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The migration length of singlet electronic energy excitations (excitons) in thin films of perylene bis-
(phenethylimide) (PPEI) has been measured by an imaging technique that incorporates near-field optical
excitation and far-field fluorescence imaging. The observed energy migration lengths fall in the range of
e50 to ∼500 nm depending on sample morphologies. Sample morphology was controlled by “solvent
annealing” and characterized by fluorescence NSOM and scanning force microscopy. The potential role of
sample morphology in singlet energy migration is discussed. Additionally, the results reported herein are
compared with a previous determination of singlet energy migration in PPEI.

Introduction

Diffusion of electronic energy (excitons) within layers of
organic multilayer heterostructures is a critical process in organic
solar cells and organic light emitting diodes.1-4 For example,
consider a typical organic solar cell (Figure 1) comprised of a
multilayer structure involving an organic heterojunction of the
visible absorbing layer bis(phenethylimide) (PPEI)5-10 and the
p-type organic semiconductor layer polymethylthiophene (PMT).
The charges are conducted to the external circuit by the Al and
ITO electrodes. Electronic energy absorbed by the PPEI layer
must migrate to the PPEI/PMT interface where the necessary
charge separation occurs. The energy diffusion length of excitons
LD must be at least as large as the layer thickness for charge
separation to be efficient. The one-dimensional singlet exciton
migration length is a competition between the rate of energy
migration and the electronic decay rate,τs

-1, of the singlet
exciton, as follows:

whereτs is the lifetime of singlet excitons andDs is the diffusion
constant.11,12

For a given material,LD has been observed to vary tremen-
dously due to several factors.13 First, the presence of trace
impurities can “trap” singlet excitons and thus diminishDs.5,14

Some impurities can also act as fluorescence quenchers, thereby
leading to significantly shorterτs. Organic thin film morphology
is another potential controlling factor forLD. Vapor-deposited
organic thin films of aromatic molecules such as PPEI can exist
in a broad range of morphologies ranging from a uniform
amorphous material to locally microcrystalline composite
depending on deposition and processing conditions.4,5,7-10,15-18

Furthermore, the different microcrystals in a sample typically
exist in a distribution of crystal morphologies.7,8

The most popular method for measuringLD involves a bilayer
structure comprised of the material of interest (optical absorber)

in contact with a quenching layer (quenching via energy,
electron, or hole transfer). The absorbing layer is optically
excited on the side of the sample opposite the quenching layer,
producing a spatial distribution of optical excitation in the
sample as a function of displacement in the absorbing layer
along the direction perpendicular to the absorber/acceptor plane.
The spatial distribution of optical excitation in the absorbing
layer is varied in this technique by varying the excitation
wavelength, which alters the penetration depth, and/or by
varying the sample thickness. The fluorescence yield as a
function of excitation wavelength and/or absorber layer thickness
can be modeled to determineLD.6,19

The model used to determine theLD values from the
florescence quenching data is based on a mechanism composed
of two distinct processes. The first process involves the diffusion
of a singlet exciton through the absorbing layer. The second
process involves the quenching of the exciton at the absorber/
quencher layer. The observable of the experiment, the fluores-
cence quenching efficiency, is a product of the efficiencies of
both of these stages. The data analysis method used does not
permit the independent determination of the rate or efficiency
of either of the two processes. To derive the rate of diffusion
of the exciton through the absorbing layer, it has often been
assumed that the rate of quenching at the absorber/quencher
interface is infinity. Using this approximation, the majority of
LD values for organic materials have been reported to be in the
range 30-300 nm.13,20-22 Since the actual quenching rate at
the interface is smaller, theLD values determined from this
method may be smaller than the actual values. For example,
for exciton migration in anthracene crystals at room temper-
ature,23-25 the reportedLD values vary by 2-3 orders of
magnitude with one reported value as large as 900 nm.24 Kenkre
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Figure 1. Schematic of typical organic semiconductor-based solar cell.
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et al.13 have shown that this tremendous variation is due to the
inadequacy of assuming a quenching rate of infinity at the
absorber/quencher interface.

