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An electron acceptor and a donor of perylene diimide
dyes (4a, 4b) were synthesized in an effective way. And
the m— interactions between perylene diimide dyes
were discussed in solution and in solid state. The
existence of weak m—m interactions in 4a, 4b and their
mixture was confirmed with UV/vis and fluorescence
spectra in dilute solution. Furthermore, the TH-NMR
studies displayed strong m-m interactions in concen-
trated solution. The packing behavior in solid state was
discussed with solid state fluorescence, confocal fluor-
escence micrograph, scanning electron microscopy and
powder X-ray diffraction, indicating stronger intermole-
cular interactions of 4a—4b than that of 4a—4a or 4b-4b.

Keywords: Perylene diimide; w—1 Interactions; Self-assembly

INTRODUCTION

Non-covalent supramolecular interactions such as
aggregation play a major role in controlling
molecular organization in materials and an in
depth knowledge of these interactions is funda-
mental for predicting their structure-property
relationships [1-4]. With a planar m surface, the
perylene-3,4,9,10-tetracarboxidiimide (PDI) has
attracted recent interest in self-organization because
it can be conveniently prepared and forms ordered
structures [5-11]. In addition, as the significant n-
type semiconductor, PDI possess brilliant colors,
particularly promising optical properties, and out-
standing chemical, thermal, and photochemical
stability [12-15]. In the perylene tetracarboxylic
diimide aggregation, the weak interactions directing
the self-organization process come mainly from m—m
molecular orbital overlaps [16]. Although the
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stacking of the planar m-systems of perylene diimide
dyes is well documented in solution and in the
crystal structures of the perylene pigments through
UV /Vis, fluorescence studies and other calculation
methods such as the Gibbs aggregation energies
[17-22], the m—m interactions and packing behavior
between two different perylene pigments haven’t
been discussed and the role of molecular packing in
determining solid state fluorescence and structral
characters of organic molecules is an area that is still
not well understood. In this paper an electron donor
of 1,7-Bis (N-pyrrolidinyl)-N,N'-dicyclohexyl peryl-
ene-3,4,9,10-tetracarboxylic diimide and an electron
acceptor of 1,7-Bis(p-tert-butylphenoxy)-N,N’-Di-
cyclohexyl perylene-3,4,9,10-tetracarboxylic diimide
were chosen as building blocks. Herein, we report
the synthesis and packing behavior of two dyes in
solution and solid states.

RESULTS AND DISCUSSION

Synthesis

For the preparation of soluble substituted perylene
diimide dyes at the carbocyclic scaffold in the so-
called bay-area (position 1, 6, 7, and 12), like
compound 4, one strategy proved to be successful.
By this approach, the bromination of perylene
bisanhydride 1 at the bay-area was carried out
firstly. Then nucleophiles containing oxygen or
nitrogen such as phenol or pyrrolidine were
incorporated by nucleophilic displacement of bro-
mine substituents to afford disubstituted derivative,
which further was treated with corresponding
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SCHEME 1

aromatic or aliphatic amine in solvent catalyzed with
Lewis acid to yield the target compounds [9,10,23-
25]. However, owing to the poor solubility, the
significant dibromo product was obtained with
unreasonable yield in bromination step. Usually
containing excessive mono- and tribrominated
byproducts, the resulting mixture obtained in
bromination step was used directly in next step
without isolation. Therefore, the isolation of disub-
stituted derivative from mono- and trisubstituted
derivatives was even more difficult in next step.

By our strategy (Scheme 1), 1 was refluxed in
cyclohexane firstly to give the diimide 2 with a yield
of 100%. Compound 2 was bromated with bromine in
dry dichloromethane to give 1,7-bromide 3 with a
yield reaching to 93%. By a substitution reaction from
3 in N-methyl-2-pirrolidone (NMP) using potassium
carbonate as base, the compound 4a was prepared
in a yield of 90%. Compound 4b was synthesized
according to a literature method [25]. This route was
facile and efficient. Soluble diimide 2 was obtained in
first step with neither catalyst nor isolation process.
In the bromination step, no tribromo byproduct was
yielded. And by controlling the concentration of
bromine in reaction mixture and the reaction time, the
monobromide product can be selectively obtained in
good yield. For the synthesis of compound 4a, much
cheaper potassium carbonate was used as base
instead of cesium carbonate formerly used.

