Nghién clru co’ ché va déng hoc phan rng gitba methylene
blue véi goc tw do OH trong pha khi bang phwong phap tinh
toan DFT

TOM TAT

Methylene blue (MB) 1a mdt loai thudc nhudém di vong thom phé bién, dugc sir dung rong rdi trong cong
nghiép, dac biét la trong nhuém gidy, bong, len, lya va céc loai soi dét khac. Co ché va dong hoc lién quan dén qua
trinh phan hity MB boi gbc tu do HO* trong pha khi da duoc tinh toan trong nghién ciru nay bang phuong phap hoa
hoc luong tir. Trong pha khi, MB chu yeu bi phan huy thong qua co ché cong gdc tu do vao ndi déi, trong do gde
HO" tan cong tai vi tri C4 ¢ nhiét d¢ 298,15 K. Hang s tdc do tong thé cua budc 1 Va budc 2 1an luot 1a 3,24x101°
M5! va 1,48x102 M! s7!; qua trinh nay tao ra ba san pham chinh gom . Hang sb toc do tong thé ciia phan tng
phan hay MB ¢6 xu huéng giam nhe (koveran = 6.63 x 1017 - 1.81 x 10" M~'s7!) trong khoang nhiét do tir 253 dén
323 K.

Twr khéa: methylene blue; tinh toan DFT; oxidation, co ché: phan huy.



DFT Study on the mechanism and kinetics of the gas-phase
reaction between methylene blue and OH radicals

ABSTRACT

Methylene blue (MB) is a representative aromatic heterocyclic dye extensively employed in industrial
applications, particularly in the dyeing of paper, cotton, wool, silk, and related textiles. In this work, the mechanisms
and kinetics governing the gas-phase degradation of MB by hydroxyl radicals (HO®) were elucidated through
quantum chemical calculations. The results demonstrated that, at 298.15 K, MB predominantly underwent
degradation via a radical adduct formation mechanism involving HO*® addition at the C4 position. The overall rate
constants for the first and second steps were calculated to be 3.24 x 10'° and 1.48 x 10'> M~! s7!, respectively,
leading to three major products. The overall degradation rate exhibited only a slight variation with increasing
temperature from 253 to 323 K, suggesting that temperature exerts a limited effect on the oxidative removal
efficiency of MB under environmentally relevant conditions.

Keyworks: methylene blue; DFT study, oxidation; mechanism,; chemical fate.
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particularly for dyeing silk, cotton, wool, paper,

and other materials.'” MB is a cationic dye that 197 V17

is resisj[ant to natural degradation-, posing a.risk to Methylene blue (MB)

ecological systems and potentially leading to

different health problems for humans in the event Figure 1. Structure of MB.

of uncontrolled release, despite its recognized

clinical wuse** MB degradation can be Given that MB can persist in aerosol drying
significantly promoted by various oxidation layers, dye particulates, and spray processes,'>!?
technologies, such as  electrochemical,* where solvent influences are substantially
photocatalytic>’ and ozone® process. Among reduced, elucidating its gas-phase degradation
advanced oxidation processes (AOPs), the mechanism offers valuable complementary
introduction of reactive oxygen species - ROS insights into its atmospheric transformation
(including HO®, SO4~, CI', ClO°, HOO", and behavior. Nonetheless, the atmospheric
0,"), represents a simple yet highly effective degradation of MB has yet to be investigated.
approach. Notably, the HO® was regarded as the This study examines the thermodynamic and
primary oxidizing species responsible for MB kinetic aspects of the reaction between MB and
degradation due to its high redox potential and hydroxyl radicals in the gas phase through
non-selective reactivity.”'" Our recent analysis computational methods.

revea}ed that, in water, 'MB exhibited a quick 2. COMPUTATIONAL METHODS
reaction with the HO® radical, characterized by an , ) o o
overall rate constant ranging from 5.51x10° to Computational calculations for this investigation
2.38x10'° M~ s, and a lifetime of 11.66 hours were performed using the Gaussian 16 software
to 5.76 years at temperatures between 273 and suite al‘a th? MO6—2X/6—31}++G(d,p) level. of
383 K. theory.'* This methodology is widely recognized
’ for its precision in determining thermodynamic
and kinetic properties in modern computational
chemistry studies.'>!” Kinetic evaluations were
conducted using the Quantum Mechanics-based
Overall Free Radical Scavenging Activity (QM-
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ORSA) approach.'® Under standard conditions of
1 M concentration and temperatures ranging from
253 to 323 K in the gas phase,' the reaction rate
constant (k) was computed employing equation
(1) and transition state theory (TST).?-2

keT
k=oK=" g~ (AG7)/RT (1)

