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The reaction of HOCO radicals with CH3 radicals is examined using the coupled cluster method to locate and
optimize the critical points on the ground-state potential energy surface. The results show that the CH3 +
HOCO reaction can produce both the H2O + CH2CO and the CH4 + CO2 products through acetic acid and
enediol intermediates. Direct ab initio dynamics calculations determine the thermal rate coefficients to be
k(T/K) ) 3.24 × 10-11T0.1024 in cm3 ·molec-1 · s-1 at T e 1000 K for the overall reaction. In addition, the
product branching ratio of (H2O + CH2CO) to (CH4 + CO2) is predicted to be RH2O/CH4

(T/K) ) 1.52 + (1.95
× 10-4)T using RRKM theory. Both the thermal rate coefficients and the product branching ratios are weakly
temperature dependent.

Introduction

The reactions of methyl radicals are important in the
combustion of hydrocarbons and have been the subject of
numerous experimental and theoretical studies.1-20 Given the
importance of the role of HOCO radicals21-40 in combustion
processes for converting CO to CO2, little is known about how
HOCO radicals react with one of the essential intermediates in
hydrocarbon combustion reactions, that is, methyl radicals. The
products resulting from the reaction of HOCO radical with
methyl radicals is not known. Several reaction channels are
thermodynamically accessible in combustion environments41-43

CH3 +HOCOfCH4+CO2 (R1)

fH2O+CH2CO (R2)

fCO+CH3OH (R3)

f1/3CH2 +HCOOH (R4)

fOH+CH3CO (R5)

A general trend of reactions involving HOCO radical with
atoms44-47 such as H, O, and Cl is that HOCO is very reactive
with these species and these reactions involve a transfer of a
hydrogen atom from the HOCO radical. Thermodynamically,
hydrogen atom transfer from HOCO, reaction R1, is favored
over hydrogen atoms transfer from the methyl group, reaction
R4. Which of these reactions is kinetically favored is not known.

Because the methyl radical is another important species in
combustion experiments, the present work examines the essential
stationary points on the CH3 + HOCO potential energy surface
using ab initio methods, and molecular dynamics simulations
are used to study the reaction mechanism, the lifetime of
intermediates involved in the mechanism, and the thermal rate
coefficient for the reaction in the temperature range of 200 to
1000 K.

Computational Method

The stationary points for the CH3 + HOCO reaction on the
singlet ground potential energy surface were computed using
two levels of theory. The first one was Møller-Plesset second-
order perturbation theory (MP2)48,49 method with the augmented
Dunning correlation-consistent,50-52 aug-cc-pVDZ, basis set.
This method was used in preliminary searches for minima and
transition states. Full geometry optimizations were performed
using Schlegel’s method53 with tolerances of better than 0.001
Å for bond lengths and 0.01° for angles and with a self-
consistent field convergence of at least 10-9 of the density
matrix. The residual root-mean-square (rms) forces were < 10-4

au. Vibrational frequency calculations were performed to
determine whether a critical point was a minimum or a transition
state: all positive frequencies for a minimum or one imaginary
frequency (a first-order saddle point) for a transition state. The
Hessian matrices from the optimizations were then employed
in refining the minima and transition states using the coupled-
cluster method including single and double excitations along
with a perturbative correction for triple excitations54,55 and the
aug-cc-pVDZ basis set, that is, CCSD(T)/aug-cc-pVDZ. The
eigenvalue following method was used in the CCSD(T) calcula-
tions. Vibrational frequency calculations were repeated to
confirm whether the critical point was a minimum or a transition
state. The energies and structures of these stationary points were
further optimized using the CCSD(T)/aug-cc-pVTZ method. The
final energies were improved using the CCSD(T)/aug-cc-pVQZ
method using the aug-cc-pVTZ optimized geometries.