- Interactions between Perylene Diimide Dyes
4a and 4b in Solution

For perylene diimide, the electronic absorption had a
pronounced coupling to the vibronic features corre-
sponding to v=0—v =0, 1, 2 and 3 transitions,
where v and v were quantum vibrational numbers of
the ground and excited states, respectively. As free
monomer, normal progression of Franck-Condon

factors were AP0 > A7 > A072 > A8 However,
as the monomer begins to self-aggregate, the 0 — 1
and 0— 2 transition increased [16,26]. Figure 1
showed the UV /vis absorption spectra of compound
4a, 4b and their 1:1 mixture, which were normalized
to unity because we were interested in showing the
peak shapes. Compared with two main peaks at
547 nm and 511 nm in chloroform (not shown), two
main peaks of compound 4a blue-shifted to 534 nm,
501 nm in tetrahydrofuran (THF) and 531 nm, 496 nm
in cyclohexane, respectively. From 10 °M to 10 ° M,
the 0 — 1 transition absorption of 4a increased
relatively both in THF and cyclohexane, indicating
stronger w—m interactions in higher concentration.
This 0 — 1 transition absorption increase was more
obvious in cyclohexane than in THF. Compound 4b,

CH THE CH THF

Intensity

500 600 700
Wavelength / nm

FIGURE 1 Normalized UV/vis absorption spectra in THF or
cyclg)hexane (CH) for compound 4a, 4b (solid line: 10~°M, dot line:
107°M).
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a pyrrolidine substituted derivative, exhibited a good
solubility in organic solvent and even in a polar
solvent of ethanol. As a polar molecule, 4b displayed
obvious solvent effect in the absorption spectra. The
main absorption peak of 4b blue-shifted from 699 nm
in chloroform (not shown) to 684nm in THF and
663nm in cyclohexane, respectively. The concen-
tration (107°M ~ 107°M) dependent 0 — 1 tran-
sition absorption relative intensity increased more in
cyclohexane than that in THF, suggesting strength-
ened m— interactions between 4a and 4b took place
both in THF and in cyclohexane at 10> M scale.

The fluorescence spectra of the 10~ *M 1:1 mixture
of 4a and 4b in chloroform and the references of
10"*M 4a and 10"*M 4b were recorded excited at
576 nm and 737 nm, respectively (Fig. 2). Excited at
576nm, the fluorescence spectrum revealed pro-
nounced changes compared with 4a. i) The emission
intensity of the mixture at 585 nm was quenched by a
factor of 5.2; ii) the maximum of the mixture blue-
shifted 2nm; iii) a broad weak peak at emission
extent of 4b was observed. Excited at 737 nm, the
emission peak of the mixture blue-shifted 2nm and
the intensity increased weakly compared with 4b
owing to the additional contribution of 4a in this
area. All of the changes could be interpreted as
stronger m— interactions between 4a and 4b (4a-
4b). As an N atom substituted derivatives, 4b was a
comparative electron donor in comparison with 4a.
The additional electron donor—accepter interaction
strengthened the 4a—4b -7 interactions, resulting
in a dominant cofacial -1 stacking between 4a and
4b. Correspondingly, the 4a—4a and 4b-4b w—m
stacking played a less important role in the mixture.
Therefore, both of the emission peaks of 4a and 4b in
the mixture blue-shifted 2nm owing to the inter-
molecular interactions between 4a and 4b. The

mix 737nm ex

1

4b —

Intensity

mix 5'76nm ex

"

600 700 800

Wavelength / nm

FIGURE 2 Emission spectra of 107*M 4a, 4b and the 1:1 mixture
of 4a—4b in chloroform. The excitation wavelength was 576 nm for
4a, 737 nm for 4b and both for the mixture.

strong quench of emission at 585 nm and the increase
of emission at 749 nm were mainly due to the w—m
molecular orbital overlaps between 4a and 4b, which
resulted in the energy transfer. In addition, the
strengthened w— aggregation in the mixture led to a
stronger aggregation of the mixture in solution,
which decreased the intensity of all emission of the
mixture.

