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Abstract

Cyanuric acid (CA) is among the several organic
compounds that are resistant to the oxidative
degradation in advanced oxidation processes
(AOPs). In the present study, the reaction between
CA and -OH radical (the primary reactive oxygen
species in AOPs) were investigated by density
functional theory and compared with that
between 1,3,5-benzenetriol (BT) and -OH radical.
The results indicate that, comparing with BT, the
two tautomers (enolic form and keto form) of CA
are difficult thermodynamically and kinetically to
react with ‘OH radical via both the addition to
triazine ring and electron abstraction. Although
the reaction for the enolic form of CA was found to
be much more favorable than its keto form, the
less population of the enolic CA, due to its
thermodynamic  unstability, makes it less
competitive. The reason for the recalcitration of
CA to OH radical is attributed to the electron
deficiency of triazine ring because of the higher

electro negativity of N atom than that of C atom.

This journal is © The Royal Society of Chemistry 2013

RSC Advances

RSC

1. Introduction

Advanced oxidation processes (AOPs), such as
semiconductor photocatalysis and (photo)-Fenton
process, are considered as a kind of promising
technologies for the treatment of wastewater,
because nearly all kinds of organic compounds can
be degraded, even mineralized by these processes.
some compounds  are
the

degradation in AOP treatments. Among them,

However, organic

exceptionally  resistant  to oxidative
cyanuric acid (CA) is the most famous one,
although it was reported to be degraded under
some harsh conditions.” The recalcitration of CA
to TiO;
process has been confirmed by comprehensive
facts.*®

triazine and other triazine-based herbicides and

photocatalytic oxidation and Fenton

experimental Moreover, although s-

dyes undergo rapid degradation under AOP
conditions, the degradation always stops at CA as

the final product.7'9

Hydroxyl radical (-OH) is believed to be the
primary reactive oxygen species in AOPs. The
reactions between -OH and organic compounds
have been extensively studied by experimental
and theoretical methods, and three possible
pathways have been proposed: (1) addition to the
aromatic ring, (2) electron transfer, and (3) H-atom
abstraction.™ Generally, -OH reacts with aromatic
substrates via pathways 1 and 2, while the last
pathway is dominant for aliphatics. Therefore,
when explaining the oxidative resistance of CA to
‘OH, only the first two pathways were considered,
and the proposed hypotheses include:"* (1) the

reaction between -OH and CA is too slow to
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compete with other processes, such as the
recombination of photogenerated carriers and the
coupling of -OH; (2) -OH reacts with CA via electron
transfer followed by H" loss, but the formed radical
is stable enough to avoid further oxidation before
it re-couples with another electron or hydrogen
atom; (3) the addition of -:OH to the CA ring does
occur, but the adduct rapidly loses ‘:OH in a
reversible way. Jenks, et al.'’ reported that no
oxygen exchange between CA and H,0 was
observed under photocatalytic condition (using
¥0-enriched CA as the substrate), which excludes
the third hypothesis. However, the question why
CA is resistant to -OH is still unclear and difficult to
be answered by experimental methods.
Alternatively, theoretical calculation is able to
offer a complementary approach to gain deep
the behind the

recalcitrance of CA. Although there are several

insight into mechanism
theoretical studies on the reaction between -OH
and susceptive aromatic compounds, such as
quinoline,12 phenols,13 benzene,** xernes,15 to the
best of our knowledge, the reluctant reaction of

CA has not been calculated yet.

In this work, in an attempt to elucidate the
mechanism behind the recalcitrance of CA to
AOPs, the :OH addition and electron transfer
pathways were examined by density functional
the
reactions of 1,3,5-benzenetriol (BT), which is iso-
with CA, was
parallelly examined at the same theory level. Our

theory. For comparison, corresponding

electronic and iso-symmetric
results reveal that the reaction of CA with -OH
difficult

kinetically for both the addition to triazine ring and

radical s thermodynamically and
electron abstraction, which provides a deeper
insight into the resistance of CA to the oxidative

degradation in AOPs.

2| J. Name., 2012, 00, 1-3

2. Computational Methods
All  geometry optimizations,

vibrational frequencies, and zero-point energy

harmonic

(ZPE) calculations were performed by the density
functional theory™® * (DFT, with the B3LYP
functional®®? and the 6-311++G(d,p) basis set).
The minimum or transition state (TS) nature of
stationary points was verified by frequency
analysis. The effect of solvation was investigated
with the most recent version of the polarizable
continuum model, that is, integral equation
formalism PCM (IEF-PCM)*! to calculate the
solvation free energies (geometry optimizations
and frequency calculations were recalculated in
water, the radii scale factor is 1.2%% 23). All the
stationary point energies reported here have
underwent a ZPE correction (unscaled), and all the
energies are plotted relative to the total energy of
initial reactants (-OH and CA or BT). No symmetry
was included in all the calculations.