The Gibbs free energy of activation, denoted as
AG?, is used in conjunction with the Boltzmann
constant (kz) and the Planck constant (4).
Tunneling corrections (k) were calculated based
on the Eckart barrier model.”” The reaction
symmetry number is represented by . 2%%

The radical adduct formation (RAF), or formal
hydrogen transfer (FHT) pathways of the MB +

HO® reaction were detailed in processes (2-
3):17:2530

3. RESULTS AND DISCUSSION
3.1. Topology optimization of MB

MB can exist in multiple conformers; therefore,
all possible conformations were systematically
screened,”’ and the conformer exhibiting the
lowest electronic energy was selected for
subsequent analysis. The topology optimization
was conducted to elucidate the molecular
geometry and identify the most stable conformer.
The M06-2X/6-311++G(d,p) level of theory was
employed to optimize the molecular structure and
to investigate the thermodynamic and kinetic
characteristics of the degradation of MB by HO®
radicals. The optimized structural parameters of
MB are summarized in Table 1, and the
corresponding optimized geometry is illustrated
in Figure S1 (Supporting Information)

RAF: MB-H + HO®* - [HO-MB-H]* (2)
FHT: MB-H + HO®* > MB"* + H,O 3)
Table 1. Bond lengths (A) and bond angles (°) in MB

Bond Length Bond Length Bond Angle
C5-S 1.735 C7-S 1.735 C5-S-C7 103.4
CI12-N13 1.328 Cl14-N13 1.328 C12-N13-C14 123.8
C3-N15 1.342 C2-C3 1.439 C2-C3-N15 120.6
Cl16-N15 1.462 C17-N15 1.460 C16-N15-C17 119.0
C9-N18 1.342 C9-C10 1,439 C10-C9-NI18 120,6
Cl1-C2 1.356 C2-C3 1.439 C1-C2-C3 120.6
C3-C4 1.417 C4-C5 1.379 C3-C4-C5 120.6
C5-Cl4 1.434 C4-Cs5 1.379 C4-C5-Cl14 121.4
C5-Cl4 1.434 Ci1-Cl4 1.429 C1-C14-Cs 117.0
C10-C11 1.356 Cl11-C12 1.430 C10-C11-C12 122.1
Cl11-CI12 1.430 C12-C7 1.434 Cl11-C12-C7 121.4
C7-C8 1.379 C8-C9 1.417 C7-C8-C9 120.6

Table 1 illustrates that the C5—S bond length is
equal to the C7-S bond length (1.735 A), and
these atoms form a bond angle of 103.4°. The
C12-N13 bond length and C14-N13 are also
equal, measured at 1328 A, with a
corresponding bond angle of 123.8°. The bond

lengths of C1-C2 (1.356 A) and C4-C5 (1.379
A) are shorter than those of C2-C3 (1.439 A),
C3-C4 (1.417 A), and C5-C14 (1.434 A). The
bond angles C1-C2—-C3 and C3-C4-C5 show
only negligible differences (120.6°). Compared
with the experimental crystal structure of MB,*
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the calculated bond lengths and bond angles
exhibit no significant deviations. Therefore, the
optimized structure of MB is in good agreement
with the experimental structure and is thus
suitable for subsequent computational analyses.

3.2. The reaction of MB with HO® in the
atmospheric environment

3.2.1. Thermodynamic evaluation

To assess the reactivity of MB at various carbon
and nitrogen atomic sites via different reaction
mechanisms, the Gibbs free energy change
(AG®, kcal/mol) was evaluated. The results are
summarized in Table 2.

Table 2. Gibbs free energy change (AG®, kcal/mol)
of the reaction between MB and HO® via different
mechanisms in the gas phase at 298.15 K

Mechanism | Position AG®
Cl6-H -30.0
FHT
C17-H -30.1
N13 -11.1
Cl -15.4
C2 -17.9
RAF C3 —4.4
C4 -16.1
C5 -11.7
Cl4 -11.6

A positive AG® value indicates that a reaction is
thermodynamically unfavorable and non-
spontaneous, whereas a negative AG®° value
corresponds to a thermodynamically favorable
and spontaneous process. As presented in Table
2, the calculated AG® values reveal that both the
FHT and RAF mechanisms proceed
spontaneously. In  particular, the RAF
mechanism exhibits negative AG® values at the
Cl1, C2, C3, C4, C5, N13, and C14 positions,
while the FHT mechanism shows negative AG®
values at the C16 and C17 positions. The AG®
values for these reactive sites range from —4.4 to

—-30.1 kcal/mol, suggesting thermodynamically
favorable pathways for these reactions.
Consequently, the subsequent kinetic
investigation focuses on the thermodynamically
favorable reactions (AG°® < 0) proceeding
through the FHT and RAF mechanisms.