Dynamics calculations were carried out using the DualOrthGT
program,56-58 where the energies and forces used in trajectory
propagations were evaluated using the CAS(4,6)/6-31G(d)
method59 on the fly. As usual, trajectories were propagated with
a time step of 0.34 fs for a set of randomly sampled initial
conditions, where only the collision energy was held at a fixed
value. The CAS(4,6) method contains four active electrons and
six valence orbitals. Two active electrons are the unpaired
electrons in CH3 and HOCO and will form a σ C-C bond in
CH3COOH. The other two electrons are those in the π orbital
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of HOCdO. Except for the corresponding occupied orbitals,
the LUMO (lowest unoccupied molecular orbital) of CH3 and
the LUMO and SUMO (second-lowest unoccupied molecular
orbital) of HOCO are included in the set of six active orbitals.
The orientation, rotational energy, and vibrational phases of
reactants were selected according to the canonical ensemble at
T ) 298 K. The initial center-of-mass distance between the CH3

and HOCO reactants was set to be F0 ) √R0
2+b2 with R0 )

14.5a0, where b ) �1/2bmax is the impact parameter, � is a
uniformly distributed random number in (0,1), and bmax is the
maximum impact parameter. In this work, to save CPU time,
all trajectories were terminated before or at a simulation time
of 1.0 ps. This time is sufficiently long to separate reactive
trajectories from nonreactive ones. At a time of 1.0 ps, those
reactive trajectories are always trapped in a deep potential well
as intermediate complexes CH3COOH, which will eventually
dissociate into products at some later time owing to the fact
that the exit barriers, on the basis of our ab initio calculations,
apparently locate below the reactant asymptote.

Reaction cross sections at a given collision energy of ET are
calculated to be60

σr(ET))πbmax
2 Pr (1)

with the reaction probability

Pr )Nr/N (2)

where Nr is the number of reactive trajectories from a total of
N trajectories. The errors of calculated cross sections can be
written as

∆σr(ET))πbmax
2 (Nr(N-Nr)

N3 )1/2

(3)

The thermal rate constants are given by

k(T)) ge( 8

πµ(kBT)3)1/2∫0

∞
ETσr(ET)e-ET/kBT dET (4)

where µ is the reduced mass of the reactants and ge ) 1/4 is
the electronic statistical factor for the reaction. Other symbols
have their usual meanings.

The product branching ratios were estimated using a RRKM
(Rice-Ramsperger-Kassel-Marcus) approach. The microca-

nonical RRKM reaction rate constant of a unimolecular reaction
to the product channel, j, is given by61-63

κj(E
*))

σpN(E*)

hF(E*)
(5)

Here σp is the number of degenerate reaction paths, N(E*) is
the sum of states at the transition state, and F(E*) is the density
of states of the CH3COOH or CH2C(OH)2 intermediate complex.
They were calculated using the Beyer-Swinehart direct count
method.64 Furthermore, the lifetime of intermediate A was
estimated by

τA(E*)) 1

∑
j

κj(E
*)

(6)

where the summation runs over all of the dissociation paths of
the intermediate.

All electronic structure calculations on stationary points were
carried out using the Gaussian03 program,65 whereas the
energies and forces used in direct dynamics calculations were
performed with the MolPro program package.66

Results and Discussion

Ab Initio Calculations. For the CH3 + HOCO reaction, the
ab initio calculation results are summarized in Tables 1 and 2.
Two minima are labeled as M1 for acetic acid (CH3COOH) and
M2 for enediol (CH2C(OH)2). TSH2O and TSCH4 refer to the
transition states of CH3COOH dissociation into the H2O +
CH2CO and CH4+ CO2 products, respectively. The isomeriza-
tion transition state between the two minima is denoted by TSiso,
whereas the dissociation barrier of CH2C(OH)2 into H2O +
CH2CO is named TSisw. The structures of these six important
stationary points are displayed in Figure 1 and were calculated
with the CCSD(T)/aug-cc-pVTZ method. (The Cartesian coor-
dinates of the stationary points are provided in the Supporting
Information.67) All four transition states involve a hydrogen
transfer process. They are tight transition states according to
the geometries as well as the high imaginary frequencies.

Table 3 gives a comparison of theoretical relative energetics
for the CH3 + HOCO reaction where the zero-point energy
corrections are taken from the CCSD(T)/aug-cc-pVTZ values.