To obtain the transition state, a search on
potential surface was usually carried out by
scanning the bond length of the forming C...OH or
N...OH bond in the range of 1.3-2.4 A, before the
optimization of TS. Then, geometry optimizations
were performed at the peak positions from this
rough energy diagram, to obtain the exact
structures and energies of transition states. Such
strategy was always successful for the addition of
OH to 1,3,5-benzenetriol and to the C position of
CA. But For the -OH addition to the N position of
cyanuric acid, the length scan of the forming N-O
bond that the
monotonically with the shortening of N...OH

showed energy increases

distance, and no peak could be obtained.

The rate constants for the addition of -:OH to
the aromatic ring were calculated by the classical

This journal is © The Royal Society of Chemistry 2012
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transition state theory according to the following

T O of E)
h OrQon RT

where k, is the Boltzmann constant, h is the

equation:

k(M™ s™)

Plank’s constant, T is the temperature (298K), Eq is
the reaction activation energy (Evs — Er — Eeon,
including ZPE corrections), Qrs, Qr and Q.on are the
total partition functions for TS, substrate (CA or
BT) and -OH,

package24 was used for all calculations.

respectively. The Gaussian 03

3. Results and discussion
3.1. Substrate structure

CA is a weak acid in agueous media (pkal =
7.0, pKa2 = 11.3, and pKa3 =
solution, it exists as a mixture of tautomers,

14.5). In aqueous

namely the enolic form (cyanuric acid, CAe) and
keto form (isocyanuric acid, CAk). In alkaline
condition, the enolic form is dominant, whereas in
acidic media (pH < 6), the keto form is more
stable.” Accordingly, both the enolic form and keto
form were examined in the present study. The
optimized structures of CAk and CAe, as well as BT
in both gas phase and water solution with selected
bond lengths are shown in Fig. 1. It is found that
the length for C-O bond in CAe and CAk are 1.332
(1.327) and 1.206 (1.217) A (gas phase (water
solution)), respectively, whereas the C-N bonds
are 1.332 (1.334) and 1.391 (1.382) A, respectively.
It suggests that the C-O single bond in CAe
transforms partly to the C=0 double bond in CAk,
and the aromaticity of C-N bonds in CA becomes
lower, as the proton shifts from O atom to N atom.
The C-O bond of CAe (1.332 (1.334) A) is
remarkably shorter than that of BT (1.367 (1.366)

This journal is © The Royal Society of Chemistry 2012
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A), which means that the O atom of CAe
participates in the conjugation system of aromatic
ring to a larger extent than that of BT. The larger
extend of O atom conjugation has an excess
stabilization effect on the CAe molecule relative to
BT. For these three molecules, the optimized
structures in the gas phase and water solution are
very close, indicating that the change of geometry
caused by the salvation effect is not significant.
The free energy comparison shows that, in both
gas phase and water solution, CAk is more stable
than CAe (by 30.1 and 29.3 kcal/mol, respectively),
indicating CA exists mainly in the keto form at
room temperature. This result is in consistent with
earlier reports.1 To give a more comprehensive
understanding of the reaction of CA, both the
reactions starting from CAk and CAe were studied

in this work.

206 1.367
(I 366)

J’

1.394

1
1.332
: (1217)
R @2
(33 AL (IIM 1o §
\» = \
%
J9

Fig. 1 Optimized structures for CAe, CAk and BT
in the gas phase and water solution (in
parentheses) obtained at the B3LYP/6-311++G(d,p)
level of theory. Atom representation: blue for N,

gray for C, red for O, and white for H.

3.2. -:OH addition

‘OH with
commonly via addition to the ring, we first

Since reacts aromatic substrates
examined the energy change accompanied with
the formation of OH-adduct radical. CAe, CAk and

