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ABSTRACT: We describe the mechanism of graphene fluorination by
XeF2, calculated here by a periodic plane-wave DFT. We find that the
fluorination of graphene proceeds by simultaneous bonding of two F
atoms from XeF2 via transition states that interact a bit asymmetrically
with the graphene surface. The fluorination of graphene occurs at the
(1, 4) positions of the constituent phenyl ring, eventually covering 25% of
the graphene C atoms. Bonding to other positions involves large reaction
barriers. We also elucidate the origin of experimental observations
(Robinson, J. T.; et al. Nano Lett. 2010, 10, 3001) of 100% saturation with
F when both sides are allowed to react with XeF2. We find that fluorina-
tion at one side facilitates the bonding of F at the (1, 2) position on the
other side of graphene by significantly lowering the activation barrier of
fluorination, indicating that successive (1, 2) additions eventually lead to
100% coverage of graphene by F. We also discuss the effects of a defect on
the graphene surface, proposing that two F atoms may bond to a site near a “missing” carbon atom.

■ INTRODUCTION

Graphene1−10 holds promise for applications in materials
science, chemistry, biology, and medicine because of its unique
physicochemical properties. Although the extreme chemical
stability of graphene is the origin of its strong mechanical
properties, it may hinder the use of the material for more diverse
purposes. Thus it will be very important to modify and
functionalize the inert graphene11 as this may offer useful routes
to design new materials with various electronic, optical, and
chemical properties. Band gap engineering based on function-
alizing graphene12−25 is a very important example of such
processes. Although there have been numerous reports
concerning this interesting subject, systematic study of the
underlying mechanism is scarce.
Fluorination of graphene26−43 is quite amenable to such a

mechanistic study, because it is simple enough for detailed
quantum chemical analysis. Robinson and co-workers30 reported
recently that reaction with XeF2 leads to partial or full fluorina-
tion of graphene, showing that the properties of graphene, such
as the band gap, can vary considerably as a function of the degree
of fluorination. The reaction of graphene surface with F was
found to significantly depend on reaction conditions; only 25%
coverage was observed when a single graphene surface is exposed
to XeF2, but full (100%) coverage emerged when both surfaces
were allowed to react with XeF2, with more than 100% coverage
if defects are present.
Here we study the mechanism of fluorination of graphene

by XeF2 in order to elucidate these intriguing experimental
observations. Calculations are carried out with a PAW-PBE
pseudopotential, plane-wave basis and periodic boundary

conditions. The 25% coverage of one surface of graphene may
well be described by successive fluorination at (1, 4) positions of
the phenyl ring unit, whereas the 100% fluorination at both sides
of graphene is elucidated by stepwise addition of XeF2 at (1, 2)
positions facilitated with lower barriers. As an attempt to
understand more than 100% F coverage of graphene due to
defects, we also discuss the effects of a “missing” carbon atom on
the bonding of F atoms on graphene surface, suggesting that two
F atoms may easily bond to a site near the defect with low
reaction barrier (7−9 kcal/mol).

■ COMPUTATIONAL DETAILS

A periodic DFT method (GGA-PBE)44,45 is employed with a
PAW-PBE46 pseudopotential, a plane-wave basis, and 4 × 4 × 1
k-point sampling with gamma point as implemented in the
Vienna ab initio simulation package (VASP)47,48 suite of programs.
In order to construct the graphene layer, we used a supercell
consisting of 50 carbon atoms by adding 5 primitive cells with
lattice constant 2.46 along the a ⃗ and b ⃗ axes with the length of 20 Å
along the c ⃗ axis (see Scheme 1). Using larger cells did not give any
significant changes to the results.
For pre/postreaction complexes, we apply the conjugate

gradient algorithm with ionic relaxation. The density of state is
obtained by employing a 24 × 24 × 1 k-point sampling. The
structures and energies of transition states are obtained by using
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the climbing image NEB (nudged elastic band) model and quick-
minimum algorithm with five images between the pre- and post-
reaction complexes. A smearing Gaussian of half-width 0.02 eV
is applied. Hellman−Feynman forces of <0.02 and <0.1 eV/Å are
employed to obtain the pre/postreaction complexes and the
transition states, respectively. The electronic threshold of 10−7 is
adopted for nonspin polarized calculations with the PREC=high
option, and cutoff of 400 eV is used for pseudopotentials.