In the present paper we employ an alternative technique to
measureLD for solvent vapor annealed PPEI. This material has
been reported to have extraordinarily long-range exciton dif-
fusion, i.e.,LD ) (2.5( 0.5)µm.6 This long diffusion length is
not simply a function of a long excited-state lifetime. In fact,
τs for PPEI is shorter than many organic materials, and the
calculated value forDs based onLD ) 2.5 µm, i.e.,Ds ≈ 180
cm2/s is much larger than that reported for other organics. In
the new approach in this paper, PPEI is excited with a near-
field optical probe with an optical field diameter of∼50 nm.
This allows for spatially resolved excitation of the sample
including the excitation of individual microcrystals. The energy
diffusion in the sample plane is measured by imaging the
fluorescence in the far field with a CCD camera and a
microscope objective at high magnification. Due to diffraction,
the “spot size” of the imaged fluorescence is greater than or
equal to the diffraction limit,∼350 nm for PPEI emission, in
our apparatus. Using convolution methods the data can be
analyzed to measure diffusion lengths as small as 50 nm. A
related imaging technique employing time-resolved lumines-
cence measurements has been utilized to determineLD for
excitons in GaAs quantum wells.26

Apparatus and Experimental Procedures

Thin films of PPEI on glass, indium tin oxide (ITO) coated
glass, and polymethylthiophene(∼100 nm)/ITO/glass multilayers
were prepared by previously described methods.6,8

PPEI films were optically excited through a standard Al
coated, tapered NSOM probe with an optical near field diameter
of ∼50 nm (Figure 2). Samples were excited with either 488
nm (cw Ar+ laser, OmNichrome 543R-A-AO3) or 543.5 nm
(cw green Helium Neon laser, Melles Griot 05-LGR-193).
Typically, less than 0.5 mW of unpolarized excitation light was
coupled into the optical probe fiber. Short-pass (900 nm), long-
pass (typically 550 nm), as well as narrow band-pass (680 nm

for data in Figures 3 and 4) filters were placed in the optical
path between the objective and detector to block excitation light
and scattered feedback laser light (980 nm) while transmitting
PPEI fluorescence.

The experimental apparatus (Figure 2) is similar to that
described earlier.27-29 With the removable mirror out of the
optical path, the instrument is a fluorescence NSOM apparatus
based on Aurora (TopoMetrix) commercial NSOM instrument.
The fluorescence from the sample is monitored by an avalanche
photodiode in the NSOM configuration, and the sample is raster
scanned. Simultaneous with the fluorescence NSOM image, a
shear-force image is also acquired. The shear-force image is a
measure of the topography of the sample. All experiments were
carried out at room temperature.

For spatial imaging of singlet energy migration the sample
is moved by thexy-stage in order to position the optical probe
over a chosen sample region. The shear-force feedback system
maintains a tip/sample distance of∼7.5 nm. With the removable
mirror in the optical beam path the PPEI fluorescence from the
chosen region of the sample is optically imaged at a magnifica-
tion 300X or alternatively 250X (objectives 1 and 2 respectively;
see below) by a LN2-cooled CCD camera with a pixel size of
25 µm. The spatial profile of singlet energy diffusion is
monitored in the far field by the imaging CCD camera. The
magnification at the CCD was determined by imaging a 40µm
grid.

As a resolution standard for the energy diffusion measure-
ments, a far-field image was recorded with the CCD camera of
the 633 nm light emitted from the NSOM probe with a 633 nm
HeNe laser coupled into the NSOM fiber. The images of the
PPEI fluorescence and the HeNe 633 nm reference images were
taken under identical optical arrangements. This was ac-
complished by coupling both HeNe and excitation light into
the NSOM probe. With the tip in feedback very near the surface,
the excitation beam was blocked from entering the NSOM fiber
and the HeNe image recorded. The HeNe was then blocked,
excitation light passed to tip and fluorescence image recorded.

Two microscope objectives were employed in these measure-
ments. Objective 1 was an oil immersion (NA) 1.2, 100X,
Zeiss achromat) which leads to a nearly diffraction limited spot
of 350 nm and allowed for determination ofLD down to∼50
nm using a convolution procedure. The relatively short working
distance of objective 1 precluded its use for some samples which
were on thicker glass substrates. In those instances, objective 2
(NA ) 0.7, 60X, Nikon) which had a larger working distance
was used.LD values as small as∼200 nm could be determined
with the convolution procedure from the images collected with
objective 2.