BT all have two types of positions on the ring for

J. Name., 2012, 00, 1-3 | 3
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the attack of -:OH (C and N positions for CAe and
CAk, ipso-C and ortho-C positions relative to
BT). Table 1 the
thermodynamic function changes (AH, AS and AG)

hydroxyl for summarizes
and estimated equilibrium constants and the
activation energy of the formation of OH-adduct
radicals with different structures. For CAe and CAK,
only the structures of C-OH adduct radicals could
The

comparison of the energy of the formed HO-

be optimized to a stationary point.
adduct radical with the sum of the energy of -OH
and substrate shows that the C-OH addition is
endothermic with the enthalpy increase of 0.41
(3.83) and 6.27 (9.54) kcal/mol for CAe and CAk.
The addition reactions have negative values of
entropy change (AS), because the formed C-O/N-O
bonds restrict the relative motion of -:OH and the
substrate, and accordingly decrease the degree of
freedom of system. Accordingly, the Gibbs energy
changes (AGs) of the calculated -OH addition
processes generally larger than that of the
enthalpy changes (AHs). The corresponding
equilibrium constants are 5.58 x 10 (1.83 x 10'10)
and 2.91 x 10" (1.91 x 10™"), respectively. The
remarkable Gibbs free energy increase and the
small equilibrium constants for the C-OH adducts
indicate that this process is thermodynamically
unfavorable and equilibrates near dissociative
substrate and -OH, CAk, the
dominant species under room temperature. For

especially for

the ‘OH addition to the N position, the energy
increases with the shortening of N-O distance
monotonically in the range of 1.3-2.4 A, but no
minima could be obtained (Fig. S1, ESIT). The
energies in Table 1 for the N position addition
were obtained with the fixation of the N-O bond
at typical length (1.43 A)® and indicate that this
process is highly endothermic. The formidable of N
position addition could be explained by the fact
that the standard bond energy of N-O (55

4| J. Name., 2012, 00, 1-3

kcal/mol) is much lower than that of C-O (85.5
kcal/mol),?® and also by the high electronegativity
of N atom. In contrast, the addition of -OH to BT at
both
exothermic. The enthalpy changes (AH) for these
two additions are -13.92 (-11.20) and -16.83 (-
12.92) kcal/mol, respectively, which makes these

ipso-C and ortho-C positions are quite

processes proceed completely (with equilibrium
constants of 1.81 x 10* (16.3) and 1.27 x 10° (2.81
x 10%)).

Table 1 The thermodynamic function change (AH,
AS and AG), equilibrium constants, the activation
energy and estimated rate constants for the -OH
addition.

Reactant Product g/s AH AS°  AG K AGT K
HO, OH 8 3
Xy g 041 31.8 989  558x10° 1.9 215%10°
OH )\
\-)%N HO/I\\' OH g 383 -31.7 1327 1.83x10™ 154  640x10°
IIO)l\\'/ 'OH oH 9
NJ\,on g 2822 351 3869 4.07x107
CAe P
HOJ\NJ\O" s 3654 313 4586 226x 107
N g 627 363 1709 291x10° 132 1.99x10*
° 3\ NH
i ,NQ P o s 954 353 2006 191x10" 168 5.20x107
o e (L o g 5506 -337 65.12 1.64x10%
CAk HNT ON'H
oo st 6338 299 7229 9.08x 107
HO_ oA N o
g -13.92 318 -444 181x10 0.1 231%10
OH s
/@\ HO OH g -1120 -32.0 -1.65 16.3 1.9 1.26 x 10°
HO' OH OH B "
i g -1683 331 -695 127x10° 67  1.65x10
BT 0 on
HO oH s 21292 321 334 281x10°  -48  129x10"

? The structure optimization and thermodynamic
calculation were carried out with the length of the
formed N-O bond fixed to 1.43 A. ” unit: kcal/mol; € unit:

cal/mol/K, @ unit: Mt s

It should be noted that, in the C-OH adducts of
CAe and CAk, the formed C-O bonds are 1.40
(1.40) and 1.39 (1.38) A, respectively, shorter than
those of -OH-addition of BT (1.45 (1.45) A for ipso-
C and 1.46 (1.47) A for ortho-C), which means that
the thermodynamic difference shown in Table 1
cannot be attributed to the bond energy of the
formed C-0 bond. To explain the thermodynamic

This journal is © The Royal Society of Chemistry 2012
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difference in the -OH-addition among CAe, CAk
and BT, an examination on the electrostatic
potential of these substrates were carried out (Fig.
2). The triazine ring in CA, especially for CAk, the
more stable form, is more positive than the
aromatic ring of BT. Quantitatively, the electron
deficiency of the ring can be expressed with sum
of the Mulliken charges of the atoms on the ring
(six C atoms for BT, three C and three N atoms for
CAe and CAk). The charge sums of the aromatic
rings of BT, CAe and CAk are -0.617 (-0.819), -0.343
(-0.341) and -0.172 (-0.052), respectively, which
shows that the triazine ring is much less negative
than the benzene ring. Due to the electrophilic
nature of -:OH, these results indicate that -OH is
more feasible to react with BT relative to the two
forms of CA. Another line of explanation of the
thermodynamic difference comes from the spin
density analysis of the formed HO-adduct radicals
(Fig. 3). For the C-OH adduct radical of CAe, ipso-C
and ortho-C OH-adduct of BT, the
uncoupled electron distributes mainly around

