radical to form organic peroxides. However, due

to the complexity of the reactions involving organic peroxides, recombination reactions of

HO2 and organic radicals were not included in the analysis. The recombination reactions of

PH2DHR, PH3DHR, and PH4DHR with OH and H radicals may yield PH, CA, RS, and

HQ, as shown in reactions Ox2b–Ox2c**. The PXR recombines with OH radicals to form

PX2OH and PX4OH which, through acid/base catalyzed reactions, may tautomerize [68]

to CA (Ox3b) and HQ (Ox3b*) respectively, as shown in reaction 3. Further reactions of

CA and HQ with OH radicals (Ox3c and Ox3c*) yield 12QN and 14QN respectively, both

of which have been identified experimentally [43, 46, 48, 69]. CA and HQ formed in other

reactions may similarly be transformed into 12QN and 14QN. Reaction 4 shows how PXR

may also react with H radicals to produce phenol (intermediates PX2H and PX4H are

tautomerized to phenol).
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PXR, PH2DHR, PH3DHR, and PH4DHR may also chain propagate with O2 (path X.B

in Fig. 1). For PXR, this reaction yields intermediate PX1O2, PX2O2 and PX4O2 radicals

(reaction 5). Further reactions of PX2O2 with OH, H, and/or organic radicals yield 12QN.

Reactions of PX4O2 with the same radicals result in the formation of 14QN. Because

Table 1 Calculated reaction Gibbs free energies, activation energies, and rate constants of reactions 1–5

Reaction Reaction Gibbs free
energy
DrG (kJ/mol)a

Activation energy
Ea (kJ/mol)a

Rate constant
(cm3/molecule s)

PH ? OH ? PXR ? H2O
(Reaction 1)

-139.0 4.8b 3.1 9 10-14b

PH ? OH ? PH2DHR ? H2O
(Reaction 2, Ox 2a)

-23.2 20.1 2.7 9 10-17

PH ? OH ? PH3DHR ? H2O
(Reaction 2, Ox2a*)

-29.1 17.1 1.3 9 10-15

PH ? OH ? PH4DHR ? H2O
(Reaction 2, Ox2a**)

-24.9 17.3 4.5 9 10-16

PXR ? OH ? PX2OH
(Reaction 3, Ox3a)

-201.1 No transition state –

PX2OH ? CA
(Reaction 3, Ox3b)

-95.3 Overall reactionc –

CA ? 2OH ? 12QN ? 2H2O
(Reaction 3, Ox3c)

-370.7 Overall reactionc –

PXR ? OH ? PX4OH
(Reaction 3, Ox3a*)

-205.9 No transition state –

PX4OH ? HQ
(Reaction 3, Ox3b*)

-91.2 Overall reactionc –

HQ ? 2OH ? 14QN ? 2H2O
(Reaction 3, Ox3c*)

-386.7 Overall reactionc –

PXR ? H?PX2H
(Reaction 4, Ox4a)

-261.4 No transition state –

PX2H ? PH
(Reaction 4, Ox4b)

-79.2 Overall reactionc –

PXR ? H?PH
(Reaction 4, Ox4a*)

-340.6 No transition state –

PXR ? H?PX4H
(Reaction 4, Ox4a**)

-270.1 No transition state –

PX4H ? PH
(Reaction 4, Ox4b*)

-70.5 Overall reactionc –

PXR ? O2 ? PX1O2
(Reaction 5, Ox5a)

PX1O2 is not an energy
minimum [78]

N/A N/A

PXR ? O2 ? PX2O2
(Reaction 5, Ox5a*)

50.3 55.2 9.9 9 10-25

PXR ? O2 ? PX4O2
(Reaction 5, Ox5a**)

36.5 54.7 8.8 9 10-24

a Computed at PWPB95/ma-def2-TZVP//m062x/6-31?G(d,p) level
b Computed at m062x/6-311?G(2d,p)//m062x/midix level
c Multiple steps reaction
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reaction 2 is not favorable (see the discussion that follows Table 1), further reactions of

PH2DHR, PH3DHR, and PH4DHR radicals with O2 were not considered.

