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1 | INTRODUCTION

The oxidation of olefin bonds by ozone (termed ozonolysis) is a major removal process for unsaturated hydrocarbons in the troposphere.“"” A criti-
cal component of the reaction mechanism is the Criegee intermediate (Cl), which retains a significant portion of the nascent energy from ozonolysis
and can undergo either unimolecular decomposition or collisional stabilization with the bath gas, after which bimolecular reaction with trace atmos-
pheric species (e.g., H,O, NO, NO,, SO,, organic acids, and aldehydes) becomes important. Mechanistically, Cls show considerable variation in the
literature, with size and functionalization dictating branching ratios of the various excited and stabilization channels.>~” Knowledge of these path-
ways is important, as the fate of Cls has an important impact on global tropospheric chemistry, directly influencing free radical and aerosol

budgets.>3#!

Despite extensive experimental work on the ozonolysis mechanism,” 12

considerable uncertainty remains due to the extremely short lifetimes
of Cl species. Cls have been experimentally detected from the gas-phase ozonolysis of alkenes,'*>*# however, much of our understanding of the
ozonolysis mechanism comes indirectly from measurements of stable products interfaced with computational studies for potential energy surface
mapping. Computational studies show that for excited Cls existing in the syn-conformation, that is with the carbonyl oxide moiety orientated toward
an adjacent hydrogen-containing group, a 1,4-hydrogen transfer to an excited vinylhydroperoxide (VHP) is typically the preferred unimolecular
decomposition route.*®! The mechanism leading to VHP production from the ozonolysis reaction is shown in Figure 1. In addition, geometries of
Criegee intermediates show that there is a partial double bond between the carbon and oxygen, indicating that these structures can be described to
some extent as closed shell, or charge separated zwitterions rather than biradical species.!*>*¢

Experiments have shown that the VHP may be subject to considerable stabilization under atmospheric conditions,!*”! however, for the most
part, decomposition into a vinoxy radical and hydroxyl radical is assumed. Termed the hydroperoxide channel, the pathway represents an important
source of nonphotolytic OH in the troposphere. This is important, especially at night, as the OH radical plays a central role in the oxidation chemistry

of the troposphere. Reaction with the hydroxyl radical is the major removal process for most organics in the troposphere, while the reaction of OH
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FIGURE 1 Formation of vinylhydroperoxides (VHPs) via ozonolysis followed by a 1,4 H-shift. Attack of ozone on the C=C double bond
leads to a primary ozonide (POZ), which rapidly decomposes, yielding Criegee intermediates (Cls), then a 1,4 H-shift from the syn methyl
group leads to the formation of VHPs

with SO, yields sulphuric acid, impacting aerosol formation and consequently the Earth’s climate.*®! The study of channels influencing OH produc-
tion from Cls is, therefore, of considerable interest.

Computational investigations into the hydroperoxide channel have tended to focus on simple Cls. Long et al* used the high-level composite
method W3X-LP% to explore the barrier height for the uncatalysed 1,4 H-shift isomerization in CH;CHOO. W3X-L theory is a variant of the original
W3-F12 theory (see also Ref. 21 for a recent review),?? which approximates the CCSDT(Q)/CBS electronic energy (i.e., coupled cluster with single,
double, triple, and quasiperturbative quadruple excitations at the infinite basis-set limit) and includes core-valence, relativistic, and zero-point vibra-
tional energy corrections. Yin et allel investigated the substituent effect on the barrier height of the 1,4 H-shift reaction in simple Cls at the QCISD
(T)/CBS level of theory (quadratic configuration interaction with single, double, and perturbative triple excitations at the complete basis set limit).
They showed VHP formation to dominate for saturated syn-conformers and dioxiranes for unsaturated Cls. Kumar et al.”?®! showed a 1,4 H-shift in
CH3CHOQO to be catalysed by both water and small organic acids at the CCSD(T)/aug-cc-pVTZ level of theory (where CCSD(T) indicates coupled
cluster theory with singles, doubles, and quasiperturbative triple excitations). Based on the ability of sulphuric acid to facilitate hydrogen transfers in
CH30 radicals,®” SO3—H,0 systems,’?>! and in other systems,26727 Kumar et al.*®! suggested that sulphuric acid could potentially catalyse 1,4-
hydrogen transfers in Cls, however, the reaction mechanism for sulphuric acid catalysis has not been reported. Sulphuric acid catalysis of 1,4-H
transfers in Cls is particularly important when considering (i) the ubiquity of H,SO, in the troposphere, (ii) OH produced from Cl decomposition can

react with SO, to yield sulphuric acid, (iii) direct reaction of stabilized Cl with SO, can produce sulphuric acid in the gas phase,[30 s3]