TABLE 1: Electronic Energies (au) of Stationary Points for the CH3 + HOCO Reaction

MP2 CCSD(T)

species aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ

Reactant
CH3 -39.70095 -39.72471 -39.76366 -39.77334
HOCO -188.67538 -188.69550 -188.85189 -188.90071

Product
H -0.4993343 -0.4993343 -0.4998212 -0.4999483
1CH2 -39.00216 -39.03157 -39.06459 -39.07300
CH4 -40.37082 -40.39582 -40.44093 -40.45172
OH -75.56772 -75.58408 -75.64559 -75.66449
H2O -76.26339 -76.26706 -76.34233 -76.36357
CO2 -188.17746 -188.18606 -188.34059 -188.38954
CH2CO -152.21290 -152.23869 -152.36910 -152.40759
CH3CO -152.78315 -152.81732 -152.94782 -152.98618
CH2COOH -227.86076 -227.91055 -228.103407 -228.16119
HC(O)OH -189.33465 -189.35619 -189.51777 -189.56765

Intermediate
CH3C(O)OH (M1) -228.53557 -228.57253 -228.77160 -228.83126
CH2C(OH)2 (M2) -228.48948 -228.52767 -228.72807 -228.78830

Transition State
TSH2O -228.41731 -228.44679 -228.64416 -228.70317
TSCH4 -228.41845 -228.45029 -228.65054 -228.70981
TSiso -228.41704 -228.45194 -228.65221 -228.71181
TSisw -228.41763 -228.45271 -228.65323 -228.71251
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It is clearly shown that the MP2 method gives reasonable results,
although there are apparent errors for some species. The
CCSD(T) energies also demonstrate that the aug-cc-pVDZ basis
set is not large enough to obtain accurate relative energies
chemically. However, compared with the aug-cc-pVQZ results,
the CCSD(T)/aug-cc-pVTZ results are well converged with a
mean error of 0.62 kcal ·mol-1. The accuracy of the CCSD(T)/
aug-cc-pVQZ calculations is supported by comparing them with

the available experimental values (0 K), as shown in Table 4.
The experimental heats41-43 of formation in kcal ·mol-1 are 9.2
( 0.3 for OH, -57.10 ( 0.01 for H2O, -93.97 ( 0.01 for
CO2, 93.6 ( 0.6 for 1CH2, 35.8 ( 0.2 for CH3, -16.0 ( 0.1 for
CH4, -10.8 ( 0.1 for CH2CO, -0.86 ( 0.4 for CH3CO, -43.9
( 0.5 for HOCO, -88.7 ( 0.1 for HC(O)OH, and -99.9 (
0.4 for CH3C(O)OH.

The reaction pathways are displayed in Figure 2. The CH3

+ HOCO reaction prefers an addition mechanism in which a
C-C chemical bond is first formed between two reactants. This
results in the production of a stable intermediate, CH3COOH.
Its potential well depth is as large as 98.6 kcal ·mol-1 at the
CCSD(T)/aug-cc-pVQZ level of theory. This complex may
break either the C-O bond to produce OH + CH3CO or the
C-C bond to yield 1CH2 + HCOOH via an isomerization
reaction. However, both product channels are less likely in
energy because of the high barriers. The overall CH3 + HOCO
f OH + CH3CO (or 1CH2 + HCOOH) reaction is endothermic
with a large energy difference of 14.7 kcal ·mol-1 (or 20.9 kcal).
In addition, the CH3 + HOCO f 3CH2 + HCOOH reaction
could occur on the lowest triplet surface. However, it was found
that the reaction barrier is high, for example, a value of 16.8
kcal ·mol-1 estimated with B3LYP/6-31G(d) method. The H +
CH2COOH product channel also lies above the reactants with
a relative energy of 9.40 kcal ·mol-1 at the CCSD(T)/aug-cc-
pVQZ method. Therefore, these reactions can be neglected at
low temperatures below 1000 K.