ð3Þ

ð4Þ

ð5Þ

Table 1 shows calculated reaction Gibbs free energies, activation energies, and rate

constants of reactions 1–5. Calculations performed at a low level of accuracy are shown in

Table S1 in the supplementary material. A comparison of the Gibbs free energies of

reactions 1 and 2 suggests that the phenolic H atom abstraction is more favorable than the

phenol ring’s H abstraction. Large differences in reaction Gibbs free energies between

reactions 1 and 2 can be explained by resonance stabilization of phenoxyl radicals [70].
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The transition states for reactions 1 and 2 were located successfully, which allowed for

the calculation of the corresponding activation energies and reaction rate constants. As

reported in Table 1, reaction 1 has an activation energy lower than any of the branches of

reaction 2, indicating that the hydrogen abstraction most likely occurs on the OH group of

the phenol ring. The calculated reaction rate constant for reaction 1 is 3.1 9 10-14

cm3/molecule s, which is slightly lower than the experimentally determined value of

5 9 10-13 cm3/molecule s [71]. Reaction rate constants computed for reactions Ox2a,

Ox2a*, and Ox2a** are approximately two and three orders of magnitude lower than that

of reaction 1. As a result, reactions Ox2a–Ox2a**, Ox2b–Ox2b**, and Ox2c–Ox2c**

were excluded from further analysis. It is worth mentioning that the transition state search

for reaction 1 at M062X/6-31?G(d,p)/IEF-PCM level failed. Instead, the activation energy

for that reaction was computed at a lower calculation level (m062x/6-311?G(2d,p)//

m062x/midix). As explained in the computational protocol, this may be due to the failure

of the implicit solvation model.

The recombination reactions of PXR with OH radicals (reaction 3) to form tautomers

PX2OH and PX4OH and finally 12QN and 14QN release large amounts of Gibbs free

energy. Reactions of PXR with H radicals (reaction 4) are even more energetically

favorable. However, because reactions Ox4a*, Ox4b, and Ox4b* yield phenol, they are

difficult to verify experimentally. Radical recombination reactions, such as Ox3a, Ox3a*,

Ox4a, Ox4a*, and Ox4a** do not have transition states; thus their rate constants cannot be

computed by TST. Additionally, recombination reactions cannot be accurately described

by the DFT method and their proper treatment requires sophisticated computation methods

such as CASSCF [72]. The reactions Ox3b, Ox3b*, Ox4b, and Ox4b* are most likely acid/

base catalyzed and do not have transition states either. It must be mentioned that a well-

defined transition state for reaction Ox3b taking place in the gas phase does exist [10].

However, even though this gas phase reaction is catalyzed by a water molecule, in liquid

phase the acid-catalyzed mechanism is probably faster [68].

Finally, the chain propagation reactions of the PXR radical with O2 (reaction 5) are

endergonic and are predicted to possess high activation energies. These calculations agree

well with the ab initio calculations performed by McFerrin et al. [73] and Batiha et al. [12]

as well as experimental measurements conducted by Hunter et al. [74] which confirmed

that gas-phase chain propagation of PXR radical with O2 is very slow. Given that the

typical concentration of O2 dissolved in water at 298 K and 1 bar is 7.6 mg/L [75] or

2.3 9 10-4 M and that the concentration of OH radicals produced by a gas discharge

contacting water or direct liquid discharge ranges between*1.0 9 10-13 and 1.0 9 10-10

M per 1 discharge pulse (calculation based on the reported rate of OH radical production at

30 kV [76, 77]), the reaction of O2 with the PXR radical is still insignificant when com-

pared with the rate of chain termination reaction of PXR with the OH radical, which was

estimated to be on the order of *10-10 cm3/molecule s [12]. However, for gas plasmas

contacting water in an oxygen atmosphere where the concentration of O2 near the interface

could be 10 or 20 times that of OH radicals, the reaction between PXR and O2 may become

important. This gas phase reaction, however, cannot be compared to the results of this

study which are valid only for reactions in liquids.