■ RESULTS AND DISCUSSION
The structures and energies of graphene−XeF2 prereaction com-
plexes (Pre-1)−(Pre-5) are presented in Figure 1 and Table 1.

The energies of the complexes are very close, the difference being
≤0.3 kcal/mol. The angle ∠F−Xe−F and the distances RXe−F
and RF−F of the prereaction complexes are also quite similar,
the differences mainly being in the RC−F’s. In (Pre-1) XeF2 binds
perpendicular to graphene, whereas in other complexes it binds

more or less parallel to the graphene plane with F atoms
interacting with two different carbon atoms. The RC−F1 distance
(2.946 Å) in (Pre-1) is smaller than those (>3.6 Å) in complexes
(Pre-2)−(Pre-5), probably because the bulky Xe does not
interfere in the interaction between the graphene plane and a
F atom in (Pre-1). The two RC−F’s in (Pre-2)−(Pre-5) are a bit
different, indicating that two F atoms in these complexes do not
bind to the graphene plane in an equivalent fashion as depicted in
the top views in Figure 1. The XeF2 moiety remains essentially
linear in these prereaction complexes.
The profiles and energetics of the reaction between XeF2

and the graphene plane are presented in Figure 2. We find
that (Pre-1) does not lead to fluorination, whereas structures
(Pre-2)−(Pre-5) act as prereaction complexes for bonding of
two F atoms on the surface of graphene with activation barriers
of 21.0−22.6 kcal/mol via a single transition state. We find
that the activation barrier of fluorination from (Pre-3) is lowest
(21.0 kcal/mol), indicating that this process is favored kinetically.
Since the reaction from (Pre-3) is exothermic (ΔER = −1.3
kcal/mol), whereas those from other prereaction complexes
are slightly endothermic (<+4.5 kcal/mol), the reaction from
(Pre-3) is also favored thermodynamically. Due to small dif-
ferences in E‡ andΔER, however, the fluorination processes from
these complexes may compete in comparable ratios.
Structures of the postreaction complexes are also presented in

Table 2 and Figure 2 a. In (Post-2) the two RC−F’s are a slightly
different (1.547, 1.578 Å), whereas they are identical in other
postreaction complexes. The two Xe−F distances are slightly
different (by 0.05−0.086 Å) in each complex. The F−Xe−F
bond is highly bent with an angle of 67.5−108.4°. The positions
of the two F atoms bonding to the graphene plane in the
postreaction complexes are shown in Figure 2 c with their
distances (4.4−5.8 Å) in Table 2. (Post-3) is calculated to be
lowest in energy, while the energies of other postreaction
complexes are higher by 1.8−5.4 kcal/mol.
In Figure 3 we present and compare the density of state

(DOS) of graphene and the graphene−XeF2 postreaction
complex (Post-3) by matching the Dirac points of graphene
and (Post-3) with the Fermi level of (Post-3) as the zero of
energy. The projected DOS shows that the pz state in the
conduction band at the C atom of graphene decreases after the
reaction with XeF2, whereas the px state in the valence band
increases. This indicates that the unoccupied pz state of graphene
takes part in the reaction. On the other hand, the px state does
not change much, because it partakes in C−C bonding as a state
in valence band.
In Robinson and co-workers’ experimental work,30 it was

reported that the coverage of F saturates at 25% when only one
side of graphene surface is allowed to react with XeF2. This
observation may be elucidated by noting in Figure 4 the relative
energies of graphene−F2 as a function of the F−F distance. As
the two F atoms get closer, the energy increases first very slowly
(from (a) to (b), F− F distance decreases from 7.105 to 3.074 Å)
but rapidly increases as the F−F distance decreases to 2.892 Å
in (c). Note that structure (b), in which the two F atoms bind
to carbon atoms in (1, 4) positions, is equivalent to the 25%
F-covered graphene C4F. The results depicted in Figure 4 thus
clearly indicate that fluorination at one surface of graphene favors
F coverage of less than 25%, saturating to C4F.
In Figure 5 we depict the two structures for the 25%-covered

