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deposition of the second SAM component over 12
hours; sharp pattern features were produced even
in this case, arguing against diffusion or dis-
solution of the original lift-off pattern.

We investigated the time needed for the contact-
induced chemical reaction at the stamp-substrate
interface by examining 1-min versus 5-min con-
tact times between oxygen plasma—treated PDMS
stamps and hydroxyl-terminated, alkanethiol-coated
Au surfaces. Features were transferred even with
1-min contact times; however, shorter contact
times resulted in poor features produced after wet
etching. Additionally, pattern transfer was main-
tained with short SAM deposition times. Hydroxyl-
terminated alkanethiol SAMs formed during
1 hour of deposition were found to provide good
transfer of stamp features to Au substrates, com-
parable to transfer obtained from SAMs formed
overnight. These findings demonstrate advantages
associated with short contact and SAM formation
times for facilitating robust, expeditious, and high-
throughput patterning by CLL. Ultimately, limits
for SAM deposition and stamp contacts times
will depend on the specific molecules used for
SAM formation.

With this method, conventional nanolitho-
graphic patterning techniques such as photoli-
thography and electron-beam lithography need
only be used for the fabrication of stamp master
molds. Once individual masters are produced,
CLL can be implemented as a strategy for high-
resolution, high-throughput, low-cost pattern fab-
rication. Because CLL enables patterns to be
transferred to underlying substrates and can be
used in a multiple-stamping strategy to produce
patterns that are smaller than the actual stamp
features, possible applications of CLL include the
production of high-fidelity nanometer-scale pat-
terns on Au substrates, as well as patterning of
different materials such as Si, Ge, Pd, Pt, and
graphene.
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Pulsating Tubules from
Noncovalent Macrocycles

Zhegang Huang,»? Seong-Kyun Kang,* Motonori Banno,? Tomoko Yamaguchi,?
Dongseon Lee,* Chaok Seok,* Eiji Yashima,? Myongsoo Lee*

Despite recent advances in synthetic nanometer-scale tubular assembly, conferral of dynamic
response characteristics to the tubules remains a challenge. Here, we report on supramolecular
nanotubules that undergo a reversible contraction-expansion motion accompanied by an inversion
of helical chirality. Bent-shaped aromatic amphiphiles self-assemble into hexameric macrocycles
in aqueous solution, forming chiral tubules by spontaneous one-dimensional stacking with a
mutual rotation in the same direction. The adjacent aromatic segments within the hexameric
macrocycles reversibly slide along one another in response to external triggers, resulting in
pulsating motions of the tubules accompanied by a chiral inversion. The aromatic interior of the
self-assembled tubules encapsulates hydrophobic guests such as carbon-60 (Cg(). Using a thermal
trigger, we could regulate the C¢o-Cgo interactions through the pulsating motion of the tubules.

elf-assembly of small molecular modules
into tubules with hollow cavities is a key
structural feature of living systems, as ex-
emplified by tobacco mosaic virus and cytoplas-
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mic microtubules (/, 2). Inspired by the biological
systems, numerous efforts have been devoted to
the design of synthetic building blocks that can
form such hollow nanostructures through orches-
trated interplay of various noncovalent interac-
tions (3). Synthetic tubules have previously been
fashioned by self-assembly of lipid molecules (4),
aromatic amphiphiles (5-9), and oligopeptides
(10-12). The stacking of ring-shaped compounds
is an alternative way to construct tubular structures
(13, 14). An example is provided by doughnut-
like toroidal proteins that stack on top of one
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another, triggered by disulfide bond formation to
create stable nanotubes (75, /6). Nonetheless, in-
tegration of dynamic response characteristics into
synthetic tubules is limited. Stimuli-responsive
action is known to occur in protein rings in vivo,
but their one-dimensional (1D) fixation into tu-
bules normally requires chemical reactions in-
compatible with dynamic motion (/5—17). Lipid
tubules face similar challenges because exter-
nal triggers lead to the collapse of their internal
cavities due to poor aggregation stability (4).
The tubules formed by stacking of covalent macro-
cycles normally require hydrogen bonds too in-
flexible to undergo dynamic structural changes
without breaking (17, 13).