On the other hand, the CH3COOH intermediate can overcome
either the TSH2O barrier to dissociate into the H2O + CH2CO
products or the TSCH4 transition state to lead to CH4 + CO2,
where a hydrogen transfer is involved. (See Figure 1.) Although
the barriers are very high, both still lie below the reactant
asymptote. Compared with the CH3+ HOCOf H2O + CH2CO
reaction, the CH3+ HOCOf CH4 + CO2 reaction will release
much more energy. In addition, the barrier height of TSCH4 is
smaller by 4.1 kcal ·mol-1 than that of TSH2O. This fact might
suggest that the CH4 + CO2 products would dominate. Interest-
ingly, it was found that the H2O + CH2CO products may be
produced through another lower energy pathway. This pathway
happens via an isomerization of CH3COOH to become a less
stable CH2C(OH)2 isomer. In particular, the barrier heights for
both the isomerization transition state (TSiso) and the dissociation
state (TSisw) of CH2C(OH)2 are slightly lower than that of TSCH4.
These results really show that the H2O + CH2CO products could
compete with CH4 + CO2 for the CH3 + HOCO reaction. For

TABLE 2: Vibrational Frequencies (cm-1) and Zero-Point Energies (kcal ·mol-1) of Stationary Points Involved in the CH3 +
HOCO Reaction Calculated at the CCSD(T)/aug-cc-pVDZ Level of Theory

species frequencies zero-point

OH 3684 5.3
H2O 3905, 3787, 1638 13.3
CO2 2338, 1315, 659(e) 7.1
1CH2 2961, 2886, 1387 10.3
CH3 3201(e), 3101, 1406(e), 499 18.6
CH4 3144(t), 3016, 1535(e), 1319(t) 27.8
HOCO 3782, 1849, 1252, 1037, 596, 524 12.9
CH2CO 3303, 3188, 2152, 1400, 1134, 983, 581, 488, 431 19.5
CH3CO 3131, 3125, 3021, 1858, 1440, 1437, 1333, 1036, 941, 859, 460, 109 26.8
CH2COOH 3753, 3290, 3172, 1685, 1465, 1355, 1192, 992, 910, 785, 647, 580, 548, 425, 314 30.2
HC(O)OH 3726, 3095, 1776, 1390, 1302, 1111, 1035, 659, 616 21.0
CH3C(O)OH (M1) 3740, 3169, 3125, 3047, 1793, 1460, 1454, 1400, 1332, 1209, 1052, 991, 857, 650, 574, 542, 413, 75 38.4
CH2C(OH)2 (M2) 3815, 3799, 3287, 3179, 1751, 1433, 1401, 1245, 1193, 962, 907, 716, 676, 625, 519, 440, 346, 142 37.8
TSH2O 3763, 3198, 3097, 2033, 1830, 1431, 1340, 1075, 1016, 827, 747, 677, 578, 496, 457, 365, 205, 1917i 33.1
TSCH4 3191, 3118, 2957, 2016, 1781, 1420, 1405, 1271, 1189, 1121, 769, 706, 613, 591, 483, 331, 221, 2061i 33.1
TSiso 3733, 3204, 3107, 1946, 1578, 1489, 1396, 1219, 1127, 1049, 973, 785, 719, 614, 547, 485, 412, 2180i 34.9
TSisw 3732, 3300, 3187, 2101, 1787, 1425, 1347, 1155, 1015, 982, 755, 694, 619, 603, 562, 427, 385, 1717i 34.4

Figure 1. Intermediates and transition states involved in the CH3 +
HOCO reaction. The CCSD(T)/aug-cc-pVTZ structures are labeled in
angstroms for bond lengths and degrees for angles.
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the CH4 + CO2 products, another possible reaction pathway is
through a direct hydrogen abstraction of CH3 from HOCO. But
our MP2/aug-cc-pVDZ calculations indicate that the classical
barrier height is as large as 44.6 kcal ·mol-1, which is much
larger than the common barrier height of about 18.0 kcal ·mol-1

for the type of CH3 + HX (X ) H, O, F, Cl, Br, etc.) reactions.
Therefore, this pathway is unlikely to be followed.