C4F, in which the F atoms bind at (1, 4) positions. Structure
(a) consists of hexagonal cells, whereas the constituting cells in
(b) are square. Robinson and co-workers proposed structure

Scheme 1. Supercell Employed in This Work To Construct
the Graphene Layer

Figure 1. Side and top views of graphene−XeF2 complexes.
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Figure 2. Reaction mechanism (distances in Å) and activation barriers (kcal/mol) of graphene fluorination by XeF2. (a) Reaction profiles, activation
barriers E‡, and energies of reaction ΔER in kcal/mol. (b) Energetics and (c) positions of F atoms in postreaction complexes.

Table 2. Structures (Distances in Å), Energy E (eV), and Relative Energy ΔE (kcal/mol) of Postreaction complexes

RC−F1 RC−F2 ∠F−Xe−F (deg) RXe−F RF−F E ΔE

(Post-2) 1.547 1.578 77.8 3.551/3.559 4.465 −466.37405 5.38
(Post-3) 1.531 1.532 108.4 3.513/3.599 5.770 −466.60716 0
(Post-4) 1.555 1.556 88.66 3.575/3.590 5.009 −466.33699 6.23
(Post-5) 1.532 1.532 67.5 3.574/3.569 3.914 −466.52887 1.81

Table 1. Structures, Energies E (eV), and Relative Energies ΔE (kcal/mol) of Graphene−XeF2 Complexesa

RC−F1 RC−F2 ∠F−Xe−F (deg) RXe−F RF−F E ΔE

(Pre-1) 2.946 − 179.8 2.095/2.095 4.183 −466.56213 0
(Pre-2) 3.631 3.672 179.3 2.070/2.071 4.141 −466.55032 0.27
(Pre-3) 3.755 3.844 179.7 2.072/2.071 4.142 −466.55993 0.05
(Pre-4) 3.735 3.732 179.5 2.071/2.071 4.142 −466.54888 0.31
(Pre-5) 3.719 3.711 179.7 2.070/2.070 4.139 −466.55025 0.27

aDistances in Å.
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(a) as the 25% F-covered graphene C4F, and we also find that this
structure is more stable than (b) by 16.4 kcal/mol. As indicated
in Figure 5 a, this structure may be considered to arise from the
prereaction complexes (Pre-3) and (Pre-4), but not from (Pre-2)
or (Pre-5), with the F atoms located in honeycomb-like fashion.
On the other hand, (b) corresponds to all prereaction complexes
shown in Figure 1, except for (Pre-3).
In the transition state, F3 is closer than F4 to the graphene

plane similarly to [(Post-2)−XeF2]. The activation barrier
(19.4 kcal/mol) of the reaction [(Post-2) + XeF2 → (XeF2−

graphene−XeF2)] is a bit smaller than that for [(Pre-2) →
(Post-2)], whereas for the reaction [(Post-3) + XeF2→ (XeF2−
graphene−XeF2)] it increases from 21.0 for the reaction
[(Pre-3) → (Post-3)] to 22.4 kcal/mol (Figure 6, Table 3).
Although the reaction barrier from [(Post-2)−XeF2] is lower
than that from [(Post-3)−XeF2], the energy of [(Post-3)−XeF2]
is lower than that for [(Post-2)−XeF2] by 6.68 kcal/mol.
In Table 4 and Figure 7 we present four models based on

the [XeF2 + graphene−F2] system to describe the consecutive
reactions of two XeF2 molecules with graphene. In three of these,
XeF2 reacts at (1, 2), (1, 3), (1, 4) positions with [graphene−F2]
that is formed by removing a Xe atom from (Post-2). The
activation barriers for (1, 2), (1, 3), (1, 4) additions are 38.1, 31.7,
24.1 kcal/mol, respectively. Because the (1, 4) addition is
equivalent to the situation depicted in Figure 5 b, the calculated
lowest barrier for this process supports the experimental
observation of 25% F coverage at a single side of graphene.
In the fourth model (designated (1, 4)′ in Figure 7), a pair of
F atoms bind at (1, 4) positions at the graphene surface. The
activation energy (26.9 kcal/mol) is 2.8 kcal/mol larger than that
for (1, 4) addition listed in Table 4, but the energy of the (1, 4)′
prereaction complex is lower than that for (1, 4) addition by
6.25 kcal/mol.
Robinson and co-workers30 reported that graphene can be

