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Abstract

In this work, quantum chemical methods were applied to study light alkane hydrogen-exchange reactions on a zeolite cluster,
RH + H;SiOAIH,(OH)SiH; — RH' + H3Si(OH)AIH,0SiH;. Methane, ethane, propane, and butane reactions were investigated. The reactants,
products, and transition state structures were optimized using the B3LYP density functional theory method and the final energies were calculate
using CBS-QB3, a complete basis set composite energy method. The computed activation barriers ranged from 28.32 kcal/mol for secondary hydr
gen exchange of butane to 33.53 kcal/mol for methane. The relationship between activation energy and deprotonation energy was also investigat
and a linear correlation was proposed in this work.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tions on zeolites are very difficult to study experimentiyr].
On the other hand, the dramatic increase of computer speed
Zeolites are crystalline aluminosilicates that have threehas greatly increased the ability to apply computational tools
dimensional framework structures, which forms uniformly sizedfor investigating large systems in the last decade. Particularly,
nano-pores from 3 to 1A. This is the reason that zeolites the development of fast and accurate density functional theory
exhibit selectivity in adsorbing molecules based on molecula(DFT) methods has extrapolated the computational applications
size and shape. As a result, zeolites are broadly used as cata-even more complicated systems. Density functional theory
lysts in the oil refining and petroleum industries in processeshas been widely applied by chemists and physicists to study the
such as hydrocarbon catalytic cracking, isomerization, alkylaelectronic structure of solids in the past 30 yg&r20]. Com-
tion of hydrocarbons, and alcohol conversion to gasdlird]. putational studies of chemical reaction systems with DFT have
The fundamental components of zeolite catalytic activity aredbecome very popular because the methods are quite reliable and
the Bragnsted acidic sites. They are formed when a silicon atomgnly have medium computational demands compared to ab initio
which has a formal valency of four, is replaced by another atonmolecular orbital theory calculations.
like aluminum with a valency of three. A proton is attached to When applying a computational method to investigate het-
the oxygen atom connecting the silicon and its aluminum atonerogeneous zeolite reactions, the first step is to choose a cluster
neighbor, resulting in a chemically stable Si—-(OH)-Al structure.model to represent the local environment around the zeolitic pro-
Si~0 and AFO bonds have considerable covalency, resulting irton[21]. Several cluster models are commonly used to represent
a relatively weak ©H bond, which is the fundamental reason zeolite catalysts. The differences are the number of tetrahe-
for the high acidity of the attached proton and for the creatiordral (T) molecules (Al and Si) included and the termination of
of a good catalygb]. the linking bonds{H or —OH). H3Si—O-AlH,—(OH)-SiH, a
Because of the complicated reaction mechanisms and vai-3 cluster model cluster model, has been applied extensively
ious simultaneous reaction paths, hydrocarbon catalytic reate investigate hydrocarbon heterogeneous reactjg@s27}
The acidic hydrogen and aluminum atom distance and the
acidic H-O bond vibration frequency results of this cluster
* Corresponding author. Tel.: +1 520 626 5319; fax: +1 520 621 6048. model have excellent agreement with available experimen-
E-mail address: blowers@engr.arizona.edu (P. Blowers). tal data[28-32] Also, this cluster model has been applied
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successfully to study methane and ethane heterogeneous re@rel. The products and reactants were verified with frequency

tions on zeolite§22,23] Furthermore, this cluster model has calculations to be stable structures, and the transition states were

a deprotonation energy close to those found for high-silicdested to ensure they were first-order saddle points with only one

acidic zeolites, around 295.4 kcal/mi,33]. Therefore, the negative eigenvalue. Additionally, intrinsic reaction coordinate

H3Si—O-AlH,—(OH)-SiHs T3 cluster is used to simulate the (IRC) calculations proved that each transition state linked the

zeolite surface in this work. correct products with reactants. Zero point vibrational energies
The alkane hydrogen-exchange reaction seems to be tri(ZPVE) were obtained from harmonic vibrational frequencies

ial to study at first look. However, the reaction is importantcalculated at the B3LYP/6-31 g* level with a scaling factor of

because the relatively simple reaction pathway and activatiof.9806[57].