Further insight into the w—m interactions in more
concentrated solution was gained by "H-NMR study.
In general, the self-aggregation depended on the
solubility, i.e. the m—m stacking was favored in poor
solvent. In good solvent such as chloroform,
perylene derivatives existed predominately as free
monomers at dilute concentration. Only when the
initial concentration was high enough (>1mM), self-
aggregation began to take shape. As shown in Fig. 3,
aromatic hydrogen of perylene parent at 5 (y), 6 (8), 8
(a) positions of both 4a and 4b yielded obvious
upfield shift as the concentration increased from
5x 107°M (Cy) to 107*M (Cp) in CDCls. Those
results were in good agreement with previous
research [16]. When magnetic field was applied, all
of the aromatic planes of parent perylene diimides
aligned in a perpendicular direction to outer
magnetic field. In a J-tape [17,26,27] aggregation, all
of o, B and v-Hs for 4a or 4b were located in an
antimagnetic region of a neighbor perylene diimide
aromatic plane as well as in a paramagnetic region of
another neighbor perylene diimide aromatic plane.
But the antimagnetic interaction was centralized in
aromatic loop, while the paramagnetic interaction
was decentralized out of the aromatic plane. There-
fore the net effect was antimagnetic in the case of 4a
or 4b m-m stacking. Thus, the concentration
dependent m—m stacking led to a upfield shift in
this case. In the mixture 4a—4b, however, downshift
of a, B and y-Hs of both 4a and 4b was observed
upon the mixture concentration increasing from
5x 107°M to 107°M. Owing to stronger m-m
interactions between 4a and 4b, an alignment of
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FIGURE 3 Observed chemical shifts for Ha, HB and Hy of 4a, 4b
and 4a—4b mixture.Cy:5 X 107°M, Cp: 10 2M, C’: mixture of 4a—4b.
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FIGURE 4 200 um X 200 wm confocal fluorescence micrograph of mesoscopic superstructures for (a) 4a excitation at 590nm, (b) 4b
excitation at 720nm, (c) 4a—4b mixture excitation at 590 nm, (d) 4a—4b mixture of the same field excitation at 720 nm. Excitation 40pn.W,
fluorescence intensity 100—-1500 counts per pixel. Insert: SEM images of corresponding samples.

4a—4b—4a—4b was favorable in the mixture. The w—
molecular orbital overlaps between 4a and 4b
together with the electron donor-acceptor inter-
action resulted in a delocalizing of PDI parent
electrons in the mixture. The electron delocalization
decreased the antimagnetic interaction affected by
the aromatic hydrogen, while the total paramagnetic
interaction affected changed little. Accordingly, the
aggregation of the mixture led to all of the aromatic
hydrogen protons at parent perylene in the mixture
downshift.

Structural Characterization of the Samples in Solid
State

Laser scanning confocal microscopy (LSCM)
excluded out-of-focus information by focusing
through a small aperture (a confocal pinhole). This
feature ensured that information in the image
arrived only from a particular depth of the specimen,
hence providing a method to observe an optically
sliced section of the object in a sample. The optical
sections thus obtained could be reconstructed into a
three-dimensional (3D) image by an image proces-
sing. Therefore, LSCM was an excellent tool for
studying the phase-separated structures of a fluor-
escent mixture. As shown in Fig. 4, the particles
observed for different samples were similar to
corresponding SEM images both in morphologies
and in sizes. As for sample 4a, the morphology was
rod-like. Owing to the lower resolution of the
confocal microscope about 200nm the fine mor-
phologies could not be distinguished as in the SEM.

However, some variations on the fluorescence
intensity were noted. With a higher fluorescence
efficiency excited at 590 nm, The fluorescence of the
4a—4b mixture sample was brighter than that excited
at 720 nm in the same field. Therefore, Fig. 4c looked
clearer than Fig. 4d. Those results indicated that no
isolated phase of 4a or 4b appeared under LSCM
observation.