fully (100%) fluorinated when both sides of graphene surface are
exposed to XeF2. In order to elucidate this intriguing observation,
we calculate the activation barriers of the reaction of XeF2 at the
opposite side once a graphene surface is already fluorinated, in
order to check whether this facilitates the reaction with XeF2
on the other side. Our results presented in Figure 8 and Table 5
show that the reaction of two XeF2 at the opposite sides of
graphene is consecutive rather than concerted. The process
involves an intermediate, in which a XeF2 molecule has already

Figure 3. Changes in pz and px states due to the reaction of graphene
with XeF2.

Figure 4. Relative energies (kcal/mol) of graphene−XeF2 as a function of F−F distance on the surface of graphene.

Figure 5. Structure (b) (bonding of two F atoms at (1, 4) positions) in Figure 4 is equivalent to 25% F-covered graphene, C4F.
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reacted with a graphene surface, while another XeF2 binds with
the other side of graphene, ready for reaction. The reaction of
XeF2 with graphene in the first step [PRE→ (TS-1)→ INTER]
is very similar to the reaction of (Pre-2) depicted in Figure 2 a,

with the activation barrier (21.7 kcal/mol) slightly higher (by
0.3 kcal/mol) than for the latter process. The bonding of two
F atoms in the transition state (TS-1) is asymmetric as in the case
of the reaction from (Pre-2). On the other hand, the activation
barrier for the second step [INTER→ (TS-2)→ POST] is very
low (12.7 kcal/mol), clearly indicating that the presence of a
XeF2 already bonding with graphene significantly facilitates the
reaction of another XeF2 molecule at the other side of graphene,
with the nearest F atoms being in (1, 2) positions.
The bond distances RF1−C and RF2−C in the intermediates in

(1, 2) and (1, 3) additions of two F atoms at opposite sides of
graphene presented in Table 5 and Table 6, respectively, are
quite similar, with differences <0.002 Å. This indicates that the
positions of the second XeF2 do not significantly affect the first
(already reacted) XeF2. This may also be verified from the very
similar energies of the two intermediates (the difference is only
0.548 kcal/mol).
As the second highly bent (∠F3−Xe−F4 = 119.5°) XeF2

approaches [graphene−XeF2] in asymmetrical fashion in the
transition state (TS-2), the RF1−C (RF2−C) distance decreases
from 1.545 (1.579) to 1.519 (1.532) Å. The average F−C
distance (1.559 Å) in (1, 3) added XeF2−graphene−XeF2 is
larger than that (1.462 Å) in the (1, 2)-added case. The activation
barriers in the first [PRE → (TS-1) → INTER] and second
[INTER→ (TS-2)→ POST] steps in this (1, 3) addition of two
F atoms at opposite sides of graphene depicted in Figure 9 are
21.1 and 24.1 kcal/mol, respectively, a bit smaller than that (E‡ =
24.7 kcal/mol) in a (1, 4) addition of two F atoms on a single
surface of graphene presented in Figure 7. It seems, however, that
this process of (1, 3) addition at opposite sides of graphene is not
favorable thermodynamically, because it is highly endothermic
(overallΔER = 14.7 kcal/mol). Although the successive fluorina-
tion at (1, 4) positions would not lead to 100% coverage of the
two sides of graphene (it leaves some C atoms not bonding to F),
we also study its mechanism and activation barriers to see
whether it may contribute in part to the whole process. Figure 10
and Table 7 give the structures of pre/postreaction complexes
and intermediate and transition states. The (1, 4) fluorination is a
bit more advantageous both thermodynamically and kinetically
over the (1, 3) process, with its barrier of 20.3 and 20.6 kcal/mol
for the first and second reaction with XeF2 and the reaction
energy of−16.9 kcal/mol. It is, however, still much less favorable
than the (1, 2) fluorination depicted in Figure 8. Therefore, we
conclude that the 100% coverage of graphene by F atoms occurs
via (1, 2) addition rather than (1, 3) or (1, 4) addition of F atoms.
Effects of the defects and imperfections are of great interest in

relation to the physicochemical properties of graphene. Chemical
environment near the defects would certainly differ from that of
the perfect graphene surface, affecting the reactivity and electrical

Figure 6.Mechanism and activation barriers of consecutive reactions of
XeF2 from the postreaction complexes (Post-2) and (Post-3).