barrier can be studied experimentally rather easily, which can

then, in turn, be used to evaluate the choice of computationd. Results and discussions

methods. The zeolite catalytic hydrogen exchange of methane

and ethane has been investigated by several groups using diffétd. Methane hydrogen-exchange reaction

ent computational approachi@6,27,34—-39]But the activation

energies obtained are always off by at least 3 kcal/mol from the ) .

experiments, depending on the different choice of zeolite clusCHsHz + H3SiOAIH2(OH')SiH3

ter models and computational methods. Other researchers have_, CH;H' + H3Si(OHz)AIH,0SiHs

studied the propane hydrogen-exchange rea¢8840], while

there have been no reported results for the butane reaction. The The methane hydrogen-exchange reaction was previously

hydrogen exchange of propane and butane are included becaugtdied by this grou22] and is briefly discussed here to set

they are the Simp|est alkanes where the hydrogen exchange YR the anaIySiS in this work. In the reaction schematic above,

secondary atoms can be observed. In this work, quantum chenfilz represents the hydrogen exchanged from the (&dctant

cal methods were applied to study hydrogen-exchange reactio@®d H represents the protonic hydrogen from the zeolite clus-

Of methane, ethane' propane, and butane with aT3 Zeo”te C|u?r. F|g 1 shows the transition state structure for the methane

ter. hydrogen-exchange reaction calculated at the B3LYP/6-31 g*
level. The structure clearly has; symmetry obtained without
2. Computational methods any symmetry constraints applied for the optimization step. The

protonated carbon atom stays in the main plane of zeolite cluster
The well-known B3LYP method uses Becke's three-and becomes a penta-coordinated structure. The two hydrogen

parameter density functionml] and Leeetal.s functionMZ] atomS—H, the acidic proton from the zeolite cluster and HZ,
to describe gradient-corrected correlation effects. It has beeifie exchange hydrogen from the methane molecule, stay in the
validated to give results similar to that of the more expensiveniddle of the carbon and two zeolite oxygen atoms, which indi-
MP2 theory for molecular geometry and frequency calculation§ates the formation of one-@&i bond and breaking of the other.
[43,44]_ In this Work1 the geometry Optimizations of the reac- In the reaction process, the r|ght oxygen of the cluster acts as a
tants, products and transition state structures were carried oBf2nsted acid, which donates a proton. The left oxygen acts as
using the B3LYP method combined with a moderate basis se@ Lewis base, which receives the hydrogen atom from methane
6-31g*. molecule.

Some researchers have pointed out that the calculated acti- Selected bond lengths and angles for the transition state struc-
vation energies strongly depend on the level of the final energfpre are reported ifiable lalong with a comparison to previous
calculations and less on the level of the geometry optimizatioomputational results from Esteves et[dD] and Ryder et al.
[14,45,46] Therefore, it is a good choice to perform the geom-
etry optimizations at a relatively lower level, B3LYP/6-31 g* @
in this work, and the final energy calculations at a higher
level, CBS-QB3, a complete basis set composite energy method
[47-53] Composite energy methods are composed of a series of
single point energy calculations whose results are then combined
to obtain a highly accurate energy at a reduced computational
cost. The CBS-QB3 method was proposed by Montgomery et al.
[52]. For the G2 test s¢b4] of first- and seond-row molecules,
the mean absolute error was decreased to 0.87 kcal/mol for
the CBS-QB3 method compared with 1.37 kcal/mol for the G2
method55]. In this work, the B3LYP/6—31 g* method is used to @
perform geometry and frequency calculations in order to reduce
computational costs over the CBS-QB3 formalism. Q[,V

All the calculations were performed with the Gaussian 98

[56] SOﬁWare package, and all the strUCtures were fully optiig, 1. calculated transition state structure for the methane hydrogen-exchange
mized without any geometry constraints at the B3LYP/6—31 g*eaction on a zeolite cluster (unitsA).