[18,34-3¢]

and (iv) sulphu-
ric acid vapour is almost always involved in atmospheric new particle formation.

Biogenic substances dominate the global emission budget of organic vapors into the atmosphere.*”28) The most commonly emitted biogenic
into the troposphere is isoprene (CsHs, Figure 2A), the simplest terpenoid, whose global emission is estimated at 5.4 x 10'* g year™ 1.8l However,
a-pinene (C4oH1¢, Figure 2B), the most commonly emitted monoterpene, has also received considerable interest owing to its large emission rate (6.6
x 108 g year’l),[38] high tropospheric reactivity and propensity of oxidation products to form secondary organic aerosol. 13741 |ndeed, studies

[42-44]

have shown stabilized Cls from both isoprene and a-pinene actively participate in secondary organic aerosol formation, while an autoxidation

mechanism stemming from a 1,4-H transfer in the ozonolysis mechanism of a-pinene has been used to explain particle nucleation events in forested
regions.[4°-47]
Due to water being the dominant trace species in the troposphere, its potential catalytic influence on the bimolecular chemistry of Cls has been

(4]

examined numerous times in the literature (for a recent review see Vereecken et al.”* and references therein). The reaction of Cl with water is pre-

dicted to predominantly form hydroxyl-alkylhydroperoxides, however, research has shown that a water molecule can catalyse a H-migration to form
a VHP in terpene-derived C|.[234849]

In the present work, we use the high-level ab initio G4(MP2) procedure® to study the sulphuric acid-catalysed unimolecular 1,4 H-shift reac-
tions in Cls. To make comparisons with the previous theoretical investigations, the uncatalysed and water-catalysed reactions are also considered
using the same theoretical description. We begin by exploring the potential energy surfaces (PESs) of the simple methyl Cl (CH;CHOO), before
translating the mechanism to more complex Cls derived from isoprene and «-pinene ozonolysis. We find that a sulphuric acid catalyst affords a bar-
rierless reaction pathway for the 1,4-H tautomerization in Cl, suggesting the pathway to be competitive with unimolecular decay and reaction with

water as key Cl loss processes in regions with high sulphuric acid concentrations.

2 | COMPUTATIONAL DETAILS

The high-level, ab initio, composite G4(MP2) theory® was used to explore the enthalpic PES at 298 K (AH.os) for the uncatalysed and catalysed
reactions of 1,4 H-shift in all Cls. The G4(MP2) composite protocol is an efficient composite procedure for approximating the CCSD(T) energy in

(A) (B)

F

FIGURE 2 Structures of the (A) isoprene and (B) a-pinene molecules
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FIGURE 3 Reaction profile (G4(MP2), AH,og, kJ mol 1) for the uncatalysed (black line), water-catalysed (orange line), and sulphuric acid-
catalysed (blue line) reactions for 1,4 H-shift in methyl Cl along with a schematic representation of species located along the reaction
profile. For a picture of the optimized TSs see Figure S1 of the Supporting Information

conjunction with a large triple-{-quality basis set.>Y This protocol is widely used for the calculation of thermochemical and kinetic properties (for
recent reviews of the Gaussian-n methods and other composite methods see Refs. [21] and [51]). G4(MP2) theory has been found to produce ther-
mochemical properties (such as reaction energies, bond dissociation energies, and enthalpies of formation) with a mean absolute deviation of 4.4 kJ
mol ™ from the 454 experimental energies of the G3/05 test set.5%%2] |t has also been found that G4(MP2) shows a similarly good performance for
reaction barrier heights.[ss’%] Finally, we note that the main text primarily looks at AH»eg values, however, similar trends in the reactivity and cata-
lytic activity are observed on the Gibbs free energy (AG,qg) reaction profiles (for further details see Figures S2-S4 of the Supporting Information).
The Gaussian 09 suite of programs was used for all the ab initio and DFT calculations.*” The geometries of all structures have been optimized at
the B3LYP/6-31G(2df,p) level of theory as prescribed in the G4(MP2) procedure. Harmonic vibrational analyses have been performed at the same level
of theory to confirm each stationary point as either an equilibrium structure (i.e., all real frequencies) or a transition structure (i.e., with one imaginary fre-