The surface morphologies of the solids of 4a, 4b
and 4a-4b mixture were investigated by SEM. As
could be seen from Fig. 5a, besides some small
fragments resulted from ultrasonic treatment the
cubic structure with glossy surface was predominant
for 4a. This cuboid was constructed with uniform
thinner layer cubic structures with a constant
thickness of 700 nm. Similar to 4a, 4b also comprised
layer structure (Fig. 5b). But the layer was coarse and
looked like lots of crimples on the surface. The
observable thinnest layer was about 100nm in
thickness, which assembled to a thicker layer of
about 5pm. Compared to 4b, the mica-like layer
structure was clear for 1:1 mixture of 4a—4b. Each
layer was about 2 wm in thickness, and was made up
of thinner layers. In general, 4a, 4b and 4a-4b
mixture were similar in layer structure, but they had
different fine microstructures.

The molecular order within the congeries of 4a, 4b
and 4a—4b mixture was determined by X-ray diffrac-
tion. The X-ray diffraction trace from 4a, 4b and 4a—4b
mixture were showed in Fig. 6. For 4a, four strong well-
resolved reflections were seen with 20 value of 6.5°,
6.8°, 14.5°, and 19.1°. The crystalline peaks resulted
from perylene diimides aggregation. The XRD

FIGURE 5 Cross-sectional SEM images of sample 4a (a), 4b (b) and 4a—4b mixture (c).
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patterns of 4b and 1:1 4a—4b mixture showed two
broad bands centered at 26 = 6.8°and 19.1°, which was
consistent with the amorphous aggregation structures
of 4b and the mixture. However, the XRD pattern of
1.1:1 4a—4b mixture showed similar peaks as 4a. This
result revealed that the excess 10% 4a self-aggregated
to form crystalline, indicating that the aggregation of
the mixture is almost 1:1.

The shapes of the fluorescence spectra of
the samples 4a, 4b and 4a—4b mixture in solid state
(Fig. 7) were quite different from those fine distinct
vibronic structure of PDI core in solutions. In the solid
state, no distinguishable shoulder peak for fluor-
escence maximum of both 4a and 4b was observed,
suggesting the presence of pronounced intermolecu-
lar interactions. The fluorescence spectra underwent
a significant red shift in solid state (679 nm for 4a and
821 nm for 4b) compared to their chloroform solution
(587nm for 4a and 750nm for 4b) despite the
corresponding effective excitation wavelength blue
shifted about 26 nm and 27 nm, respectively. 4a and 4b
showed Stokes’ shift values of 10nm and 13nm,
respectively in chloroform solution, while the Stokes’
shift values in their solid state were 129nm and
110nm, respectively. The marked red shift in their
solid-state fluorescence spectra could therefore be
clearly attributed to changes in molecular stacking of
4a and 4b. The red shift in the fluorescence spectra
was also an indicative of the formation of aggregates
[28,29]. Whereas, the blue shift of effective excitation
wavelength in solid state could be generally
attributed to the effective absorption transition from
ground state to higher excited state.

Reference with pure 4a and 4b, a small blue shift of
the fluorescence of the mixture was observed in solid
state, which was similar to those in solution. An
obvious shoulder peak over 800nm was also
observed when the 4a—-4b mixture was excited at
550nm. These were presumed that a facile exciton

Intensity

28

FIGURE 6 X-ray diffraction patterns of samples of 4a, 4b, 1:1 4a—4b
mixture (Mix) and 1.1:1 4a—4b mixture (Mix’).

—a— Mix ex 550 nm
- e~ Mix ex 710 nm

- da ex 550 nm
e dbex 710 nm

Intensity

600 700 800 900
Wavelength / nm

FIGURE 7 Solid-state fluorescence spectra of the powder
samples of 4a, 4b and 4a—4b mixture films (1 pm in thickness).

migration or energy transfer occurred in the solid
state from 4a to 4b owing to the close m— stacking
between 4a and 4b.