radicals

aromatic ring. In contrast, the uncoupled electron
distributes primarily around the O atom bonded to
the attacked C atom in the C-OH adduct radical of
CAk, which may be caused by the single bond
nature of C-N bond restricted the delocalization of
the uncoupled electron around triazine ring. The
localization of the uncouple electron could explain
that the HO-addition to the C atom of CAk is the
most energetically unfavorable one among these
four tested processes.

|
-20 kcal/mol

|
40 kcal/mol

CAe

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 The electrostatic potential of CAe, CAk and
BT, mapped on the surface of molecular electron
density at isodensity of 0.004 eBohr>.

)
e
h . ”
(a) (b) (c) (d)

Fig. 3 Spin density distribution of HO-adduct radicals.
(a) C-OH adduct radical of CAe. (b) C-OH adduct radical
of CAk. (c) ipso-C OH-adduct radical of BT. (d) ortho-C
OH-adduct radical of BT.

Although a stable reactant complex is observed for
the -OH addition to the BT rings, no reactant
complex for CA was obtained. This is evidently
due to the electron deficiency of CA ring, which
makes the stationary point for such complex on
the potential surface disappears, because of the
presence of other stronger interaction near the
potential stationary point. In fact, all the effort to
localize the reactant complexes between OH and
CAe and CAk converged to H-bonding-based
complex in which the OH radical interact with the
proton of CA in the plane.

To investigate the kinetic characteristics of -OH
additions, the energy diagrams of these reactions
were scanned. In both gas phase and water
solution, typical reaction diagrams of reactant (R)
—transition state (TS)—product (P) are shown for
the -OH additions to CAe and CAk (Figs. 4 and S2,
ESIT). The TSs for the -:OH addition to CAe and CAk
are located at 11.95 (15.39) and 13.17 (16.77)
kcal/mol above the reactants (CA + -OH). The high
energy barriers would make these -OH addition
processes kinetically reluctant. Estimated with TST,
their rate constants are 21.5 (1.99) x 10“ and 64.0
(5.20) x 107 M s, respectively, much lower than
those of the reactions between -OH and other

J. Name., 2012, 00, 1-3 | 5
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organics (normally 10°-10"° M™ s%).?” The -OH
formed in the oxidation system would be primarily
consumed by other coexist substrates or coupling
with H,O; rather than induce the degradation of
CA. In contrast, in the reaction between :OH and
BT, besides a shared reactant complex (RC), two
TSs
respectively to the ipso- and ortho-additions. The

low-lying are located corresponding
TS energy of the ipso-addition is slightly higher
than that of the reactant (by 0.08 (1.94) kcal/mol),
and the ortho-addition even gives a negative
activation energy (-6.75 (-4.78) kcal/mol), which
makes these two processes quite kinetically
feasible with the estimated rate constants of 23.1
(1.26) x 10° and 16.5 (1.29) x 10 m™* s?,
respectively. The rate constant of ortho-addition is
much larger than that of the ipso-addition,
showing that the -OH addition would primarily
take place at the ortho-site. This priority for the
ortho-addition is in accordance with reported

results,? %

and may be explained with the ortho-
para directing ability of the original hydroxyl

groups and the electrophilic nature of -OH.

2 o
= ada
! e L igoed”
§ 27 :‘0‘3 ¢ ) 3
o —
0 AG = 9.89 keal/mol
R TS P
(b) ¢
~141 AG = 22.47 kcal/mol
2 @
£ e O Cede
] K § .
S1o] red e 00esd
> 4] ;o ede
% ; ) " e
£ o AG = 17.09 keal/mol
(=)
24,
g 5> ]e® @& P
3 lerge T/
m 04 —_—
2 ;
R TS P
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Fig. 4 Energy diagram of -OH addition to (a)
CAe, (b) CAk, and (c) BT in gas phase.