quency). The connectivity of the local minima and first-order saddle points was confirmed by performing intrinsic reaction coordinate calculations.*®%%

3 | RESULTS AND DISCUSSION

3.1 | Uncatalysed 1,4 H-shift reaction of methyl Criegee intermediate (CH;CHOO)

In the absence of a catalyst, the 1,4 hydrogen transfer in methyl Cl occurs through a concerted mechanism involving a 5-membered cyclic transition
structure. For syn-CH3;CHOO a reaction barrier of AH%98 =72.2 kJ mol™% is obtained at the G4(MP2) level (Figure 3; the reaction barrier at 0 K is
AHE =74.4 kJ mol™Y). This result is in good agreement with previous computational investigations. For example, Kuwata et al'%! obtained a reac-
tion barrier height of AH} =75.3 kJ mol™* using the CBS-QB3 composite method.lY) Similarly, Fang et al.®? investigated this isomerization at a
comparable level of theory and arrived at a barrier of AH(*) =71.5 kJ mol ™. Kidwell et al.l%® obtained a slightly lower reaction barrier of AHg =67.8
kJ mol~* at the CCSD(T)-F12b/aug-cc-pVDZ level of theory. Yin and Takahashi calculated a barrier of AHg =70.3 kJ mol~* at the QCISD(T)/CBS
level of theory (including a core-valence correction).l! Long et al. calculated a barrier of AH§ =71.2 kJ mol ! at the CCSDT(Q)/CBS level of theory
(using the high-level W3X-L composite method).'*”! This benchmark value is in reasonable agreement with the above AHg values, which were calcu-
lated using lower levels of theory. In particular, the differences do not exceed the threshold of chemical accuracy (arbitrarily defined as 1 kcal mol ™!

~ 4.2 kJ mol™Y). Finally, we note that Kumar et a2

calculated a reaction barrier height of AG%98 = 69.9 kJ mol~* on the Gibbs free-energy surface
at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory. For additional discussions of the uncatalysed reaction see also Refs. [2] and

1641 The anti-conformer of methyl CI has no accessible 1,4-H transfer channel available, and so is not considered in this work.

3.2 | 1,4 H-shift reaction of methyl Criegee intermediate (CH;CHOO) catalysed by water and sulphuric acid

Figure 3 shows a schematic representation of the PES at 298 K relative to the free reactants for the water-catalysed and sulphuric acid-catalysed
pathways. We begin with exploring the PES for the 1,4 H-shift reaction of CH;CHOO catalysed by a water molecule. In the reactant complex (RC),
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FIGURE 4 Species involved in the pathway for 1,4 H-shifts of isoprene Criegee intermediates leading to vinyhydroperoxides (VHPs)

the water molecule is hydrogen bonded to the Cl by one hydrogen bond (HOHeeeOO, 1.842 A). As a result the RC in the water-catalysed reaction
is more stable than the free reactants by 22.0 kJ mol ™ *. The water catalyst reduces the reaction barrier for the hydrogen shift reaction by converting
the uncatalysed five-membered ring TS into a 7-membered ring TS. The reaction barrier relative to the free reactants is AHoq = 44.3 kJ mol™*, how-
ever, relative to the RC the reaction barrier is AH;,8 =66.3 kJ mol™ L. That is, the reaction barrier for the water-catalysed pathway is lower by
merely 5.9 kJ mol ! relative to the reaction barrier of the uncatalysed pathway. This result is consistent with the previous investigation carried out
with the W3X-L composite method,[*”! which found that a water molecule reduces the reaction barrier height of the 1,4-H shift by 2.3 kJ mol ™.
The transition structure (TS) leads to the formation of the product complex (PC), which lies 19.3 kJ mol~* below the energy of the free products
(methyl Cl and water). This is attributed to the hydrogen bond between the hydrogen of vinylhydroperoxide (Prod) and the oxygen of the water cat-
alyst (H,OeeeHOO, 1.838 A).