Table 3. Comparison of Model Structures of C4F Resulting from Consecutive Reaction of XeF2 from the Postreaction Complexes
(Post-2) and (Post-3)a

E ΔE RC−F1 RC−F2 RC−F3 RC−F4 ∠F1−Xe1−F2(deg) ∠F3−Xe2−F4 (deg)

(Post-2)−XeF2
PRE −471.39311 0 1.553 1.560 4.014 3.867 79.5 179.2
TS −470.55379 19.36 1.521 1.497 2.014 3.379 73.9 144.9
POST −472.10472 −16.41 1.519 1.481 1.481 1.519 72.4 73.8

(Post-3)−XeF2
PRE −471.68274 0 1.535 1.525 4.048 3.959 101.0 179.5
TS −470.71002 22.43 1.507 1.489 2.180 2.831 99.7 135.8
POST −472.48214 −18.43 1.510 1.481 1.480 1.510 98.7 104.9

a Energy E in eV, relative energy ΔE in kcal/mol, and bond lengths in Å.
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properties of graphene. In Robinson and co-workers’ experi-
mental work,30 it was briefly commented that graphene may be
oversaturated (more than 100% covered) by F due to defects or
imperfections, presumably via C−F2 type bonding. We treat the
simplest type of defect and its effects on graphene fluorination
by examining the reaction with XeF2 near the site of a missing
carbon atom on graphene surface.
In Figure 11 a, we present the reaction of XeF2 at sites near

a missing C of graphene. We find that the reaction with XeF2
molecules proceeds very easily (E‡ = 8.7 kcal/mol), as expected
from the deficient valence of carbon atoms at the binding site.
The defective graphene is constructed by removing a carbon
atom from C50. Figure 11 a shows that a carbon atom near the
defect is a bit displaced from the plane of graphene. The RF1−C
and RF2−C distances in the prereaction complex are 3.518 and
3.592 Å, respectively, somewhat shorter than those in (Post-3).
In the transition state, RC−F1 and RC−F2 are 2.258, 3.451 Å,
respectively, indicating that XeF2 binds asymmetrically. In the

Table 4. Energetics of the Reaction XeF2 + Graphene−F2
a

E ΔE RF1−C RF2−C RF3−C RF4−C ∠F3−Xe−F4 (deg)

(1, 2)
PRE −471.46280 0 1.531 1.617 4.811 4.842 177.7
TS −469.81286 38.05 1.463 1.484 2.416 2.893 112.7
POST −472.15521 −15.97 1.456 1.454 1.453 1.457 75.7

(1, 3)
PRE −471.44204 0 1.544 1.579 4.056 4.065 177.1
TS −470.06573 31.74 1.490 1.498 2.636 2.211 111.6
POST −470.67531 17.68 1.523 1.540 1.525 1.542 75.2

(1, 4)
PRE −471.46081 0 1.583 1.554 4.064 4.052 178.1
TS −470.95967 24.13 1.494 1.519 1.883 3.562 143.8
POST −472.27577 −18.79 1.481 1.486 1.453 1.482 74.1

(1, 4)′
PRE −471.73168 0 1.556 1.526 3.892 4.044 179.0
TS −470.56444 26.92 1.488 1.502 3.178 2.035 138.3
POST −471.84772 −2.68 1.486 1.519 1.520 1.485 101.5

aEnergy E in eV, relative energy ΔE in kcal/mol, and bond lengths in Å.

Figure 7. Profiles of the reaction [XeF2 + graphene−F2]. Energy in kcal/mol.