B3LYP/6-31G* Calculations

The packing behavior of 4a, 4b and 4a—4b mixture
could be partially interpreted by energies and
geometries calculations performed with Gaussian
03 installed on a Windows PC. The geometries of the
4a and 4b were optimized with unrestricted DFT,
incorporating the B3LYP functional and 6-31G basis
set. The MO analysis of 4a and 4b showed that the
highest occupied MO (HOMO) and lowest unoccu-
pied MO (LUMO) were localized well in the
perylene core (Fig. 8). Therefore, it seemed reason-
able to assume that the interactions between the
perylene cores played an important role in the
packing behavior of 4a and 4b. The calculated
HOMO, LUMO values were —0.20512 a.u., —0.11180
a.u. for 4a and —0.18648 a.u., —0.11173 a.u. for 4b
respectively. HOMO-LUMO gaps were correspond-
ing to Amax Of 524.4nm (4a) and 611.2nm (4b). This
result agreed well with the experimental data
(531nm for 4a and 663nm for 4b in cyclohexane).
DEFT calculations suggested that the phase of the 4b
HOMO matched the phase of 4a LUMO, allowing
donor—acceptor interactions.

The ground-state geometries calculated at
B3LYP/6-31G* level had a core twist angle of the
perylene core, i.e. the approximate dihedral angle
between the two naphthalene subunits attached to
the central benzene ring, which was 4.7° for the 4a
and 31.4° for 4b (Fig. 9). With a torsional angle of less
than 5° the almost planar 4a crystalized readily.
However, more than 30° distortion from planarity
imposed considerable constraints in the packing of
4b in the solid state as well as in molecular
aggregates, resulting in destabilization of the
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FIGURE 8 HOMO (left) and LUMO (right) of ground-state 4a (above) and 4b (below) at B3LYP/6-31G* level. Hydrogen atoms are not

shown in the representation.

possible crystal structure. The advantage of this
distortion was that it afforded much better soluble
dyes. Accordingly, the solubility of 4b increased
remarkably. With stronger interactions between 4a
and 4b than 4a—4a or 4b—4b, the significant out-of-
plane twisted molecular structure of 4b prevented
crystallization of the 4a—4b mixture.

CONCLUSION

In summary, we have described an effective pathway
for the synthesis of two perylene diimide dyes of 4a
and 4b. The packing behavior of 4a, 4b and their

FIGURE 9 DFT (B3LYP/6-31G*) geometry-optimized structures
of 4a (above) and 4b (below) shown with view along the short (y)
axis. For the purposes of the simplified representation, hydrogen
atoms are not shown.

mixture were investigated with photophysical
spectra in solution and structural characterization
in solid state. The additional electron donor-
acceptor interactions afforded a strengthened m—r
stacking interactions between 4a and 4b.

EXPERIMENTAL

XRD patterns were recorded using a powder
diffractometer (Philips PW1830) operating in the
reflection mode with CuKa radiation and equipped
with a grahite back momochromator. Solid state
fluorescence spectra were recorded using the front
face emission scan mode on a FLS920 fluorescence
specroscopy. The laser scanning confocal microscopy
observations were performed using an LSM410 with
a 100 X objective or 60 X objectives at room
temperature. Scanning electron microscopy measure-
ments were carried out on a Hitachi S-570 instrument.

Synthesis

N,N'-Dicyclohexyl perylene-3,4,9,10-tetracarboxylic
diimide (2)

In a 50mL single-necked flask, 2.0g perylene-
3,4,9,10-tetracarboxylic dianhydride (5.1 mmol) and
30mL cyclohexylamine were added. The mixture
was refluxed for 24 h. The solvent was removed on
the rotary evaporator to afford a red product (100%).
'"H-NMR (300MHz, CDCl;, ppm) & 8.63 (d, 4H,
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J=8.1Hz),8.59 (d,4H, ] = 8.1 Hz), 5.06 (m, 2H), 2.60
(m, 4H), 1.90 (m, 4H), 1.78 (m, 6H), 1.40 (m, 6H); MS
(Maldi-TOF): 554.27 (M%); Anal. Calcd for
C36H30N2043 C, 7796, H, 545, N, 5.05. Found: C,
77.85; H, 5.56; N, 5.34.