The most likely overall phenol oxidation reaction taking place via hydrogen abstraction

is summarized in reaction 6, which is a combination of reactions 1 and 3. The formation of

CA and HQ has been confirmed experimentally [26, 42, 43]. Both CA and HQ are further

oxidized to 12QN and 14QN respectively.
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ð6Þ

Path Y: OH Radical Addition to the Phenol Ring

To predict the site(s) of OH radical addition to phenol, a charge population analysis of

phenol was performed. According to the hard soft acid base (HSAB) theory, the OH radical

is a very hard electrophilic species [79], and the atomic charge population analysis of a

substrate can accurately predict the relative likelihood of the site of OH radical attack. The

natural population analysis charge (NPA charge), Hirschfield charge, and Merz–Singh–

Kollman electron static potential fitting charge (MK charge) were calculated using

Gaussian and Multiwfn software [80], and the results are shown in Table 2.

According to DeMatteo et al. [81], in the transition state of OH radical attack on an

organic molecule, the OH radical abstracts a fraction of electron density from the organic

substrate. In this state, the OH radical exhibits anionic nature while the organic substrate

resembles a radical cation. Therefore, the OH radical has a strong preference to attack

positions with high electron density, which can bring about a more stable radical cation

transition state. The position with the lowest charge numerical value corresponds to the

highest electron density hence is the preferred position of OH radical attack.

All three charge analysis methods predict that the ortho and para positions are the most

reactive sites. The ipso position is least likely to be attacked and the reactivity of the meta

position lies between these two extremes. Thus, the OH radical addition to the aromatic

ring will result in the formation of three intermediates: PH2OHR, PH3OHR, and PH4OHR,

as shown in reaction 7.

Reaction Gibbs free energies, activation energies, and rate constants for reactions Ox7–

Ox7** are shown in Table 3. Calculations performed at a low level of accuracy are shown

in Table S2 in the supplementary material. The results of both calculations indicate that

Table 2 Charge population analysis of phenol

Position of the
carbon atom

4

5

6
1

2

3

NPA charge Hirschfield charge MK charge

C1 0.324 0.069 0.433

C2 -0.293 -0.058 -0.282

C3 -0.190 -0.038 -0.092

C4 -0.244 -0.058 -0.214

C5 -0.188 -0.040 -0.050

C6 -0.261 -0.070 -0.382
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additions to all three positions are possible and follow the sequence: ortho position

(PH2OHR)[ para position (PH4OHR)[meta position (PH3OHR). This agrees very well

with the charge analysis results. It must be noted that the orientation of the hydroxyl group

in phenol strongly influences the transition state geometry. Hence, OH radical addition to

the ortho position on either side of the phenol molecule results in the formation of two

qualitatively different structures. Due to the free rotation of the C–O bond, these two

structures are essentially the same molecule; PH2OHR. For OH radical adding to the meta

position, this interaction is weak and the difference between two meta positions can be

ignored [10].

ð7Þ

The rate constants calculated for the ortho (8.7 9 10-12 cm3/molecule s) and para

(4.7 9 10-12 cm3/molecule s) position addition reactions are in excellent agreement with

experimental findings (Table 3) even though the quality of this agreement is probably

largely accidental.

It should be noted that the activation energy for the OH radical addition to the ortho and

para position is negative. In fact, negative values of activation energy appear for some

reactions reported later in Tables 5 and 7. This is due to the formation of tightly bound pre-

Table 3 Calculated reaction Gibbs free energies, activation energies, and rate constants of reaction 7

Reaction Reaction Gibbs
free energy
DrG (kJ/mol)

Activation energy
Ea (kJ/mol)

Rate constant
(cm3/molecule s)

Experimental rate
constant
(cm3/molecule s)
at 298 K

PH ? OH ? PH2OHRa

(Reaction 7, Ox 7)
-22.9 -6.3 5.1 9 10-12 (1.1–3.0) 9 10-11

PH ? OH ? PH2OHRb

(Reaction 7, Ox 7)
-22.9 -5.5 3.6 9 10-12 N/A

PH ? OH ? PH3OHR
(Reaction 7, Ox 7*)

-24.0 5.4 1.9 9 10-12 N/A

PH ? OH ? PH4OHR
(Reaction 7, Ox 7**)

-31.5 -7.4 4.7 9 10-12 N/A

a OH radical attack on the opposite side of the phenolic H atom
b OH radical attack on the same side as the phenolic H atom
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reactive complexes which have significantly lower energy (around 20 kJ/mol according to

our calculation performed at PWPB95/ma-def2-TZVPP//m062x/6-31?G(d,p) level) than

the sum of individual energies of phenol and OH radical [10]. We purposely omitted the

discussion on pre-reactive complexes because their geometries are complex and each TS

may have several possible pre-reactive complexes. Determining the correct one (i.e.,

energy minimum) is time consuming and difficult. In addition, according to Bachrach [82],

the reaction trajectories can skirt around the energy minima and directly form products.