A comparison of the structures of reactants, TSs
and products clearly reveals the intermediate
features of these TSs. For example, besides the
forming of C-O bonds, the addition of -OH to CAe
mainly leads to a elongation of the two C-N bonds
adjacent to the site of addition, which is a
reflection of the electron transfer from the
aromatic © orbitals to the newly formed C-O
bonds. These C-N bonds are lengthened by 0.044
(0.044) A from original CAe to TS, and by 0.067
(0.066) A from the TS to HO-adduct radical
(Bre""/Are"?" = 0.66 (0.67)). The -OH
addition to CAk causes the elongation of the C-O
bond at the addition site. This bond is lengthened
by 0.074 (0.065) A from reactant to TS, and by
0.067 (0.075) A from TS to the product
(Arc_oReTs/Arc_oTHP = 1.10 (0.87)). By contrast, the
TSs for the -OH addition to BT is more reactant-
like, and the closeness for the ortho addition is
more serious than the ipso one. For example, the
C-C bonds the added
(corresponding to the above-mentioned C-N
bonds in the case of CAe) is lengthened by 0.026
(0.028) A from original BT to TS and the
lengthening is 0.072 (0.071) A from the TS to the
product in the ortho-attacking process
(Are-"7/Dre.c™7" = 0.36 (0.39)). For the ipso-
addition, the lengthening of adjacent C-C bonds is

adjacent to site

This journal is © The Royal Society of Chemistry 2012
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0.037 (0.036) A from original BT to TS and 0.067
(0.067) A from the TS to the products
(Bre-7/Are.c™7" = 0.55 (0.54)). It is obvious that
the -OH addition to BT proceed via “early” TSs.
These results are in accordance with Hammond’s
postulate and the thermodynamic results that the
‘OH addition to BT is more exothermic than the
additions to CAe and CAk.

3.3. Electron Transfer

The possibility of the direct one-electron
oxidation of CA (or BT) by -OH is judged by the
comparison of the ionization potentials (IPs) of CA
(or BT) and the electron affinity of -:OH (Table 2). It
is observed that the calculated EA of -OH was 1.8
and 5.2 eV in the gas phase and water solution,
the
experimental values (1.9 and 6.3, respectively)®
For all the three substrates (CAe, CAk and BT), the
structures of their cationic radicals (Fig. S3, ESIt)

respectively, which is comparable to

were found to be very close to their neutral
molecules, indicative of the low reorganization
energy for the electron transfer. As shown in Fig.
2, the triazine rings of CAe and CAk are more
positive than the benzene ring of BT, which
suggests that CAs are more resistant to oxidation
than BT. The calculation about the IPs of CAs and
BT confirmed this assumption. In both gas phase
and aqueous solution, the two forms of CA have
similar IPs (10.0 (7.5) eV for CAe and 10.3 (7.8) eV
for CAk), which are much higher than that of BT
(8.1 (5.8) eV). The IPs of CAe, CAk and BT in the
aqueous solution are about 2.3-2.5 eV lower than
those in the gas phase, which is caused by the
more remarkable stabilization effect of solvent on
the cation than on neutral molecule and falls well
in the range of 2-4 eV estimated by Pearson.*! In
both gas phase and aqueous solution, the EA of

This journal is © The Royal Society of Chemistry 2012
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:OH is much lower than the IPs of CAe and CAK,
which means that the direct oxidation of the two
forms of CA by -OH is thermodynamically
unfavorable. The EA of -OH is still lower than the IP
of BT but the difference is quite small particularly
in the solution phase (5.2 vs 5.8 eV),, which is
consistent with the estimation proposed by
Tripathi:‘:’2 whether electron transfer or addition is
the first step in the reaction is determined by the
IP of aromatic substrate, as most of the aromatic
substrates (IP > 5.4 eV), BT reacts with -OH
through the addition of -OH, rather than direct
electron transfer.

Table 2 The calculated IPs of CAe, CAk and BT and
EA of -OH

substrate IP (eV)
CAe’ 10.0 (7.5)
CAK” 10.3 (7.8)
BT’ 8.1(5.8)
OH’ 1.8(5.2)

? jonization potentials; ® electron affinity.

4. Conclusion
The theoretical calculations indicate that both the

addition and electron transfer reaction between
‘OH and CA is energetically unfavorable, which is
attributed to the electron deficiency of triazine
ring endowed by the high electronegativity of N
with  the
experimental observations, our results exclude the
assumption that the addition of -:OH to the CA ring
does occur, but the formed adduct rapidly loses

atom. In agreement previous

‘OH in a reversible way. Moreover, other earlier
mechanistic proposals for the resistance of CA to
-OH attack, such as the slow reaction rate and the
stability of the CA radical formed through direct

J. Name., 2012, 00, 1-3 | 7
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oxidation followed by deprotonation, are also

ruled out by the calculation.
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Cyanuric acid OH Radica*

Electron deficiency of triazine ring makes the reactions between cyanuric acid and OH

Electron transfer

radical energetically unfavorable.