The approach to tubule design presented here
overcomes these limitations through creation
of noncovalent aromatic macrocycles in which
adjacent aromatic segments can slide with re-
spect to one another in response to external trig-
gers. The noncovalent macrocycles spontaneously
stack on top of each other to form a tubular struc-

ture with a hydrophobic interior in aqueous solution.
The resulting tubules undergo a drastic contraction
of ~50% in internal volume upon heating, with
chirality inversion, through the sliding motion be-
tween the neighboring aromatic segments within
the macrocycles. The aromatic interior of the tubules
can encapsulate fullerene molecules during assem-
bly, some of which are released upon contraction
by heating.

The self-assembling molecules that form this
aggregate consist of a bent-shaped aromatic seg-
ment with an internal angle of 120° and a hydro-
philic oligoether dendron grafted at its apex (Fig.
1A). Molecule 1 self-assembles into the hollow
tubules in dilute aqueous solutions. Transmission
electron microscopy (TEM) showed elongated
objects with an external diameter of 7 nm and a
hollow interior with a diameter of 3 nm (Fig. 1B).
A few toroids, albeit rare, could be observed in
the images. The diameters of the toroids are iden-
tical to those of the tubules, suggesting that the
tubules originated from toroidal stacking. Dy-

namic light scattering (DLS) experiments with a
0.002 weight percent (wt %) aqueous solution of
1 showed the concentration-independent hydro-
dynamic radius to be ~145 nm, which is consist-
ent with the TEM results (fig. S2, A and B).
Optical spectra of 1 displayed a blue-shifted
absorption maximum and reduced fluorescence
intensity in water compared with chloroform
solutions, indicative of H-type stacking of the
aromatic segments (Fig. 1C). Circular dichroism
(CD) spectra of the aqueous solutions showed a
significant Cotton effect above certain concen-
trations (0.002 wt %) in the spectral range of the
aromatic units, indicating that the tubules adopt a
one-handed helical structure (fig. S2C). To gain
insight into the primary structure of the aggre-
gates, we conducted vapor pressure osmometry
(VPO) measurements in dioxane in the concen-
tration range of 12 to 35 g/kg (sample/solvent).
The molecular weight of the primary aggregate
was measured to be 10.5 kD, six times as large as
that of the single molecule (1841 D) (fig. S2D).

Fig. 1. (A) Molecular structure of bent-shaped rod
amphiphiles. (B) A TEM image of 1 from 0.01 wt %
aqueous solution (scale bar, 50 nm). (C) Absorp-
tion and emission spectra of 1 in CHCl; (black and
solid line) and in aqueous solution (red and dashed
line). (D) A TEM image of 2a from 0.002 wt %
aqueous solution (scale bar, 50 nm). (E) Absorp-
tion and emission spectra of 2a in CHCl; (black
and solid line) and in aqueous solution (red and
dashed line).
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These observations, together with inspection of
CPK models, indicate that 1 self-assembles via a
fully overlapped packing arrangement into the
hexameric macrocycles, which, in turn, stack on
top of each other with mutual rotation in a single
direction to form helical tubules.

‘We envisioned that introduction of a pyridine
unit on the concave side of the apex of the bent-
shaped aromatic segment might induce adjacent
molecules to slide into a looser packing arrange-
ment because pyridine is well-known to form
water clusters through hydrogen bonding (18, 79).
In this context, we prepared 2a containing a pyr-
idine unit at its valley position. DLS experiments
with dilute aqueous solutions (0.002 wt %) in-
dicated formation of discrete aggregates with a
diameter of ~12 nm (fig. S3A). The aggregate
structure was visualized by TEM (Fig. 1D). When
the sample was cast from the solution and then
negatively stained with uranyl acetate, the image
showed toroidal objects with a uniform diameter
of 11 nm and an internal cavity 4 nm in diameter.
To further confirm the formation of the toroids,
we performed atomic force microscopy (AFM)
measurements of the samples prepared by drop
casting of the aqueous solution (0.002 wt %) on a
mica surface (fig. S3C). The image clearly re-
vealed toroidal objects 3.4 A in height, demon-
strating that the toroidal objects are single stacks
of'the hexameric macrocycles. In great contrast to
1, the absorption maximum of 2a in water is red-
shifted and the fluorescence intensity apparent-
ly enhanced with respect to those observed in
chloroform solutions, indicative of J-type stack-
ing of the aromatic segments (Fig. 1E) (20). All
these observations indicate that 2a self-assembles
into expanded hexameric macrocycles through a