3.2.2. Kinetic evaluation

The kinetics of the MB + HO® reaction were
comuputed following the QM-ORSA protocol.
I8 The results are summarized in Table 3 and the
representative transition state structures are
illustrated in Figure 2. As shown in Table 3, the
reaction between MB and HO® radicals in the
gas phase proceeds rapidly, with an overall rate
constant of 3.24 x 10! M~ s7! for the first step.
The degradation of MB was defined by the FHT
mechanism at the C16 and C17 positions and by
the RAF mechanism at the C2 and C4 positions.
The calculated rate constants at these reactive
sites decrease in the following order: C4
(2.65%101 M s7h) > C17 (3.01x10° M s71) >
C16 (1.51x10° M~ s7) > C2 (1.39x10° M1 s,
Accordingly, the relative abundances of the
corresponding intermediates follow the order:
GI4 (81.7%) > GI17 (9.3%) > GI16 (4.6%) >
GI2 (4.3%).

These computational results suggest that the first
step reaction preferentially proceeds via the
RAF mechanism, rather than through the FHT
mechanism. The intermediate originating from
C4 contributes most significantly (81.7%)
compared to the other three positions. This
dominance can be attributed to the higher
electron density at C4 relative to C2, making C4
more favorable for HO® radical addition. Within
the FHT pathway, the reaction is more favorable
at C17 (9.3%) than at C16 (4.6%), likely due to
the lower bond dissociation energy of the
C17-H bond compared with C16—H.

In the second step, reactions involving transition
states GI2, GI4, GI16 and GI17, indicate that
degradation predominantly proceeds through the
GI4 intermediate. The GI4 predominantly
undergoes degradation via the RAF mechanism.
The most favorable site is C14, exhibiting a rate
constant of 9.84x10'"' M~! s7! and leading to the
formation of product GP3, which accounts for
66.5% of the total product yield. This is
followed by C2, with a rate constant of
3.89x10'" M s7!, resulting in product GP1 at
26.3%.

Table 3. Gibbs free energy of activation AG* (kcal/mol), tunneling corrections ¥, rate constants (Kgek, kv, Koverall M~

s, and branching ratio I" (%) of the HO* + MB reaction.



Comp. | Mechanisms | Positions | AG* K Keek r ke I' | Products
Cl6—H 6.0 20| 1.51x10° 4.6 | GI16
FHT
Cl17-H 5.5 1.9 | 3.01x10° 9.3 | GI17
Cl 10.1 14| 7.23x10° 0.0
C2 5.5 1.2 1.39x10° 43 | GI2
C3 10.9 1.2 | 1.45x10° 0.0
MB
RAF C4 3.7 1.1 | 2.65x10" 81.7 | GI4
C5 12.7 1.3 7.83x10° 0.0
N13 13.1 1.6 | 4.94x10° 0.0
Cl4 8.2 1.3 | 1.51x107 0.0
Kovera (MB + HO", step 1) 3.24x10"
Cl6-H 7.1 6.8 | 8.43x10% | 0.817 | 6.89x10% | 0.0
Cl7-H 9.5 2.5 5.24x10° | 0.817 | 4.28x10°| 0.0
FHT
CI19-H 6.0 1.7 | 1.26x10° | 0.817 | 1.03x10° | 0.1
C20-H 6.2 1.8 9.64x10°% | 0.817 | 7.87x10% | 0.1
Cl 8.2 1.3 7.83x10° | 0.817 | 6.40x10°| 0.0
C2 1.6 1.1 | 4.76x10"" | 0.817 | 3.89x10'' | 26.3 | GP1
C3 3.8 1.2 | 1.26x10'° | 0.817 | 1.03x10'° | 0.7
Cs5 6.9 1.5| 8.43x107 | 0.817 | 6.89x107 | 0.0
Gl4
C7 11.9 1.3 ] 1.63x10* | 0.817 | 1.33x10* | 0.0
C8 2.6 1.1 | 8.43x10 | 0.817 | 6.89x10'° | 4.7 | GP2
RAF
C9 13.5 1.2 | 1.02x10° | 0.817 | 8.37x10%>| 0.0
C10 7.7 1.3 | 1.69x107 | 0.817 | 1.38x107 | 0.0
Cl1 10.9 1.3 | 7.83x10* | 0.817 | 6.40x10* | 0.0
CI12 11.8 1.4 1.93x10* | 0.817 | 1.57x10*| 0.0
Cl4 1.0 1.0 | 1.20x10'> | 0.817 | 9.84x10'' | 66.5 | GP3
N13 15.0 1.7 | 1.08x10*> | 0.817 88.60 | 0.0




Comp. | Mechanisms | Positions | AG*

Kgck r k: T Products

Koverant (I') (GI4 + HO.)