The effect of depth-of-field on the fluorescence images was
analyzed in detail. The near-field excitation creates a cone of
PPEI singlet excitons which falls off exponentially with depth
of penetration along the excitation axis and perpendicular to
the focal plane of the objective. Linfoot and Wolf30 have
modeled the intensity distribution of a diffraction-limited image
as a function of position along the axis perpendicular to the
focus plane. Qualitatively, the diffraction image broadens with
distance from the focal plane. In other words, a diffraction-
limited image is broadened if the objective is defocused and,
indeed, broadening of the spatial images reported herein was
observed when the objective was defocused. To ensure focusing
of the objective on the plane containing the most excitons, the
objective was iteratively focused until the narrowest image was
acquired. The image at the CCD is an integration of the images
from all planes containing excitons. A numerical integration of

Figure 2. Experimental setup for far field/near field fluorescence
imaging of PPEI microcrystals.
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the Linfoot and Wolf intensity distribution, assuming a uniform
distribution of PPEI excitons in a cone 600 nm high, showed
that the broadening of the spatial image due to collection of all
fluorescence in the cone is negligible.

Results and Discussion

Vapor deposited PPEI films of varying thickness in the range
of 25-2400 nm were investigated. Films that were not subject
to solvent annealing conditions were smooth (root-mean square
) 3 nm by shear-force topography) and exhibited NSOM
fluorescence images that were structureless and uniform. As
described in detail in previous publications, annealing of PPEI
samples under a vapor of methylene chloride produces a highly
structured crystalline film. Simultaneous topographic and fluo-
rescence NSOM images of an extensively annealed vapor
deposited film are portrayed in Figures 3a and b. (The film
thickness was∼30 nm prior to annealing.) The individual PPEI
crystals are several microns long but only 10-100 nm wide
and high. Under these annealing conditions, the topographic
image reveals considerably wider crystals than the corresponding
NSOM fluorescence image due to artifact in the topographic
image resulting from the spatial convolution of a relatively flat
NSOM tip with a sharp PPEI microcrystal.

It is interesting to compare the fluorescence NSOM image
of this sample (Figure 3b) with a conventional far-field
fluorescence image recorded with the CCD camera (Figure 3c)

Figure 3. (a) Topography and (b) the simultaneously recorded near-
field fluorescence image of PPEI microcrystals. (c) Far-field fluores-
cence imaging of PPEI microcrystals. Sample in (a-c) was solvent
annealed extensively. (d) Spatial images of 633 nm HeNe laser from
near field optical probe (left spot) and 680 nm emission (right spot)
from a single PPEI microcrystal. (e) Spatial images of 633 nm HeNe
laser (left spot) and 680 nm emission from a 150 nm thick PPEI film.
(f) Spatial images of 680 nm emission from a 200 nm diameter
fluorescent latex sphere (left spot) and a 50 nm thick PPEI film. (g)
Topography of bare ITO and a PMT-coated ITO (I and II, respectively).
(h) Topography of a 670 nm thick PPEI film on ITO and a 670 nm
thick PPEI film on PMT-coated ITO (I and II, respectively). The
samples were on the same underlying glass substrate and annealed under
identical conditions. (i) Topography and fluorescence NSOM of a 24
nm thick PPEI film on bare ITO (I and II, respectively). (j) Topography
and fluorescence NSOM of a 24 nm thick PPEI film on PMT-coated
ITO (I and II, respectively). The samples in (i,j) were on the same
underlying glass substrate and annealed under identical conditions. The
scale is the same in (g-j). Images (a-d) were obtained with objective
1 and images (e-j) with objective 2.