A
40
—0.002 wi%
—0.004 wt%
20f —0.006 w1%
)
[
k-]
E
a
o
-60
250 200 350 400
Wavelength (nm)
C D
)
(7]
°
E
(=]
o .
2a

200 250 400

Wavelength (nm)

Fig. 2. (A) CD spectra of 2a in aqueous solution at various concentra-
tions. (B) TEM image of 2a from 0.01 wt % aqueous solution prepared
at 60°C (scale bar, 100 nm) (Inset) Prepared at room temperature. (C)
Temperature-dependent CD spectra of 2a (0.01 wt %) in aqueous solution.
(D) AFM phase images (scale = 60 by 35 nm) of 2D self-assembled right-
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slipped packing arrangement between the aromat-
ic segments. The expansion of the noncovalent
macrocycles is reflected in increased dimensions
of both external and internal diameters compared
with that of 1 (Fig. 1D). This expansion of the
hexameric macrocycles could be explained by
considering the formation of water clusters at
the pyridine unit of the v-position of 2a. To cor-
roborate the formation of water clusters at the
pyridine unit, we prepared model compound 7a
(2,6-dibromo pyridine derivative). Proton nuclear
magnetic resonance ("H-NMR) measurements
of 7a showed that the proton signals associated
with the pyridine are downfield-shifted when the
solvent is changed from CDCl; to D,O/H,0, in-
dicating the formation of hydrogen bonds with
H,O at the pyridine unit (fig. S3E). The water
cluster enforces slipping of adjacent aromatic seg-
ments into a looser packing arrangement to re-
duce steric crowding at the valley position of the
internal cavity. The sliding motion between the
adjacent aromatic segments gives rise to the for-
mation of the expanded hexameric macrocycles
with an increase in external diameter from 7 to
11 nm.

The expanded macrocycles undergo supra-
molecular polymerization with increasing con-
centration by stacking on top of each other with
mutual rotation in the same direction to form
clongated helical tubules. DLS measurements
showed that hydrodynamic radius increases, with
increasing concentration within this range of con-
centration (fig. S4A). The TEM image of the so-
lution with a concentration of 0.02 wt % revealed
the formation of elongated tubules with an ex-
ternal diameter of 11 nm and internal diameter of
4 nm (Fig. 2B, fig. S5A). These results demon-

Side view

6.5 nm

wu (¢
wu ¢¢

2b

Spore = 14.5 nm?
Vipore = 6.2 nm?

handed 2a (left) and left-handed 2b (right) on HOPG. (E) Schematic
representation of reversible switching of the tubules between expanded
and contracted states with chirality inversion. Sy, cross-sectional area of
hollow pore in a slice of the macrocycles; Vpore, volume of hollow pore in a
slice of the macrocyles).
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strate that the diameters of the hexameric macro-
cycles are conserved even after supramolecular
polymerization. This is also reflected in the un-
altered optical spectroscopic features after trans-
formation into the tubules; that is, preservation
of the slipped packing arrangement of the aro-
matic segments (fig. S4C). CD spectra show
increased intensity with increasing concentra-
tion, indicative of helical stacking of the macro-
cycles with a preferred handedness (Fig. 2A).
Assemblies derived from the enantiomer 2b dis-
play opposite CD signals with a mirror-image
relationship (fig. S4D), indicating that the molec-
ular chirality is transferred to the self-assembled
structure (217, 22).