With the assistance of a sulphuric acid molecule, the 1,4-H isomerization in CH3CHOO becomes a barrierless process with respect to the free
reactants (Figure 3). The RC formed between Cl and sulphuric acid lies as much as 82.2 kJ mol ™2 below the energy of the free reactants. In the RC,
the sulphuric acid is hydrogen bonded with the CI with a fairly short SOHeeeOO hydrogen bond of 1.452 A, indicating a strong H-bonding interac-
tion (for comparison, the length of the SOHeeeO=C hydrogen bond between sulphuric acid and acetaldehyde is 1.638 A).27) The RC also exhibits a
short electrostatic interaction of 2.364 A between the S=O bond in H,50, and the B-hydrogen atom in C1.1! This is demonstrated by the following
atomic polar tensort®¢”! (APT) charges —0.292 (C%), +0.326 (H°), and —0.785 (O°) (see Figure 3 for the atom numbers). For comparison the APT
charges for the free methyl Cl are +0.006 and +0.009 on C* and H°, respectively.

In the sulphuric acid-catalysed pathway, formation of the vinylhydroperoxide (Prod) proceeds through an efficient double hydrogen shift reac-
tion involving a hydrogen-bonded TS complex. The reaction thus occurs through a 9-memebered cyclic TS. A low reaction barrier height of merely
16.4 kJ mol ™1 is obtained with respect to the RC, representing a submerged barrier relative to the free reactants (namely, the TS lies 65.8 kJ mol *
below the free reactants). Thus sulphuric acid is a much better catalyst than H,O, for which the TS lies 44.3 kJ mol~* above the free reactants. The
significant reduction in the barrier height for the hydrogen transfer is partly attributed to the reduced ring strain in the sulphuric acid-catalysed
T5.12327) Further inspection of the H,SO,4-catalysed TS shows that the distance of the bond between C* and H° (see Figure 3), which is being disso-
ciated in the TS, decreases is in the order uncatalysed TS (1.332 A) > water-catalysed TS (1.291 A) > H,SO,-catalysed TS (1.035 A). This trend indi-
cates that the TS becomes earlier (less distorted) and, therefore, lower in energy in the same order. Finally, we note that the complex formed
between the product and the sulphuric acid catalyst involves two intermolecular hydrogen bonds and is associated with relatively large complexation
energy of 52.8 kJ mol ™2, relative to the free products. We note that the H-bond distances in PC are 1.765 A (for the S=0OeeeHOO bond) and 1.909
A (for the S=OHeeeO(OH)CH=CH, bond) (see Figure 3).

3.3 | 1,4 H-shift reactions of isoprene Criegee intermediate

The ozonolysis of isoprene leads to four possible Criegee intermediates, two from addition to either double bond. These are shown in Figure 4 and
include syn (CI2, Cl4) and anti (CI1, CI3) Cl conformers with respect to the adjacent vinyl group for each Cl. In addition, CI1 and CI2 exist in two dis-
tinct conformations (CI1-1 and CI1-ll, CI2-1 and CI2-), arising from a partial n-bond character of the central C—C bond in Cl. Of these species, only
CI1 has a B-hydrogen available for abstraction on the neighboring methyl group. We note that abstraction of the vinyl hydrogen in CI2-1l would
yield a highly energetic allene, which previous works have shown to be uncompetitive.[64] Therefore, the following discussion will focus on the CI1-1

and CI1-ll intermediates (Figure 4).
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FIGURE 5 Reaction profiles (G4(MP2), AHyog, kJ mol ™) for the uncatalysed (black line), water-catalysed (orange line), and sulphuric acid-
catalysed (blue line) reactions for the 1,4 H-shifts of isoprene Cl

At the G4(MP2) level of theory the Cl1-Il conformer is more stable than the Cl1-I conformer by 7.4 kJ mol 1. Inspection of the APT charges on
the carbonyl carbon and oxygen reveals that both atoms are positively charged in both conformers. In particular, in CI1-1 we obtain APT charges of
0.344 (C) and 0.155 (O) a.u. and in CI1-1l we obtain charges of 0.287 (C) and 0.093 (O) a.u. Thus, the greater stability of CI1-1l may be partially attrib-
uted to the smaller electrostatic repulsion between these two atoms.