In summary, the OH radical addition to the phenol ring most likely occurs on the ortho

(PH2OHR) and para (PH4OHR) positions. However, because PH3OHR is a precursor to

RS, an experimentally verified byproduct, subsequent reactions of this radical are also

considered. Further reactions of PH2OHR, PH3OHR, and PH4OHR radicals involve

recombination into stable products via any of the following four pathways: (Y.A) chain

termination, (Y.B) chain propagation with O2, (Y.C) radical elimination, and (Y.D)

electron transfer. These individual pathways are discussed in subsequent sections.

Path Y.A: Chain Termination

Termination reactions of PH2OHR, PH3OHR, and PH4OHR radicals which include direct

recombination with OH and H radicals form complex products. Because the unpaired

electron in each of these radicals can be located on three different carbon atoms, each

radical may form multiple stable products, as shown in Table 4. Reaction Gibbs free

energy values confirm that all reaction products can be formed. Most of these products will

undergo an acid–base catalyzed tautomerization reaction and transform into the corre-

sponding ketone form. The formation of cyclohexa-1,5-diene-1,4-diol has been confirmed

experimentally [42].

The recombination reactions between phenyl-derived organic radicals are another

possibility, particularly when the initial phenol concentration is high. However, the

recombination reactions of these radicals are extremely complex and dozens if not hun-

dreds of reactions are equally likely to occur.

Path Y.B: Chain Propagation with O2

PH2OHR, PH3OHR, and PH4OHR can further propagate with O2 as shown in reaction 8,

reaction 9, and reaction 10 respectively. To simplify the discussion, we only included the

O2 addition reactions to the opposite side as the added OH group (i.e., reactions of trans

isomers). Tables 5, 6, and 7 show the calculated reaction Gibbs free energies, activation

energies, and (reverse) rate constants for reaction 8, reaction 9, and reaction 10 respec-

tively. Calculations performed at a low level of accuracy are shown in Table S3, Table S4,

and Table S5 in the supplementary material. Reactions involving O2 addition to the same

side as the added OH group for only PH2OHR (i.e., reactions of cis isomers) are shown in

the supplementary material as reaction S1. The calculated Gibbs free energies, activation

energies, and (reverse) rate constants for the reaction S1 are reported in Table S6 in the

supplementary material.

Because the unpaired electron is located only at the position para and ortho to the added

OH group, reactions between the PH2OHR radical and O2 will exclusively result in the

formation of PH2OH1O2R, PH2OH3O2R, and PH2OH5O2R radicals (reaction 8). The

fastest subsequent chain-propagation reactions of the PH2OH1O2R and PH2OH3O2R

radicals yield CA. The PH2OH5O2R radical does not have further unimolecular reaction

pathways. PH2OH1O2R may additionally undergo reaction Ox8f to generate muconic acid
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[83] and Ox8d to generate an unsaturated organic acid containing an epoxy functional

group (PO4) [24]. Although reactions Ox8f–Ox8h release large amounts of free energy,

reaction Ox8f is significantly slower than Ox8b indicating that muconic acid will not be

formed via this pathway (Table 5). The ‘‘epoxy pathway’’, which is based on atmospheric

chemistry findings [23], is extremely complicated as it involves a large amount of

branching and hundreds of possible intermediate structures, in addition to simple

cyclization steps assumed to follow reaction Ox8d. Compared to reaction Ox8b, the

Table 4 Possible products of termination reactions of PH2OHR, PH3OHR, and PH4OHR radicals