The formation of hollow tubules with oligo-
ether dendritic exterior and pyridine interior sug-
gested that aqueous solutions of 2a would exhibit
thermoresponsive behavior, because the ethylene
oxide chains and the pyridine units undergo ther-
mally regulated dehydration upon heating (23).
This dehydration was confirmed by temperature-
dependent "H-NMR measurements with a refer-
ence 7a (fig. S5C). The resonances associated
with pyridine units shifted upfield, and those of
the ethylene oxide chains broadened, together
with a decrease in intensity upon heating above
55°C, clearly demonstrating the loss of hydrogen
bonding interactions between pyridine nitrogens
or ether oxygens and water molecules. The de-
hydration process could allow sliding of the aro-
matic segments from the slipped arrangement
into the fully overlapped motif to maximize aro-
matic -7 stacking interactions. This packing
consideration is reflected in the blue-shifted ab-
sorption maximum and fluorescence quench-
ing upon heating (fig. S6, A and C). We believe

Spore = 7.1 nm?

Viors =3-Lnm>
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that the observed spectral changes are the result
of a fully overlapped H-type packing arrange-
ment of the aromatic segments (20). To confirm
this molecular rearrangement upon heating of the
tubular structure, we carried out TEM experiments.
On heating to 60°C, the tubular structure was
retained (Fig. 2B). However, the diameter dras-
tically decreased upon heating. The density pro-
file taken perpendicular to the long axis of the
tubule showed the external and internal diame-
ters to be 7 and 3 nm, respectively, indicative of
a 47% reduction in cross-sectional area of the
internal cavity with respect to that at room tem-
perature (fig. S5, A and B). This size change,
together with all the spectral changes, is fully re-
versible on cooling and subsequent heating
cycles. We conclude from these experimental re-
sults that this reversible contraction of the tubules
results from the molecular rearrangement through

Top view

Side view

a sliding motion between the adjacent aromatic
segments.

Notably, this expansion-contraction motion
of the tubules is accompanied by chirality inver-
sion (Fig. 2C). The CD spectrum of 2a showed a
strong signal with a negative Cotton effect at
369 nm, the absorption wavelength of the aro-
matic unit, indicating the formation of a helical
superstructure with a preferred handedness. Upon
heating, however, the CD signal was inverted
from the negative minimum to a strong positive
Cotton effect, indicating that the helical sense
switches to opposite-handedness (24, 25). The
CD signal with a negative minimum decreases
gradually up to 45°C and is completely reversed
to a positive Cotton effect upon further heating.
The maximum wavelength was blue-shifted, and
the maximum intensity of the CD signal was
identical but with an opposite Cotton effect from

Left-handed

Fig. 3. Molecular dynamics simulations. (A to C) Orientation of the dendritic
coil in (A) the helical axis plane, (B) the macrocyclic plane of the expanded
state, and (C) the macrocyclic plane of the contracted state. (D and E) Rep-
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the room temperature signal, demonstrating that
the tubules have highly dynamic helicities in re-
sponse to temperature (fig. S7A). This positive
Cotton effect is the same as that in the temperature-
independent CD signal of 1, suggesting that the
tubule of 2a at higher temperatures adopts the
same sense of helicity as 1 (fig. S7C). This result
demonstrates that the hexameric macrocycles
stack in the identical helical sense when they are
based on fully overlapped arrangements of the
aromatic segments (H-type packing).

To corroborate the handedness of the helical
tubules, we performed AFM experiments with
2a and 2b on highly oriented pyrolytic graphite
(HOPG) in the completely dried state. The images
revealed bundles of rod-like aggregates with a
diameter of ~7 nm (fig. S8), suggesting that the
rods on the HOPG surface correspond to the con-
tracted tubules derived from the H-type aggre-