1.32, 1.32
A\

1. 34”% Q‘1 34
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Table 1
Selected bond lengths and angles of the methane hydrogen-exchange reactior
transition state structure

This work Esteves et al. Ryder et al.
Geometry optimization B3LYP/6—  B3LYP/6- BH&HLYP/6—

31g* 31g* 31 gre++
Energy calculation CBS-QB3 B3LYP/6— BH&HLYP/6—

31 g** 31 g**++

Cluster size T3 T3 T5
R(HO,) (A) 1.34 1.31 1.41
R(HzO1) (A) 1.34 1.31 1.41
R(CH) (A) 1.32 1.34 1.28
R(CHz) (&) 1.32 1.34 1.28
R(AIO:) (A) 1.86 1.82 1.75 _
R(AIO,) (A) 1.86 1.73 1.75
A(01AI0>) (°) 90.27 91.40 95.70 &I'
vrst (cm1) 1700i - 1435i
Ea (kcal/mol) 33.53 32.30 40.00 |

[38]. The neQatiV'e frequency corres_ponding to the hyd_mgenFig. 2. Calculated transition state structure for the ethane hydrogen-exchange
exchange mode is 1700 cth The activation energy obtained reaction on a zeolite cluster (unitsA.

using the CBS-QB3 composite energy method is 33.53 kcal/mol.

Other researchers have studied this reaction using computationgding the CBS energy is 31.01 kcal/mol. The barrier is rela-
methods and the calculated activation energies range from 3ely lower than that of methane, indicating ethane hydrogen
to 40 kcal/mol depending on the computational methods andychange is more favorable than methane. Unfortunately, there

the size of zeolite clustef37,38,40,58-60] The experimen- s no experimental activation energy available for direct com-
tal study from Larson et al. reported the activation energy foparison.

methane H/D exchange to be 33.40 kcal/f6al. Our calculated
activation energy has an absolute error of only 0.13 kcal/mog,
compared with the experimental data. This agreement proves
our choice of zeolite cluster and computational method is valid.
In 1999, Schoofs et al. reported an experimental activatio ; nei

energy of 29.19-35.89 kcal/mol (122-150 kJ/mol) for methanretHSCHngsz + HsSIOAIHZ(OH)SiH;

H/D exchange reactiof62]. Our calculation result agrees with ~ — CH3CH2CH2H" + H3Si(OHz)AIH,OSiHz
this experimental data as well.

3. Propane hydrogen-exchange reaction

3.2. Ethane hydrogen-exchange reaction CH3CHHzCHjs 4 H3SIOAIH2(OH)SiH3
— CH3CHH'CHgz + H3Si(OHz)AIH,OSiH3
CH3CH2Hz + H3SiOAIH,(OH)SiH3

— CH3CHoH' + H3Si(OHz)AIH,0SiH3 Table 2

. . . Selected bond lengths and angles of the ethane hydrogen-exchange reaction
Fig. 2 depicts the calculated transition state structure for . oo cructure

the hydrogen-exchange reaction of ethane using the B3LYR

method. Similar to the transition state of the methane reaction, Thiswork  Estevesetal.  Ryderetal.
the structure keeps its symmetry along tHe@©-Al plane. The = Geometry optimization ~ B3LYP/6-  B3LYP/6- BH&HLYP/6-
protonated carbon atonY Gtays in the main plane of the zeo- 3lg* 31lg* 31g™++
lite cluster and becomes a penta-coordinated structure while tHgr9y calculation CBS-QB3  B3LYP/6-  BHEHLYP/6-
other carbon_ atom keeps its tetrahedral structure. The protog) e size T3 3#3 3#3 ++
from the zeolite cluster, Hland the exchange hydrogen from the g0, (4 1.39 1.36 1.47
ethane molecule, Hz, stay between tHe&bon atom and the R(Hz0,) (A) 1.39 1.36 1.49
two zeolite oxygen atoms, indicating the formation of'al®  R(CH) (&) 1.30 132 1.26
bond and breaking of the’€Hz bond. R(CHz) (A) 1.30 1.32 1.28

Selected bond lengths and angles for the transition state strug(A0n) 2 1.85 1.83 L75
ture are reported ifable 2along with a comparison with previ- R(AI02) (A) 1.85 183 L7