Figure 8. Profile and energetic of the reaction of two XeF2. Two nearest
F atoms are at (1, 2) positions at opposite sides of graphene. Energy in
kcal/mol and bond lengths in Å.
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postreaction complex, the F atom is oriented obliquely toward
the missing C, with RC−F1 of 1.351 Å. The reaction is highly
exothermic (ΔER = −66.6 kcal/mol).
Figure 12 depicts the reaction of XeF2 with graphene in which

three F atoms have already been added at sites near the missing C
atom. As a result of the reaction with XeF2, one of the carbon

atoms nearest to the defect now binds with two F atoms. The
activation barrier (7.1 kcal/mol) is very low, and the reaction is
highly exothermic again (ΔER = −28.0 kcal/mol). Bonding with
two F atoms makes the local structure at the C site essentially
tetrahedral, exhibiting the sp3 type of bonding. The structure of
oversaturated graphene C49F50 is depicted in Figure 13.

Table 5. Structures in the Reaction of Two XeF2 with Both Sides of Graphenea

E ΔE RF1−C/RF2−C RF3−C/RF4−C RF1−Xe/RXe−F2 RF3−Xe/RXe−F4 ∠F1−Xe−F2 (deg) ∠F3−Xe−F4 (deg)

PRE −471.60700 0 3.704/3.697 3.499/3.676 2.070/2.069 2.070/2.071 179.6 179.6
(TS-1) −470.66535 21.7 2.029/2.939 3.589/3.690 2.880/2.540 2.068/2.068 120.1 179.4
INTER −471.45891 3.4 1.543/1.580 3.623/3.767 3.562/3.549 2.070/2.070 78.2 179.6
(TS-2) −470.90862 16.1 1.521/1.536 2.190/3.356 3.651/3.529 2.511/2.331 75.2 146.1
POST −473.54475 −44.7 1.466/1.459 1.455/1.467 3.599/3.620 3.706/3.485 73.3 73.6

aEnergy E in eV, relative energy ΔE in kcal/mol, and bond lengths in Å. Two nearest F atoms are in (1, 2) positions at the opposite sides of
graphene.

Table 6. Structures in the Reaction of Two XeF2
a

E ΔE RF1−C/RF2−C RF3−C/RF4−C RF1−Xe/RXe−F2 RF3−Xe/RXe−F4 ∠F1−Xe−F2 (deg) ∠F3−Xe−F4 (deg)

PRE −471.60219 0 3.703/3.700 3.536/3.701 2.069/2.070 2.071/2.071 179.8 179.7
TS1 −470.68663 21.1 1.969/3.028 3.634/3.742 2.868/2.532 2.066/2.067 123.5 179.1
INTER −471.43513 3.9 1.545/1.579 3.686/3.520 3.561/3.552 2.066/2.068 78.2 179.4
TS2 −470.39124 27.9 1.519/1.532 2.631/2.348 3.568/3.548 2.683/2.739 76.6 119.5
POST −470.96343 14.7 1.548/1.566 1.551/1.571 3.547/3.517 3.598/3.618 77.4 74.5

aThe two nearest F atoms are in (1, 3) positions at opposite sides of graphene. Energy E in eV, relative energy ΔE in kcal/mol, and bond lengths in
Å.

Figure 9. Profile and energetics of the reaction of two XeF2. The two
nearest F atoms are in the (1, 3) positions at opposite sides of graphene.
Energy in kcal/mol and bond lengths in Å.

Figure 10. Profile and energetics of the reaction of two XeF2. The two
nearest F atoms are in the (1, 4) positions at opposite sides of graphene.
Energy in kcal/mol and bond lengths in Å.

Figure 11. Mechanism and energy profile of the reaction C49 + XeF2
near a missing C atom of graphene.

Figure 12. Mechanism and energy profile of the reaction C49F3 +
XeF2.
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■ CONCLUSION
Our findings for the underlying mechanism of different coverage
(25% at one side, full coverage at both surfaces of graphene and
the effects of a defect) describe the process of graphene
fluorination in molecular detail. Mechanistic study such as that
presented here would be very helpful for understanding the
nature of interactions and reactions on metal, semiconductor,
and graphene surfaces. Fluorination of graphene has also proved
to be instrumental for modifying and functionalizing graphene
with a variety of bio/organic molecules. Further works, both
experimental and theoretical, on this interesting subject would be
highly desirable.
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