1.45 10" | 98.3

koverann (l") (MB + HO?*, step 2)

1.48x10"2

At the C8 position, the reaction proceeds with a
rate constant of 6.89x10° M~ s7!, yielding
product GP2 with a contribution of 4.7%. C3
position has a rate constant of 1.03x10'" M~!'s7!,
generating only 0.7% of the product. Reactions
via the FHT mechanism also occur at C19 and
C20 positions, but their contributions are
minimal (0.1% each). Therefore, the main
products of the second step are GP1, GP2, and
GP3, corresponding to the C2, C8, and C14
positions of the GI4 transition state.

Based on the above analysis, it can be concluded
that in the gas phase at 298.15 K, MB is
primarily degraded by the HO® radical via the
RAF mechanism at the C4 position, leading to
the formation of three major products (GPI1,
GP2, and GP3). The overall rate constants for
steps 1 and 2 are 3.24x10"° M s! and
1.48x10"™ M~ s7!, respectively.

Compared with the reaction of MB with HO’
radicals in the aqueous phase,'' the results
indicate that the first-step reaction proceeds
rapidly in both the gas phase and water, with
overall rate constants of 3.24x10'" and 1.02x0'°
M s7!, respectively. However, the second-step
reaction in the gas phase (koveran = 1.48x10'> M™!
s1) is faster than that in water, with (Koveran =
9.39x10° M s7!). Furthermore, distinct
mechanistic pathways and product distributions
were observed in the two environments,
highlighting the significant rtole of the
surrounding medium in modulating the reaction
energetics and kinetics of HO™-induced MB
degradation.

3.2.3. Effect of temperature on the degradation
of MB in the gas phase

To investigate the effect of temperature on the
degradation of MB, the rate constants for
reactions at various positions of MB were
calculated within the typical environmental
temperature range (253-323 K, equivalent to -
20°C to 50°C). The results are presented in
Figure 3. As the gas-phase temperature
increases, all rate constants associated with the
FHT mechanism (k16, kl17) decrease. In
contrast, the rate constants corresponding to the
RAF mechanism exhibit inconsistent trends: k1,
k5, and k14 increase with temperature, while k2
and k4 decrease. Notably, k3 and k13 fluctuate
irregularly. In the temperature range of 253 -
323 K, the overall rate constant for MB
degradation tends to decrease slightly, primarily
due to the decline in k16, k17, k2, and k4, which
correspond to the four reactive positions
previously discussed in Table 3. The study
revealed that the decrease in rate constants at the
C2, C4, C16, and C17 positions was attributed
to the rapid decline of the tunneling corrections
(k) with increasing temperature, from 2.7 to 1.1
in the corresponding reactions. According to the
Eyring analysis, this non-Arrhenius behavior
arises from a combination of negative activation
entropy (AS* < 0), reflecting a highly ordered
transition state and the diminished contribution
of quantum tunneling at higher temperatures.
Similar entropic and tunneling effects have been
extensively reported in radical-molecule
association reactions, supporting the physical
plausibility of the observed trend.’*3* Among
all, k4 is the highest at every temperature
(ranging from 6.63x10"° M~'s'to 1.81x10'" M™!
s7), indicating that the RAF mechanism at the
C4 position is the most favorable. Therefore, the
primary degradation products of MB are those
formed via radical addition of HO® to MB,
specifically GP1, GP2, and GP3.
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Figure 3. Temperature dependence of rate constants
(log k) in the gas phase in the range of 253 - 323 K.

4. CONCLUSION

This study elucidated the mechanism and
kinetics of MB degradation HO® radicals in the
gas phase using quantum chemical calculations.

At 298.15 K, MB degradation primarily
proceeded via the RAF reaction occurring at the
C4 position. This pathway led to the formation
of three major products (GP1, GP2, and GP3),
with the overall rate constants for the first and
second reaction steps determined to be
3.24x10"° M7's7! and 1.48x10? M7ls7|
respectively. Within the temperature range of
253-323 K, variations in the rate constants of
individual reactive sites were observed;
however, the RAF at the C4 position
consistently dominated the MB + HO°®
degradation process. Consequently, the overall
degradation rate exhibited a minor decrease
(koveran = 6.63x10"°—1.81x10"" M~!'s7).
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