: A(O1AI07) (°) 90.56 91.60 95.60

ous computational results from Esteves ef40] and Ryder et o (cm ) 1561 _ 1147

al.[38]. The negative frequency corresponding to the hydrogen;. Ymol 31.01 32.90 40.70
exchange mode is 1561 crh The activation energies obtained En (kcalimol i ' '
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Fig. 4. Calculated transition state structure for the propane secondary carbon
hydrogen-exchange reaction on a zeolite cluster (unifg.in

Fig. 3. Calculated transition state structure for the propane primary carbo

; ! P the calculated results from Esteves and Ryder, which are 32.20
hydrogen-exchange reaction on a zeolite cluster (unifg.in

and 40.50 kcal/mol, respectively. The experimental activation
energy reported by Stepanov et al. is 2584.67 kcal/mo[63].

) Our calculation is only 3 kcal/mol higher than the maximum
The propane hydrogen-exchange reaction can take place &perimental data and much closer than those from Esteves and

either the primary carbon or the secondary carbon shown abovgyger.

The Dbold underlined carbon atom indicates the place where e calculated transition state structure of secondary carbon
hydrogen exc_hange takes place. The calculated transition st§igqrogen exchange with the B3LYP method is showfim 4.
structure of primary carbon hydrogen exchange with the B3LYR:o the first time, the transition state structure does not keep the
method is depicted irFig. 3. Similar to the transition state gymmeiry as seen from the methane, ethane, and propane pri-

structures of methane and ethane reactions, symmetry alofgary carbon hydrogen-exchange reactions. The propane struc-
C-Al plane is observed. Ifiable 3 selected bond lengths and {re iilts to the left side of the zeolite cluster and pushes the Hz

angles for the transition state structure are reported along withiom further away from the’Gitom. As a result, the'6z dis-
a comparison to previous computational results from Estevegnce s slightly larger than theld! distance, while the distance
et al.[40] and Ryder et al[38]. The negative frequency cor- 4 701 is slightly less than the distance of®4. In Table 4

responding to the hydrogen-exchange mode is 1549cithe  selected bond lengths and angles for the transition state struc-
activation energy is 30.40 kcal/mol and is relatively lower than

Table 3 Table 4
Selected bond lengths and angles of the propane primary carbon hydroge8elected bond lengths and angles of the propane secondary carbon hydrogen-
exchange reaction transition state structure exchange reaction transition state structure
This work Esteves et al. Ryder et al. This work Esteves et al. Ryder et al.
Geometry optimization B3LYP/6— B3LYP/6- BH&HLYP/6— Geometry optimization B3LYP/6— B3LYP/6— BH&HLYP/6—
31g* 31g* 31g**++ 31g* 31g** 31g**++
Energy calculation CBS-QB3 B3LYP/6— BH&HLYP/6— Energy calculation CBS-QB3 B3LYP/6— BH&HLYP/6—
31 g** 31 g**++ 31 g** 31 g**++
Cluster size T3 T3 T5 Cluster size T3 T3 T5
R(HO,) (A) 1.39 1.36 1.50 R(HO,) (A) 1.43 1.41 1.55
R(HzOy) (A) 1.39 1.36 1.46 R(HzOy) (A) 1.41 1.38 1.47
R(CH) (A) 1.30 1.32 1.24 R(CH) (A) 1.29 1.30 1.24
R(CHz) (A) 1.30 1.32 1.29 R(CHz) (A) 1.30 1.31 1.30
R(AIO1) (A) 1.85 1.83 1.75 R(AIO1) (A) 1.85 1.83 1.76
R(AIO) (A) 1.85 1.83 1.75 R(AIO,) (A) 1.85 1.83 1.74
A(O1AIO2) (°) 90.62 91.70 95.60 A(O1AIOy) (°) 90.66 91.70 96.10
vrsT (Cm™1) 1549i - 1142i vrsT (cm™1) 1459i - 1029i