Right-handed

resentative images of top and side views of the (D) expanded and (E) contracted
forms of helical tubules obtained from the simulations. Pyridine nitrogen atoms
are represented as colored spheres.
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gation in aqueous solution. Indeed, the solution
CD signals observed at room temperature inverted
to opposite signs upon complete drying (fig. S9).
The magnified image of tubules comprising 2a
(Fig. 2D, left) revealed a right-handed helical struc-
ture with a pitch of 3 nm that is the mirror image of
the tubules comprising 2b (Fig. 2D, right). This
mirror image relationship is consistent with the
CD results. In contrast with contracted tubules
on HOPG, elongated objects with a diameter of
11 to 12 nm probably corresponding to the ex-
panded state (J-type packing) were observed
when aqueous solutions of 2a and 2b were cast
on hydrophilic mica substrates. Although we had
difficulty observing clean helical structures on the
objects, most likely due to their soft and hydrated
surfaces, the mirror-image helices formed through
the enantiomers in the expanded state were also
observed in part (fig. S10, C and D).

Molecular dynamics simulations of 2a using
the GROMACS 4 program supported attribu-
tion of the chirality inversion to an orientation-
al change with temperature of the dendritic
chains on the tubule exterior (Fig. 3). According
to the calculations, the expanded macrocycles
stack on top of each other with mutual rotations
at an angle of —10° in the same direction to give

rise to left-handed helical tubules, whereas the
contracted macrocycles twist +6° to give right-
handedness (Fig. 3). The observed inversion of
helical handedness seems to result from two
independent orientations of the dendritic moi-
eties with respect to both the helical axis and
macrocycle plane (fig. S11). Due to the chiral-
ity of the ethylene oxide chain, the oligoether
dendron adopts an upward orientation irrespec-
tive of the expanded or contracted motif (Fig.
3A). However, the dendritic segments adopt dif-
ferent orientations with variation of the diam-
eter of the helical tubule along the macrocycle
plane. In the expanded motif, there are mar-
ginal spaces outside of the aromatic rings that
the dendrimers occupy, resulting in steric repul-
sions between bulky dendritic segments on the
left side of each vertex (Fig. 3B). To relieve the
steric repulsions without sacrificing m-stacking
interactions between the rods, the upper-layered
macrocycles rotate clockwise to form left-handed
helical tubules (Fig. 3D). However, in the con-
tracted motif, the closely stacked macrocycles
crowd out the dendrimers from the marginal
space leading to steric crowding on the right side
of each vertex (Fig. 3C). This spatial requirement
induces the upper-layered macrocycles to rotate

Fig. 4. Encapsulation of fullerenes A B
within the tubular cavities. (A) Fluo- aaal
rescence spectra (A, = 380 nm) of "
2a in aqueous solution (0.05 wt %) .
without Cgo and with 0.1 to 1.2 equiv. *
Cgo. The inset shows the variation 5. 501 W o 8
of emission intensity at 450 nm. (B) z. 90 04 08 12 E
Ultraviolet-visible (UV-vis) spectra of g Cone. (eq.) §
2a and 2a+Cgg in aqueous solution. =40 2
The inset shows 10x magnified visi-
ble region. (C) UV-vis spectra of 2a
in aqueous solution with 0.4 equiv. 0
Ceo- (D) Reversible absorbance change 400 420 500 550 600
of Cgo insidg tybular cavity upon tem- Wavelength (nm)
perature variation. (E) Schematic repre- c D
sentation of the regulation of Cgo-Ceo
interactions within the tubular cavities —25°C
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counter clockwise, giving rise to right-handed
helical tubules (Fig. 3E).

This dynamic motion of the tubules can be
accompanied by packing variations of encap-
sulated hydrophobic guest molecules (Fig. 4).
The tubules with aromatic cavities can take up
Cgp molecules through hydrophobic interactions
during assembly. Upon addition of Cg to the so-
lution of 2a, the fluorescence intensity was con-
siderably suppressed (Fig. 4A), indicating that
Ceo was effectively encapsulated within the hy-
drophobic interior of the tubules (26, 27). The
fluorescence intensity decreased with an increase
in fullerene content up to a certain point [0.8 equiv-
alent (equiv.)], beyond which the fluorescence
did not change upon further fullerene addition to
the solution (Fig. 4A). Therefore, the maximum
amount of Cgq loading per bent-shaped molecule
can be considered 0.8 equiv. On heating, a portion
of the Cgo guest population was released from
the tubular interior due to the shrinkage of the
tubules. The absorption intensity corresponding to
Cgo decreased to 0.4 equiv., indicating that 0.4 equiv.
of Cg escape from the tubular interior through
contraction (fig. S12). Subsequent cooling of the
supernatant to room temperature led to a color
change from dark to pale yellow, with considerably