1,7-Dibromo-N,N'-dicyclohexyl perylene-3,4,9,10-
tetracarboxylic diimide (3)

1.0g compound 2 (1.8mmol) was suspended in
10mL dried dichloromethane, then 3mL bromine
diluted with 10mL dried dichloromethane was
dropped in under stirring for 10 min. The mixture
was refluxed for 2 days. Excess bromine and solvent
was removed. The residue was column chromato-
graphed on silica with chloroform to afford a red
product (93%). "H-NMR (300 MHz, CDCls, ppm) &
9.45 (d, 2H, J=8.2Hz), 8.86 (s, 2H), 8.65 (d, 2H,
J =8.2Hz), 5.01 (m, 2H), 2.53 (m, 4H), 1.92 (m, 4H),
1.75 (m, 6H), 144 (m, 6H); C-NMR (75MHz,
CDCl;, ppm, Appendix A, Figs. A2 and A4) 8 163.18,
162.62, 137.96, 137.83, 132.56, 132.46, 130.82, 129.84,
129.68, 129.06, 128.30, 127.94, 126.90, 123.65, 123.22,
120.64, 54.26, 29.07, 26.49, 25.37; MS (Maldi-TOF):
712.44 (M™).

1,7-Bis(p-tert-butylphenoxy)-N,N'-dicyclohexyl
perylene-3,4,9,10-tetracarboxylic diimide (4a)

1.07g compound 3 (1.5mmol), 0.54g p-tert-butyl-
phenoxy (3.6mmol), and 0.69g KyCO; (5.0 mmol)
were stirred in 15mL NMP under argon at 120°C for
24h. After being cooled to room temperature, the
reaction mixture was poured into 50 mL water. The
precipitate was filtered, repeatedly washed with
water, and dried in a vacuum at 70°C. The product
was column chromatographed on silica with chloro-
form to afford a red product (90%). 'H-NMR
(300 MHz, CDCl5, ppm, Appendix A, Fig. Al) § 9.54
(d,2H,] = 8.3Hz),8.53(d,2H, ] = 8.3 Hz), 8.29 (s, 2H),
7.48(d,4H,] = 8.2Hz),7.10(d,4H,] = 8.2Hz),5.01 (m,
2H), 2.53 (m, 2H), 1.89 (m, 4H), 1.75 (m, 2H), 1.40 (s,
18H), 1.28 (m, 12H); ">C-NMR (75 MHz, CDCl;, ppm) 8
163.67, 163.30, 155.36, 152.53, 148.10, 133.15, 129.94,
128.96, 128.61, 127.41, 124.88, 124.15, 123.54, 122.55,
119.23, 54.02, 34.53, 31.46, 29.68, 29.10, 26.52; MS
(Maldi-TOF): 850.35 (M ™).

1,7-Bis(N-pyrrolidinyl)-N,N'-dicyclohexyl perylene-
3,4,9,10-tetracarboxylic diimide (4b)

1.07g compound 3 (1.5mmol) was dissolved in
10mL pyrrolidine, then 0.69 g K,CO; (5.0 mmol) was
added. The solution was heated with stirring at 50°C
under dry nitrogen for 24 h. Excess pyrrolidine was
removed and the residue was column chromato-
graphed on silica with chloroform to afford a green
product (95%). 'H-NMR (300 MHz, CDCls;, ppm,
Appendix A, Fig. A3) & 8.47 (s, 2H), 8.36 (d, 2H,

J=79Hz),7.66 (d,2H, ] = 7.9Hz), 5.06 (m, 2H), 3.73
(m, 4H), 2.94 (m, 4H), 2.79 (m, 4H), 1.94 (m, 12H), 1.76
(m, 6H), 1.50-1.22(m, 6H); '*C-NMR (75MHz,
CDCl;, ppm; Appendix A, Figure A4) 8 164.62,
164.55, 149.98, 146.56, 135.50, 134.21, 130.01, 126.66,
123.86, 123.29, 122.37, 120.73, 119.68, 118.17, 53.73,
52.11, 29.67, 29.18, 26.62, 25.79, 25.60, 25.54; MS
(Maldi-TOF): 692.48 (M™).

The powder of 1:1 4a—4b mixture was obtained by
evaporation of chloroform solvent from correspond-
ing solutions at room temperature and then dryness
in vacuum.
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APPENDIX A
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