The PES for the uncatalysed, water-catalysed, and sulphuric acid-catalysed 1,4 H-shift isomerizations in isoprene (Cl1-1 and CI1-1l) are shown in
Figure 5. All energies in Figure 5 are given with respect to the most stable form of the reactant (CI1-1l). For the uncatalysed process we obtain reac-
tion barriers of 80.6 and 75.4 kJ mol ™2, for Cl1-1 and CI1-I1, respectively. These reaction barriers are slightly higher than the barrier of 72.2 kJ mol 1
obtained for the methyl CI (Figure 3). For the water-catalysed process we obtain reaction barriers of 54.0 and 53.0 kJ mol™2, for CI1-I and CI1-II,
respectively, relative to the free reactants. However, the reaction barriers relative to the reaction complexes RC | and RC Il are 68.5 and 74.7 kJ
mol ™%, respectively. These reaction barriers represent catalytic enhancements of 12.1 and 0.7 kJ mol~* for CI1-l and CI1-II, respectively, compared
to the uncatalysed pathways.

In the sulphuric acid-catalysed pathways, the RCs are associated with complexation energies of 87.5 and 86.4 kJ mol ™2 for CI1-1 and CI1-II,
respectively. For comparison, in the water-catalysed reactions the corresponding complexation energies are 14.5 and 21.7 kJ mol ™%, respectively.
Again, the very large complexation energies with H,SO,4 are associate with fairly short SOHeeeOO hydrogen bond distances (of 1.339 and 1.407 A
and an electrostatic interaction between S=0 in H,SO, and the B-hydrogen atom (of 2.492 and 2.384 A) for CI1-1 and CI1-Il. The transition struc-
tures for the sulphuric acid-catalysed 1,4-H transfers lie merely 25.3 and 24.5 kJ mol~* above RC | and RC II, respectively. It is also important to
note that the sulphuric acid-catalysed TSs lie well below the energies of the free reactants.

3.4 | Uncatalysed, water-catalysed, and sulphuric acid-catalysed 1,4 H-shift reaction of a-pinene Criegee
intermediates

In this section, we consider the isomerization of Cls formed via a-pinene ozonolysis. Being endocyclic, the Cl remains tethered to the molecule on
rupturing of the primary ozonide. Consequently, two possible Cl products are formed, which have available B-hydrogens. The structures for these

Cls, labeled CI1, CI2-l, and CI2-Il are shown in Figure 6. For each, we investigate 1,4 H-shift pathways with no catalyst, a H,O catalyst, and a
H,SO, catalyst.

FIGURE 6 Formation of Cls via ozonolysis of a-pinene
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FIGURE 7 A, Reaction profiles (G4(MP2), AH,og, kJ mol ™) for the uncatalysed (black line), water-catalysed (orange line), and sulphuric
acid-catalysed (blue line) of 1,4 H-shifts of a-pinene CI1. B, Schematic representation of TS1 catalysed by H,SO,4