PH2OHR+OH PH3OHR+OH PH4OHR+OH

ΔrG=−253.1
cyclohexa-3,5-diene-1,1,2-triol

ΔrG=−243.2 kJ/mol
cyclohexa-3,5-diene-1,2,3-triol

ΔrG=−253.9 kJ/mol
cyclohexa-2,5-diene-1,1,4-triol

ΔrG=−249.4 kJ/mol
cyclohexa-3,5-diene-1,2,3-triol

ΔrG=−249.0 kJ/mol
cyclohexa-3,5-diene-1,2,4-triol

ΔrG=−244.4 kJ/mol
cyclohexa-3,5-diene-1,2,4-triol

ΔrG=−240.2 kJ/mol
cyclohexa-2,5-diene-1,2,4-triol

ΔrG=−211.6 kJ/mol
cyclohexa-2,5-diene-1,2,4-triol

PH2OHR+H PH3OHR+H PH4OHR+H

ΔrG=−273.7 kJ/mol
cyclohexa-3,5-diene-1,2-diol

ΔrG=−296.8 kJ/mol
cyclohexa-3,5-diene-1,3-diol

ΔrG=−271.3 kJ/mol
cyclohexa-2,5-diene-1,4-diol

ΔrG=−295.4 kJ/mol
cyclohexa-2,4-diene-1,2-diol

ΔrG=−303.1 kJ/mol
cyclohexa-1,5-diene-1,3-diol

ΔrG=−284.5 kJ/mol
cyclohexa-1,5-diene-1,4-diol

ΔrG=−291.8 kJ/mol
cyclohexa-2,5-diene-1,2-diol

kJ/mol
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formation of PO3 requires high activation energy making the epoxy pathway not feasible

(Table 5).

Reaction rate constants calculated in Table 5 reveal that reactions Ox8b and Ox8b** are

significantly slower compared to Ox8b*. This is because the strong hydrogen bond

between the O2 functional group and the alpha-OH functional group in PH2OH1O2R*

significantly stabilizes the transition state structure. PX2OH formed in reaction Ox8b* is

immediately converted to CA and is the main intermediate in the production of CA from

PH2OHR. Reaction Ox8b* is well-known and frequently occurs in atmospheric chemistry

[10, 22].

Reactions of PH3OHR with O2 yield RS, as shown in reaction 9. The intermediate

PH3OH6O2R formed in reaction Ox9a** does not have further reaction pathways.

According to the values reported in Table 6, RS will most likely be formed in reactions

Ox9a and Ox9b. HQ is formed in reaction of PH4OHR radical with O2 (reaction 10).

Reaction rate constants reported in Table 7 reveal that this molecule will most likely be

Table 5 Calculated reaction Gibbs free energies, activation energies, and rate constants of reaction 8

Reaction Reaction Gibbs free
energy
DrG (kJ/mol)

Activation
energy
Ea (kJ/mol)

Rate
constant

Reverse rate
constant

PH2OHR ? O2 � PH2OH1O2R
(Reaction 8, Ox8a)

-2.4 3.7 1.6 9 10-15a 1.5 9 104b

PH2OH1O2R ? CA ? HO2

(Reaction 8, Ox8b)
-153.3 37.0 1.2 9 106b –

PH2OH1O2R ? PX2OH ? HO2

(Reaction 8, Ox8b*)
-55.7 31.0 3.9 9 107b –

PX2OH ? CA
(Reaction 8, Ox8c)

-95.3 Overall
reactionc

- –

PH2OH1O2R ? PO3
(Reaction 8, Ox8d)

-24.5 57.4 1.0 9 102b –

PO3 ? OH ? PO4 ? H2O
(Reaction 8, Ox8e)

-560.0 Overall
reactionc

- –

PH2OH1O2R ? CA1OOH
(Reaction 8, Ox8f)

-63.3 84.4 7.9 9 10-3b –

CA1OOH ? PHW1
(Reaction 8, Ox8g)

-192.1 79.2 3.7 9 10-1b –

PHW1 ? OH ? Muconic
acid ? H2O

(Reaction 8, Ox8h)

-324.3 Overall
reactionc

N/A –

PH2OHR ? O2 � PH2OH3O2R
(Reaction 8, Ox8a*)

-0.6 2.1 2.4 9 10-15a 7.3 9 104b

PH2OH3O2R ? CA ? HO2

(Reaction 8, Ox8b**)
-153.3 41.2 3.0 9 105b –

PH2OHR ? O2 � PH2OH5O2R
(Reaction 8, Ox8a**)

-5.1 -6.3 2.2 9 10-14a 6.9 9 104b

a cm3/molecule s
b 1/s
c Multiple steps reaction
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formed from the PH4OH3O2R intermediate. For the O2 adducts PH2OH5O2R and

PH3OH6O2R that do not have further reaction pathways, the reverse reaction that converts

the adduct back to PH2OHR or PH3OHR is the most likely path.