E5 (kcal/mol) 30.40 32.20 40.50 E4 (kcal/mol) 29.83 33.30 39.20
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ture are reported with a comparison to previous computational
results from Esteves et d40] and Ryder et al[38]. The neg-
ative frequency corresponding to the hydrogen-exchange mode
is 1459 cntl. The activation energy is 29.83 kcal/mol, and is
again much lower than the calculated results from Esteves and
Ryder which are 33.30 and 39.20 kcal/mol. Compared with the
experimental activation energy of 27.99.67 kcal/mol[63],

our calculated result is only 0.17 kcal/mol higher. Our calcu-
lated results show that the activation energy of secondary carbon
hydrogen-exchange reaction is close to but relatively lower than
that of primary carbon. Even though our calculated trend seems
opposite to the experimental results of Stepanov ef64],

the experimental trend could be reversed considering the acti-
vation energy difference of primary- and secondary-exchange
reactions is only 2.15kcal/mol, and the relatively large error
ranget 1.67 kcal/mol for each reaction. Accounting for the
errors, the experimental trend could be reversed and become
the same as our calculation results. Also, this trend is the same |
as that obtained by Ryder et {88]. H

3.4. Butane hydrogen-exchange reaction

CH3CHyCH2CHoHz + H3SiOAIH2(OH')SiH3 ] » )
Fig. 5. Calculated transition state structure for the butane primary carbon
— CH3CH,CHCHoH' + H3Si(OHz)AIH,0SiH; hydrogen-exchange reaction on a zeolite cluster (unié§.in

CHaCHoCHHZCHs + H3SIOAIHo(OH)SiHs ;’gzgcktcl\;?/t:r?gl energy obtained using the CBS-QB3 method is
— CH3CH,CHH'CH3 + H3Si(OHz)AIH,OSiH; The calculated transition state structure of the sec-
o _ondary carbon hydrogen exchange with B3LYP method is
Similar to propane, the butane hydrogen-exchange reactioghown in Fig. 6. Similar to the propane secondary carbon
can take place at the primary carbon or the secondary carbqfgrogen-exchange reaction, the transition state structure
shown above. The calculated transition state structure of prigges not keep the symmetry as seen for the methane and
mary carbon hydrogen exchange with the B3LYP method i$thane hydrogen-exchange reactions. As a result, the dis-
depicted inFig. 5. Similar to the transition state structures of (3nces of the acidic proton and secondary carbon, HRJC

methane and ethane reactions, symmetry along C-Al plane ig,q exchanging hydrogen and secondary carbon, HR(C
observed. InTable § selected bond lengths and angles for the

transition state structure are reported. The negative frequency
corresponding to the hydrogen-exchange mode is 1549cm

Table 5
Selected bond lengths and angles of the butane primary- and secondary-
carbon-hydrogen-exchange reaction transition state structures

CH3CH,CH,>CH3 CH3CH,CH,CH3
Geomtery optimization B3LYP/6-31 g* B3LYP/6-31 g*
Energy calculation CBS-0QB3 CBS-0QB3
Cluster size T3 T3
R(HO,) (A) 1.39 1.45
R(HzOy) (A) 1.39 1.42
R(CH) (A) 1.30 1.29
R(CHz) (A) 1.30 1.30
R(AIO1) (A) 1.85 1.85
R(AIO,) (A) 1.85 1.85
A(01AI0>) (°) 90.63 90.90
vrst (cm™1) 1549i 1418i
Ea (kcal/mol) 29.97 28.32 Fig. 6. Calculated transition state structure for the butane secondary carbon

hydrogen-exchange reaction on a zeolite cluster (unif!x;.in
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are not identical. InTable 5 selected bond lengths and 36
angles for the transition state structure are reported. The 34| _—
<t +

negative frequency corresponding to the hydrogen-exchange ., | PC_ _ 2 Ol
mode is 1418cm!. The activation energy obtained using i / ’
the CBS-QB3 method is 28.32kcal/mol. It is close to, but ) CaHio CaHy

Ea(kcal/mol)
&2

lower than that of the primary carbon hydrogen-exchange CiHio Primary  Secondary
reaction, indicating the butane secondary carbon hydrogen- & 267 Secondary
exchange reaction is relatively easier to take place. This trend 24
is the same as we found for the propane reactions. 2t

For the methane, ethane and propane hydrogen-exchange - ; . . ; i j i
reactions from Ryder et al., the application of a large T5 cluster 412 413 414 415 416 417 418 419 420
containing one Al and four Si atoms to simulate the long-range Egep (keal/mol)

interactions of a real zeolite catalyst should help increase the _ . _
Fig. 7. Hydrogen-exchange reaction activation energy and deprotonation energy

accuracy of their calculated results. However, the prohibitive 7 ° "~ .
. . ) : . telationship for light alkanes.