Figure 4. Linescans of spatial images of (a) 633 nm HeNe laser from
a near-field probe (dashed line), 680 nm emission from a single 50 nm
tall PPEI microcrystal (thin line), and 680 nm emission from a 50 nm
thick PPEI film (thick line). (b) 680 nm emission from a 50 nm thick
PPEI film (thin line) and a 150 nm thick PPEI film (thick line). (c)
680 nm emission from a 200 nm diameter fluorescent latex sphere
(dashed line), 300 nm thick PPEI film (thin line), and 2400 nm thick
PPEI film (thick line). (d) 633 nm HeNe laser from a near-field probe
(dashed line), 600 nm thick PPEI film (thick line), and predicted
linescans (see text) from PPEI films with exciton diffusion lengths of
LD ) 0.5 µm and LD ) 2.5 µm (inner and outer dotted lines
respectively). The line scans indicate intensity varitions along a
horizontal axis through the maximal intensity of the spatial images,
such as those in Figures 3d-f.
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and wide field epi-excitation (not shown in Figure 2). The
individual PPEI crystals appear much sharper in the NSOM
image due to the subdiffraction resolution of the NSOM
technique.

We have taken advantage of the ability of NSOM to excite
a small spatial region to measureLD for a single microcrystal
in the sample studied by Figures 3a-3c. The results are shown
in Figure 3d. The spot on the right side of the Figure 3d is a
fluorescence image of a single PPEI microcrystal (λex ) 488
nm; emission collected through 680 nm band-pass filter). For
comparison the left spot in Figure 3d is the image of 633 nm
light emitted from the same NSOM probe in feedback over the
same PPEI sample without a band-pass filter in the collection
optics. The 633 nm light is not absorbed by the PPEI crystal
and the image is simply included as a reference to establish the
spatial resolution of the instrument. (633 nm was chosen because
the difference of its diffraction limited spot size with that of
680 nm is less than the resolution of the apparatus. The
fluorescence maximum in the PPEI fluorescence spectrum is
near 680 nm.)

A more quantitative analysis of the spatial profile of the
fluorescence intensity has been obtained by recording line scans
of the fluorescence intensity as a function of sample displace-
ment,Ifl(x), in various directions in the image plane. Line scans
of the 633 nm HeNe laser spot (dashed line) and the 680 nm
fluorescence from a PPEI microcrystal (thin line), Figure 4a,
are indistinguishable within experimental error indicating that
LD for this PPEI microcrystal is unresolvably small (e50 nm).
The circular symmetry of the spot in Figure 3d is further
indication of the absence of energy migration within experi-
mental resolution, since spatially resolved energy diffusion
would produce an asymmetric spot for a needle shaped
microcrystal. Identical results were observed for all of the
microcrystals that were investigated, indicating thatLD e 50
nm for this sample.

Figures 3d-f and 4a-d exhibit CCD fluorescence images
and linescans of NSOM excited PPEI samples of various
thickness, degrees of solvent annealing, on either glass or glass/
ITO underlayers. Topographic and fluorescence NSOM images
of these samples (e.g., Figures 3h-j) indicate that they are
microstructured to varying degrees, even those exposed to short
annealing periods, but in all cases are considerably more uniform
than the exhaustively annealed sample described above.

As a second standard for the expected spatial profile of the
fluorescence images of unresolvably small energy diffusion
lengths, the spatial profile of a 200 nm diameter fluorescent
latex sphere on a glass substrate was recorded (left spot in Figure
3f). The linescan of the fluorescence from a 300 nm thick PPEI
film (thin line, Figure 4c) is indistinguishable, within experi-
mental error, from the linescan of the fluorescence image of
the sphere (dashed line, Figure 4c). However, several of the
samples do exhibit fluorescence spots which differ significantly
from the image of the HeNe light (633 nm) for the NSOM probe
or the fluorescence of the latex sphere. For many of the PPEI
samples the fluorescence spatial profiles are significantly broader
than that for the HeNe, especially at the edges of the profile
(for example, the PPEI images in Figure 3e-f). Similarly, the
line scans of the fluorescent images of many films exhibit
broadening relative to the linescans of the HeNe spot and small
diameter latex sphere. Examples are shown in Figure 4a-d.

To quantitatively analyze theIfl (x) curves, we considered a
simple one-dimensional steady-state diffusion model19 that
includes the combined effects of optical excitation, exciton
diffusion, and singlet exciton decay, as follows.

Herex is displacement along the chosen direction of observation
(in the sample x,y plane),n(x,t) is the exciton density profile,
p is the probability of absorption, andIex(x) is the NSOM
excitation light intensity profile.