Table 6 Calculated reaction Gibbs free energies, activation energies, and rate constants of reaction 9

Reaction Reaction Gibbs free
energy
DrG (kJ/mol)

Activation
energy
Ea (kJ/mol)

Rate
constant

Reverse rate
constant

PH3OHR ? O2 � PH3OH2O2R
(Reaction 9, Ox9a)

-3.1 20.9 1.3 9 10-18a 9.3b

PH3OH2O2R ? RS ? HO2

(Reaction 9, Ox9b)
-163.4 53.1 2.0 9 103b –

PH3OHR ? O2 � PH3OH4O2R
(Reaction 9, Ox9a*)

-8.7 21.2 1.3 9 10-18a 1.0b

PH3OH4O2R ? RS ? HO2

(Reaction 9, Ox9b*)
-157.9 60.2 1.4 9 102b –

PH3OHR ? O2 � PH3OH6O2R
(Reaction 9, Ox9a**)

7.3 8.5 9.9 9 10-17a 4.7 9 102b

a cm3/molecule s
b 1/s

Table 7 Calculated reaction Gibbs free energies, activation energies, and rate constants of reaction 10

Reaction Reaction free
energy
DrG (kJ/mol)

Activation
energy
Ea (kJ/mol)

Rate
constant

Reverse rate
constant

PH4OHR ? O2 � PH4OH1O2R
(Reaction 10, Ox10a)

0.0 -16.8 8.4 9 10-13a 1.8 9 107b

PH4OH1O2R ? PX4OH ? HO2

(Reaction 10, Ox10b)
-63.3 19.6 8.2 9 109b –

PX4OH ? HQ
(Reaction 10, Ox10c)

-91.2 Overall
reactionc

– –

PH4OHR ? O2 � PH4OH3O2R
(Reaction 10, Ox10a*)

-10.2 1.6 2.2 9 10-15a 8.8 9 102b

PH4OH3O2R ? HQ ? HO2

(Reaction 10, Ox10b*)
-144.8 44.7 6.9 9 104b –

a cm3/molecule s
b 1/s
c Multiple steps reaction
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ð9Þ

ð10Þ

To summarize, OH radical addition to phenol most likely generates PH2OHR and

PH4OHR radicals which can chain propagate with O2 to yield CA and HQ respectively, as

shown in reaction 11. Because PH3OHR radicals are formed in very low concentrations,

chain propagation with O2 will not yield significant concentrations of RS.
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ð11Þ

Path Y.C: Radical Elimination

The chain propagation of PH2OHR, PH3OHR, and PH4OHR radicals via radical elimi-

nation assumes the loss of an H atom and/or OH group, as shown in reactions 12 and 13

respectively. According to the values reported in Table 8, reaction 12 is not possible.

Reactions Ox12, Ox12*, and Ox12** are predicted to possess extremely high activation

energies and thus very low reaction rates. Reaction 13 is predicted to be possible but

occurs at very low rates and results in the formation of phenol. Therefore, radical elimi-

nation was disqualified as a contributing mechanism to the phenol degradation pathway.

Table 7 shows the calculated reaction Gibbs free energies, activation energies, and rate

constants for reactions 12 and 13. Calculations performed at a low level of accuracy are

shown in Table S7 in the supplementary material.