computational cost of introducing five heavy atoms restricts

the computational method to a low to medium level, which

on the other hand decreases the accuracy. For methane aJn(iis defined as the energy difference between the protonated

propane reactions, Ryder’s calculated activation energies a "RH) and unprotonated (Fgayform [64] P

7-11 kcal/mol higher than the experimental values. In this work; P '

we used a relatively smaller T3 cluster, which is still IargeEdepz E(R7)-E(RH)

enough to describe the vicinity of the Brgnsted acid site. Also, o ]

the system including the T3 cluster and the alkane reactant RiNC€ the activation barrier for the hydrogen-exchange reac-

still small enough to investigate using high-level computationafion is directly related to the strength of the-R bond, we

treatment using the CBS-QB3 composite energy method in thiB"0P0Sed a relationship between the activation energy and the

work. As a result, our methane and propane activation energ;i{jeprotgnafuon energy for light alkanes-R. Fig. 7is a plot of

results are within 3kcal/mol of the experimental values. Theh€ activation energy versus deprotonation energy for methane,

results of Esteves et al. are somewhat unexpected in that tifdhane, propane, and butane. The deprotonation energies are

activation energies for primary carbon hydrogen exchange df!S0 obtained at the CBS-QB3//B3LYP/6-31g* level, the same

methane, ethane, and propane are 32.3, 32.3, and 32.2 kcaI/m@?thOd used to calculate the activation energies. Since the zeo-

almost all identical. The increase of the carbon chain shouldt€ acidic OH bond strength stays the same for all of the reactions

affect the reaction activation energies, which is not found fronjnvestigated in this work, the exchange reactions are dominated

their work. Also, the activation energies obtained by Esteve®Y the strength of the R4 bonds, which can be described by

show up to a 7 kcal/mol deviation from experiment because of€ir deprotonation energies. Therefore, as the deprotonation

the relatively lower level B3LYP/6-31 g**++ energy calculation €N€rgy mcreases,_the reac_tlon_ becom_es more difficult to take

method compared with the CBS-QB3 composite energy methoB'ace and hqs a higher activation barrller..As long as thg reac-

used in this work. This agreementwith our results again validateon mechanism does not alter, the activation energy is linearly

our choice of cluster model and computational method. Thé:orrelgted to the deprotonation energy. The relationship can be

BH&HLP/6-31 g**++//[BH&HLP/6-31 g**++ (energy calcu- described as:

lation method//geometry optimization method) method fromEa= 0.9935E gep— 38432

Ryder, B3LYP/6-31 g**++//B3LYP/6-31 g**++ method from

Esteves and CBS-QB3//B3LYP/6-31g* from their work alsoWhereE, andEgepare in the units of kcal/mol.

show how the dependence of the calculated activation energies

is strongly determined by the level of the final energy calcula4. Conclusions

tions and much less on the level of the geometry optimization.

For ethane and butane reactions, even though there is no In this work, the zeolite-catalyzed hydrogen-exchange reac-
experimental information available, it is still credible to con- tions of light alkanes including methane, ethane, propane, and
clude that our calculated activation energies should be close tautane were studied using quantum chemical methods. The tran-
the real values considering the results of methane and propaséion state structures of each reaction were optimized at the
reactions and the similarity of alkane hydrogen-exchange rea®3LYP/6—-31 g* level, and the energies were obtained using
tions. CBS-QB3, a complete basis set composite energy method. The

calculated activation energies for methane, ethane, propane pri-
mary carbon, and butane primary carbon were 33.53, 31.01,
30.40, and 29.97 kcal/mol. The calculated activation energies
I_[or propane and butane secondary carbon hydrogen-exchange
reactions were 29.83 and 28.32 kcal/mol, which were relatively
lower than that of the primary carbon hydrogen-exchange reac-
RH - R™4+H" tions. Furthermore, a linear relationship was found between

3.5. Deprotonation energy and activation energy
relationship

The energy required to deprotonate one proton from R
species is the deprotonation energydy).
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