Figure 7 shows the reaction profile for the uncatalysed, water-catalysed, and sulphuric acid-catalysed 1,4 H-shifts in a-pinene CI1. The VHP
channel is not possible for the anti-conformer of CI1, with previous theoretical work having shown 1,3-H transfers to be uncompetitive, and so this
conformer is not considered in this study.” The uncatalysed 1,4 H-shift reaction of CI1 has a barrier height of 66.2 kJ mol ™%, which is lower in
energy compared to the CH;CHOO and the isoprene derived Cl. The water-catalysed channel has a reaction barrier height (TS1) of 63.5 kJ mol ™ 2.
Once again, this shows that water has a relatively small catalytic enhancement on the enthalpic energy surface. As shown in Figure 7, the energy dif-
ference between TS1 and RC1 in the sulphuric acid-catalysed pathway is merely 10.4 kJ mol 1. This barrier is lower by 6.0 kJ mol~* than the one in
CH3CHOO ClI (Figure 3). Further inspection of these TSs indicates that the electrostatic interaction between S=O in H,SO,4 and the B-hydrogen
atom in CI1 (of 1.381 A) is significantly stronger than the one in CH;CHOO ClI (of 2.363 A). This is also consistent with the APT charges for the
a-pinene TS1 being more pronounced than those for the CH3;CHOO CI. In particular, we obtain the following atomic charges for the a-pinene TS1:
—0.451 (C%, +0.595 (H°), and —1.029 (0% a.u.

Both syn- and anti-conformers of the second Cl structure (CI2) have accessible VHP channels. The enthalpic energy surfaces for the uncata-
lysed, water-catalysed, and sulphuric acid-catalysed reactions are shown in Figure 8. The CI2-1 conformer is more stable than the CI2-1l conformer

by 17.5 kJ mol ™%, suggesting that steric effects play an important role. The channel involving the more stable anti conformer (ClI2-1) is both
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FIGURE 8 Reaction profiles (G4(MP2), AHyog, kJ mol 1) for the uncatalysed (black line), water-catalysed (orange line), and sulphuric acid-
catalysed (blue line) for the 1,4 H-shifts of a-pinene CI2 (ClI2-1 and CI2-11)
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kinetically and thermodynamically favorable. In particular, the reaction barrier height for the uncatalysed reaction is lower than the one for CI2-1l by
11.3 kJ mol ™%, and the anti-product (Prod2-1) is more stable than the syn product (Prod2-11) by 13.0 kJ mol~ . These differences might be attributed

to the fact that the 1,4-H shift from the more flexiable methyl group is easier compared to that from a more rigid cyclic structure. Nonetheless, given
[68]

that a-pinene Cls are formed with substantial excess energy,'°® any energy difference is only likely to disrupt formation from stabilized Cls, of which
the uncatalysed VHP channel is generally disregarded.

Figure 8 shows that a water catalyst provides little catalytic enhancement for 1,4-H shift reactions in CI2-1 and CI2-Il. This is consistent with
the results for the other Cls. A sulphuric acid catalyst reduces the barriers for 1,4 H-isomerizations to 15.1 kJ mol~ and 8.4 kJ mol~ %, for CI2-I and
CI2-ll, relative to their respective reaction complexes. These barriers are submerged with respect to the free reactants, creating a barrierless process.
1,4-H shift reactions catalysed by H,SO, are, therefore, expected to occur at the kinetic limit, assuming no geometry hindrance. It is interesting to
note that isoprene derived Cls, despite still having barrierless reaction profiles with an H,SO, catalyst, have slightly higher barrier heights in the sul-

phuric acid-catalysed channel compared to a-pinene.

4 | CONCLUSIONS

Using the high-level G4(MP2) composite ab initio theoretical procedure, sulphuric acid was found to effectively catalyse 1,4 hydrogen shift reactions
in methyl Cl and in isoprene derived and a-pinene derived Cls. The reaction barrier heights for the sulphuric acid-catalysed reactions are 16.4
(methyl Cl), 24.5 (isoprene Cl), and 8.4 (a-pinene Cl) kJ mol ™2, relative to the reactant complexes. Where in all cases the energies of the transition
structures are well below the energies of the isolated Cl and H,SO,4 catalyst. Conversely, water was found to exhibit only a minor catalytic effect for
these 1,4 H-shift reactions. Therefore, the computational findings presented here suggest the possibility of a facile bimolecular reaction of sulphuric
acid with higher Criegee intermediates containing a B-hydrogen, resulting in the formation of vinyl hydroperoxide. Reaction with sulphuric acid is,
therefore, likely an important removal process for stabilized Cls in regions of high H,SO, concentrations. Ultimately such a mechanism would
enhance tropospheric OH production. Considering the ubiquity of sulphuric acid in secondary organic aerosol formation, products formed through

this channel are likely to directly contribute to organic aerosol production.
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