We are interested in the steady-state solution of eq 2, which
we denote byn(x). Since exciton/exciton interactions can be
ignored at the low excitation intensities of our experiments,n(x)
is given by eq 3, which is a convolution (X) of Iex(x) with the
solution, nδ(x), to eq 2 for the case of excitation at a single
point, i.e., aδ function.

Using standard methods31 a numerical solution was obtained
for nδ(x).

Theoretical predictions for the observed fluorescence intensity
profiles in Figure 4, i.e.,Ifl (x), can in principle be obtained by
eq 4 as a convolution ofn(x) with the point-spread function
P(x) of the optical system (which due to diffraction is an Airy
pattern).

However, a consideration of eqs 3 and 4, and the properties
of the convolution operator, suggests an alternative approach
which is used throughout this paper as outlined by eqs 5 and 6.

The advantage of this approach is thatR(x) can be estimated
empirically by recording the intensity profileINSOM(x) of the
far-field image of the NSOM probe using a reference light
source (e.g. the HeNe laser at 633 nm). Thus,INSOM(x) reflects,
for a particular sample/probe/optical system combination, the
shape of the near field intensity profile, the effect of diffraction,
and even the effects of certain optical artifacts and nonidealities.

For all of the samples investigated in this work the experi-
mentally observedIfl(x) curves were considerably narrower than
the theoretically predicted results forLD ) 2.5 µm. This is
demonstrated in Figure 4d where the outermost dotted line
represents the theoretical curve forLD ) 2.5 µm. Thus, this
spatial imaging technique strongly suggests that singlet energy
diffusion for PPEI does not occur on a 2.5µm distance scale.
The PPEI spatial images which exhibited the largest broadening
were compared to simulated profiles. This comparison (Figure
4d) led to a value of∼500 nm forLD. This value is only a
factor of 2 greater than the reportedLD ) (225 ( 15) nm for
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)22 which
is structurally similar to PPEI. However, the energy diffusion
constantDs implied by LD ) 500 nm for PPEI is∼7 cm2/s
which is ∼100 times larger than the corresponding value for
PTCDA. (The singlet lifetime of PPEI is 350 ps8 while that of
PTCDA is∼4 ns.32 See eq 1.) The exciton diffusion length for
PTCDA was obtained by a photoconduction method that
measures the effect of exciton diffusion on the photocurrent of
a prototypical solar cell device.

The microstructure of selected PPEI films are shown in
Figures 3h-j. Samples exposed to even short periods of
annealing exhibit a dense composite of microcrystals with
typical dimensions:l ) 1000 nm,w ) 100 nm,h ) 50 nm.

∂n(x,t)
∂t

) -
n(x,t)

τs
+ D

∂
2n(x,t)

∂x2
+ pIex(x) (2)

n(x) ) Iex(x) X nδ(x) (3)

Ifl(x) ∝ n(x) X P(x) (4)

Ifl(x) ∝ nδ(x) X R(x) (5)

R(x) ) Iex(x) X P(x) (6)
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The observation that these samples exhibitLD ≈ 500 nm suggest
that energy must migrate from microcrystal to microcrystal
during the diffusion process, ifLD is indeed as long as 500 nm.

An experiment was conducted to elucidate the role of oxygen
in exciton diffusion in PPEI. A CCD fluorescence image of
NSOM excited PPEI was obtained under ambient conditions.
The enclosed NSOM apparatus was then purged with nitrogen
and CCD fluorescence images were recorded after 30 and 45
min of continuous purging. The images were virtually identical
with the image taken in the presence of air indicating oxygen
does not appreciably quench singlet excitons in PPEI.

It may be that the broadening in the fluorescence spatial
profiles for PPEI is not actually due to energy migration but
rather some unidentified optical artifact. For example, thin films
can act as waveguides in propagating amplified spontaneous
emission in the plane of the film.33 The highly refractive and
microstructured PPEI films may trap PPEI fluorescence light
for hundreds of nanometers which is then scattered to the far
field and detected. A potential complication with this method
for LD determination is that this optical artifact observed for
structured samples can distort and broaden the fluorescence
image “spot” and thus lead to an overestimation ofLD. Thus,
theLD values may be an overestimate of the migration lengths
since the most obvious potential sources of error would lead to
an overestimate of the energy migration length.