Table 8 Calculated Gibbs free energies, activation energies, and rate constants of reactions 12 and 13

Reaction Reaction Gibbs free energy
DrG (kJ/mol)

Activation energy
Ea (kJ/mol)

Rate constant
(1/s)

PH2OHR ? CA ? H
(Reaction 12, Ox12)

47.8 107.3 1.3 9 10-6

PH3OHR ? RS ? H
(Reaction 12, Ox12*)

66.5 99.9 1.3 9 10-5

PH4OHR ? HQ ? H
(Reaction 12, Ox12**)

55.6 107.2 7.1 9 10-7

PH2OHR ? PH ? OH
(Reaction 13, Ox13)

20.9 57.6 1.5 9 103

PH3OHR ? PH ? OH
(Reaction 13, Ox13*)

14.3 57.5 2.7 9 103

PH4OHR ? PH ? OH
(Reaction 13, Ox13**)

19.7 50.0 2.6 9 104
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ð12Þ

ð13Þ

Path Y.D: Electron Transfer

Electron transfer is a somewhat different reaction channel that can rapidly convert

PH2OHR, PH3OHR, and PH4OHR radicals into stable products (reaction 14). Standard

electrode potentials for the half reactions of these three intermediates are listed in Table 9.

The same table reports the oxidation potentials of OH and HO2 radicals, H2O2 and O2, the

most common plasma oxidants.
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ð14Þ

Half reactions of PH2OHR and PH4OHR and, to some extent, PH3OHR radicals are

characterized by negative reduction potentials, indicating the strong reduction ability of

these organic radicals. Through intermediate compounds such as benzoquinone or tran-

sition metal complexes that serve as an electron transfer shuttle, OH radicals as well as

H2O2, HO2 and O2, which might exist in relatively large concentrations, can easily oxidize

PH2OHR, PH3OHR, and PH4OHR radicals into corresponding cations (reactions E1a,

E1a*, and E1a**), which then immediately dissociate into CA, RS, and HQ respectively.

Because the structures of PH2OHC, PH3OHC, and PH4OHC intermediates are very

similar to those of PH2OHR, PH3OHR, and PH4OHR radicals, the reorganization energy

involved in forming these byproducts is very small leading to high reaction rates [87].

Thus, electron transfer reactions of PH2OHR, PH3OHR, and PH4OHR radicals are highly

probable pathways for the production of CA, RS, and HQ respectively. The importance of

electron transfer reactions has been confirmed experimentally [88].

Table 9 Electrode potentials of
redox pairs shown in reaction 14
and selected oxygenated species

Reaction Electrode potential (V)

Calculated Literature

PH2OHR/PH2OHC -0.15 N/A

PH3OHR/PH3OHC 0.29 N/A

PH4OHR/PH4OHC -0.28 N/A

OH/H2O 2.80 2.81 [84]

HO2/H2O2 1.35 1.06 [85]

H2O2/H2O 1.93 1.76 [84]

O2/H2O 1.30 1.23 [86]
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Scheme 1 The most likely reaction pathways phenol undergoes upon OH radical attack
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Conclusions

The study used DFT simulations to investigate the most probable reaction pathways of OH

radical electrophilic attack on phenol. OH radicals react with phenol via two general

pathways; they either abstract an H atom from the phenol ring or they add to the ring. The

calculated activation energies and reaction rate constants indicate that phenolic H

abstraction is less likely to occur than OH addition, which will be the fastest in the ortho

and para positions. The chain propagation with molecular oxygen of such formed ortho

and para dihydroxycyclohexadienyl radicals will result in the production of hydroquinone

and catechol, which are, concurrently, the most likely products of phenol degradation by

OH radicals. The reaction of meta dihydroxycyclohexadienyl radicals with oxygen may

also yield small concentrations of resorcinol.

Catechol, resorcinol, and hydroquinone may also be formed in electron transfer reac-

tions of ortho, meta, and para dihydroxycyclohexadienyl radicals with OH radicals, HO2

radicals, O2, and/or H2O2 respectively. In the absence of high concentrations of molecular

oxygen, these electron transfer reactions might also be the only reaction pathway for the

production of RS. Scheme 1 summarizes the most likely phenol hydroxylation reactions.

With the exception of the dienes, all the stable products predicted by the model have

been verified experimentally. Two important findings of this study are: (1) the rate of

abstraction of the H atoms from the phenol ring by OH radicals is slow, and (2) electron

transfer is an important reaction channel for forming stable products. Future modelers may

wish to consider these findings. In conclusion, the results of this study are broadly

applicable to other oxidation technologies that involve reactions of OH radicals with

organic compounds.
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