Dynamics and Kinetics Results. Because the high-level ab
initio methods used above are intractable in molecular dynamics
studies, we have employed the CAS(4,6)/6-31G(d) method

instead. This method was selected as a result of comparing the
CAS(4,6) energies of the minimum energy path in the entrance
channel for the CH3 + HOCO reaction with the CCSD(T)/aug-
cc-pVTZ and MRCI+Q/cc-pVTZ results. For the capture
reaction probability calculations, only the potential energy
surface in the entrance channel is important. As shown in Figure
3, the agreement between the two methods is good, which
justifies the use of the CAS(4,6)/6-31G(d) in this study.
Furthermore, one can notice a very shallow VdW minimum with
a binding energy of about 3.9 kcal ·mol-1 at RCC)7.8a0. There

TABLE 3: Relative Energies (Including the Zero-Point Energy Corrections) in kcal ·mol-1 for the CH3 + HOCO Reaction

MP2 CCSD(T)

species aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ

CH3 + HOCO 0.0 0.0 0.0 0.0
H2O + CH2CO -61.40 -52.35 -58.84 -59.61
CH4 + CO2 -104.45 -98.01 -100.70 -101.48
OH + CH3CO 16.57 12.40 14.49 15.26
1CH2 + HCOOH 24.59 20.15 20.62 20.75
H + CH2COOH 11.48 7.78 9.03 9.40
CH3C(O)OH -92.98 -88.64 -90.98 -91.71
CH2C(OH)2 -64.67 -61.10 -64.28 -65.36
TSH2O -24.10 -15.07 -16.35 -16.67
TSCH4 -24.82 -17.27 -20.35 -20.83
TSiso -22.14 -16.50 -19.59 -20.28
TSisw -23.01 -17.49 -20.73 -21.22

TABLE 4: Comparison of Theoretical Relative Energies (Including Zero-Point Energy Corrections) in kcal ·mol-1 with
Experimental Results for the CH3 + HOCO Reaction

CH3 + HOCO f CH3C(O)OH f CH2C(OH)2 f

level of theory CH2CO + H2O CH4 + CO2 HC(O)OH + 1CH2 CH3C(O)OH TSH2O TSCH4 TSiso CH3CO + OH TSisw

MP2/aug-cc-pVDZ -61.4 -104.5 24.6 -93.0 68.9 68.2 70.8 109.6 41.7
CCSD(T)/aug-cc-pVDZ -52.4 -98.0 20.2 -88.7 73.6 71.4 72.1 101.0 43.6
CCSD(T)/aug-cc-pVTZ -58.9 -100.7 20.6 -91.0 74.6 70.6 71.4 105.5 43.5
CCSD(T)/aug-cc-pVQZ -59.6 -101.5 20.8 -91.7 75.0 70.9 71.4 107.0 44.1
exptl -59.8 -101.9 -91.8 108.3

TABLE 5: Reaction Probabilities (Pr), Cross Sections (σr), Product Branching Ratio of H2O to CH4 (RH2O/CH4), and Lifetimes
(τA) of the Intermediates CH3COOH (M1) and CH2C(OH)2 (M2) for the CH3 + HOCO Reaction

ET/kcal ·mol-1 bmax/a0 N Nr Pr σr((∆σr)/a0
2 RH2O/CH4

τM1/ns τM2/ns

0.5 9.5 956 444 0.4644 131.68((2.13) 1.54 4.85 0.48
1.0 9.0 604 244 0.4040 102.80((2.05) 1.56 4.30 0.44
2.5 8.5 900 272 0.3022 68.60((1.05) 1.64 3.02 0.34
5.0 8.0 584 152 0.2603 52.33((0.95) 1.77 1.74 0.23
8.0 7.5 660 164 0.2485 43.91((0.74) 1.91 0.95 0.15

12.0 7.0 772 192 0.2487 38.29((0.60) 2.10 0.46 0.09

Figure 2. CCSD(T)/aug-cc-pVQZ energy diagram for the reaction
pathway of the CH3 + HOCO reaction.

Figure 3. Potential energy curves calculated using CAS(4,6)/6-31G(d),
CCSD(T)/aug-cc-pVTZ, and MRCI+Q//CAS(4,6)/cc-pVTZ methods
along the CAS(4,6)/6-31G(d) minimum energy path, where the inset
is the enlarged part at long ranges.
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is a loose transition state located at about RCC ) 7.08a0 with an
energy of about 2.5 kcal ·mol-1 below the CH3 + HOCO
reactant asymptote. It is well known that such a VdW minimum
could substantially enhance the reaction.68-75

A total of 4476 trajectories were run at six collision energies
in the range between 0.5 and 12.0 kcal ·mol-1. The dynamics
results are summarized in Table 5. Both the maximum impact
parameter and the reaction cross sections decrease as the
collision energy increases. This arises from the attractive
interaction in the entrance channel for the CH3 + HOCO
reaction so that the long-range interactions play an important
role in the dynamical processes. The reaction cross sections are
plotted in Figure 4, together with the error bars. The calculated
errors are within 2%.