Another potential complicating factor in the use of NSOM
to measure exciton diffusion lengths is perturbation of the
exciton lifetime by the metal coating of the NSOM probe. For
example, aluminum-coated NSOM probes have been shown to
perturb fluorescence lifetimes of single molecules by both
radiative and nonradiative mechanisms.34 However, our previous
report that the fluorescence lifetime of PPEI films are the same
under far-field excitation and near-field, suggests that NSOM
probe perturbations are not a significant factor for our PPEI
samples.8 As a further test of the effect of the NSOM probe on
the PPEI emission, the fluorescence lifetime and the fluorescence
images of a 300 nm thick PPEI film were recorded with the
NSOM probe at two different distances above the sample
surface, i.e.,∼ 7 nm and 50-60 nm. (The 50-60 nm results
were recorded during slow retraction of the probe and were not
in shear force feedback.) The fluorescence lifetimes (∼ 350 ps)
and spatial image of the exciton emission (far field) were
indistinguishable for the two distances. These results suggest
probe perturbation of the PPEI exciton lifetime and diffusion
is negligible.

The spatial imaging method used in this paper involved much
greater excitation intensities than the fluorescence quenching
method.6 High excitation intensities may photogenerate trapped
charges which can act as exciton quenchers. This would lead
to an underestimation ofLD. To address this possibility, spatial
images were obtained by varying the excitation intensity by a
factor of 100. The resulting images and corresponding linescans
were identical, within experimental error, suggesting trapped
charges are not significant quenchers. However, it should be
noted that the weakest excitation energy employed in these
experiments was still greater than that employed with the
fluorescence quenching technique. We cannot unequivocably
rule out that even the “weak” excitation used in these experi-
ments leads to a saturated trapped charge concentration.

The discrepancy between the previous report ofLD ) (2.5(
0.5) µm for solvent-annealed PPEI and the results reported
herein may be due to the tremendous inhomogeneity and
restructuring of PPEI that results from solvent annealing. In the
previous results the degree of fluorescence quenching in a

multilayer structure was determined by measuring the ratio of
the fluorescence intensity of annealed PPEI on a PMT/ITO/
glass multilayer to a “reference” of annealed PPEI on ITO/glass.
The PMT acts as a exciton quencher at the PPEI/PMT
interface.35 However, a comparison of topographic and NSOM
images of PPEI films annealed under identical conditions
(Figures 3i,j) reveals that the underlying layers can actually
influence the microstructure of the PPEI overlayer. The PPEI
on PMT/ITO/glass (Figure 3j) consists of longer, needle-shaped
microstructures than the PPEI on ITO/glass (Figure 3i). In
addition, the PPEI surface coverage is considerably less on the
PMT/ITO/glass. Thus, the PPEI/ITO/glass region of the sample
may not be an ideal “reference” for the fluorescence intensity.

Figure 3g shows the topography of an ITO/glass substrate as
well as the topography of PMT coated (∼100 nm) onto the same
ITO/glass substrate. The PMT coating exhibits a similar
morphology to the underlying ITO layer. The topography of a
670 nm thick PPEI film on ITO/glass and on PMT/ITO/glass
is shown in Figure 3h. The films were annealed under identical
conditions. Unlike the thin 24 nm PPEI film (Figure 3i-j), the
underlying PMT layer has only a modest effect on the
topography of the relatively thick PPEI layer.

Conclusions and Summary

The distance over which singlet energy is transferred in
polycrystalline films of perylene bis(phenethylimide) (PPEI) was
measured by an imaging technique with a resolution ofg50
nm. The excitation source was a near-field Al coated optical
fiber probe with an optical field diameter of∼50 nm. The
steady-state PPEI emission was imaged in the far field with
the CCD camera while the tip position of the sample was held
at a fixed position on the sample. Energy migration lengths were
observed to vary in the range ofe50 to 500 nm depending on
film morphology and thickness. The film morphologies were
characterized by fluorescence NSOM and scanning force
microscopy. The singlet energy migration lengths reported
herein are considerably smaller that the 2.5µm value recently
reported.
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