4

800
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T T T
400 500 600

300 700
Wavelength (nm)
65 °C
25 °C
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reduced absorbance at 452 nm (Fig. 4C), indicat-
ing that Cg-Cgp interactions are diminished due
to expansion of the internal volume (28). The ab-
sorbance and solution color immediately recover
to those of the contracted state upon subsequent
heating, indicating that the breathing motion of
the tubules leads to a reversible switch between
tight and loose packing of the fullerenes within
the tubular cavity (Fig. 4, D and E).
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A Crystalline Singlet
Phosphinonitrene: A Nitrogen
Atom-Transfer Agent

Fabian Dielmann,™? Olivier Back,* Martin Henry-Ellinger,? Paul Jerabek,?

Gernot Frenking, Guy Bertrand™?*

A variety of transition metal—nitrido complexes (metallonitrenes) have been isolated and studied
in the context of modeling intermediates in biological nitrogen fixation by the nitrogenase
enzymes and the industrial Haber-Bosch hydrogenation of nitrogen gas into ammonia. In contrast,
nonmetallic nitrenes have so far only been spectroscopically observed at low temperatures,
despite their intermediacy in a range of organic reactions. Here, we report the synthesis of a
bis(imidazolidin-2-iminato)phosphinonitrene, which is stable at room temperature in solution and
can even be isolated in the solid state. The bonding between phosphorus and nitrogen is
analogous to that observed for metallonitrenes. We also show that this nitrido phosphorus derivative
can be used to transfer a nitrogen atom to organic fragments, a difficult task for transition

metal—nitrido complexes.

eactive intermediates play a central role
Rin modern chemistry (/). The isolation

of stable analogs has facilitated a better
understanding of the reaction mechanisms and, in
some cases, has given rise to distinct applications,
as illustrated by the recent developments in car-
bene chemistry (2—7). However, there are still
many families of reactive intermediates that
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have eluded the synthetic skills of investigators:
Among these are nitrenes (8, 9), the nitrogen
analogs of carbenes, which are compounds with
a neutral monocoordinate nitrogen atom featuring
either a lone pair and two singly occupied non-

bonding orbitals (a triplet state) or two lone pairs
and an accessible vacant orbital (a singlet state).
These highly reactive electron-deficient species
are involved in many reactions of synthetic in-
terest such as CH-insertion, ring expansion, and
aziridination processes but have never been
isolated, with the exception of metallonitrenes
A (Fig. 1A) (10-14). The latter can also be re-
garded as transition metal-nitrido complexes
(L,MN, where L is a ligand, and M is a metal),
because one of their contributing resonance struc-
tures features a metal-nitrogen multiple bond.
An M-N ¢ bond is formed from the interaction
between an orbital of ¢ symmetry on the metal
and a p. or sp-hybrid orbital of the nitrogen
atom. In addition, © bonds can be formed via
overlap of the nitrogen p, and p, orbitals with
appropriate orbitals of © symmetry on the me-
tal. Overall, a metal-nitrogen bond order of three
is possible.

The most stable nonmetallic nitrenes are
the aminonitrenes B (Fig. 1B). The N-(2,2,5,5-
tetramethylpyrrolidyl)nitrene (B1) and N-(2,2,6,6-
tetramethylpiperidy1)nitrene (B2) (Fig. 1B)
discovered by Dervan and co-workers (/5-18)
are sufficiently long lived in solution at —78°C
to permit spectroscopic characterization and pu-

Fig. 1. Metallo- (A),
amino- (B), and phosphino-
(C) nitrenes (left) and their
respective metal nitrido,
1,1-diazene, and phospho-
rus nitrido resonance forms
(right). Aminonitrenes B1
and B2 are stable at low
temperature.
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