The cross sections sharply increase as the collision energy
approaches zero. These results are well fitted by the functional
form σr(ET) ) σ1/ET

R, with σ1 ) 100.62 ( 0.75 and R ) 0.3976
( 0.0076 in the units of a0 and kcal ·mol-1. The fitted curve is
also displayed in the Figure. The agreement is very good. Using
this function, we can compute the thermal rate coefficients
analytically by76

k(T)) ge(8kBT

πµ )1/2{ σ1Γ(2-R)

(kBT)R } (7)

where Γ(x) is the Gamma function. The explicit form is k(T/K)
) 3.24 × 10-11T0.1024 in cm3 ·molec-1 · s-1 at temperatures below
1000 K. The thermal rate coefficient is predicted to be 5.80 ×
10-11 cm3 ·molec-1 · s-1 with a tiny positive activation energy,
Ea ) 0.06 kcal ·mol-1, at room temperature.

Because the OH and CH2 product channels are inaccessible
in energy at the collision energies of interest, there are only
two possible product channels: CH4 + CO2 and OH + CH3CO.
Their product branching ratio at the low pressure limit can be
calculated using the following reaction network

where we have used the fact that the CH3COOH f CH3 +
HOCO backward reaction is negligible because its dissociation
barrier height is significantly higher than others in eq 8. By
applying the steady state approximation to the metastable

CH2C(OH)2 isomer, the product branching ratio of H2O to CH4

is obtained as

RH2O/CH4
)

k+1k4 + k3(k-1 + k4)

k2(k-1 + k4)
(9)

where ki are the unimolecular reaction rate constants at a given
total energy. They are calculated using the RRKM theory
described above. The results obtained are listed in Table 5.

The results show that both CH3COOH and CH2C(OH)2 are
long-lived intermediates with a lifetime on the order of
nanoseconds. This may imply that the RRKM approach is a
good approximation for determining the product branching ratio.
Indeed, the long-lived intermediates are consistent with the
feature of deep wells on the potential energy surface of the
system. In particular, the CH2C(OH)2 lifetime is about one order
shorter than that of CH3COOH so that the steady state
approximation will work well.

The product branching ratios weakly depend on the collision
energy, ET. They can be represented by a linear function, RH2O/

CH
4
) 1.52 + 0.049ET, where the energy is in the kilocalories

per mole. The corresponding temperature-dependent ratios are
obtained as RH2O/CH4

(T/K) ) 1.52 + (1.95 × 10-4)T. At room
temperature, the ratio of H2O to CH4 is 1.58, or a fraction of
0.61 for H2O + CH2CO and of 0.39 for CH4 + CO2. In other
words, the CH3 + HOCO reaction produces more H2O +
CH2CO products rather than the most exothermic products CH4

+ CO2. Actually, it is not surprising according to the competitive
reaction pathways mentioned in Ab Initio Calculations section.

Summary

The CH3 + HOCO reaction has been explored using the
CCSD(T) theory with large basis sets. The ab initio calculations
show that the reaction occurs via an addition reaction mechanism
through long-lived complexes. At low collision energies of <
15.0 kcal ·mol-1, there are only two possible product channels:
CH4 + CO2 and H2O + CH2CO. The reaction rate coefficients
were computed using a direct ab initio molecular dynamics
approach. The results predict a fast radical-radical reaction.
At room temperature, the thermal rate coefficient obtained is
5.80 × 10-11 cm3 ·molec-1 · s-1 with an activation energy (Ea)
of 0.06 kcal ·mol-1. In addition, the RRKM theory has been
employed in determining the product branching ratios. Although
the CH3 + HOCO f CH4 + CO2 reaction is more thermody-
namically favorable, the CH3 + HOCO f H2O + CH2CO
reaction is more kinetically favorable.
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