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We demonstrate that phase separation of an aqueous poly(vinyl methyl ether) (PVME) solution can be triggered
not only by a temperature change but also by photon pressure. A near-infrared continuous wave laser beam (4 =
1064 nm) was focused through an objective lens into a heavy water (D,0) solution of PVME. A single PVME micro-
particle was produced and trapped at the focal point of the laser beam within several hundreds of seconds after switching
on the laser. The origin of the microparticle formation (phase separation) is ascribed essentially to the photon force of
the laser beam, and not to a rise in the local temperature, since heavy water is transparent at 1064 nm. The structures of
the PVME microparticles produced by laser irradiation were studied in detail using confocal Raman microspectroscopy.
Raman spectra of the microparticles and coiled/globular PVME were observed successfully over a wide wavenumber
region. It was confirmed that the phase transition of the polymer chains from coiled to globular states proceeded during
microparticle formation. The fundamental mechanism of photo-induced phase separation of PVME is discussed in terms
of the interactions between the polymer and the photon force.

Interest in the chemistry of thermo-responsive artificial
polymers, such as poly(N-isopropylacrylamide) (PNIPA),
poly(vinyl methyl ether) (PVME), and their related deriva-
tives, has undergone phenomenal growth over the past three
decades, since the discovery of the thermal reversible phase
separation of aqueous PNIPA solutions.!”> PNIPA homogene-
ously dissolved in water takes on a coiled structure at room
temperature. Upon increasing the temperature (AT > 10K),
the PNIPA coils turn into globules accompanied by dehydra-
tion of the polymer chains (phase transition), and subsequent-
ly, the solution undergoes phase separation due to aggregation
of the globules by hydrophobic interactions.* Agqueous
PVME solutions also show a thermo-responsive behavior anal-
ogous to that of PNIPA.®> Relevant to the thermo-responsive
phase transition and phase separation of these polymer solu-
tions, polymer gels represented by cross-linked PNIPA and
its derivatives are also known to exhibit intriguing thermo-
responsive behavior.® Hydrated PNIPA gels shrink above a
critical temperature (310 K) accompanied by release of water
(dehydration) from the gel. It has been reported that the char-
acteristics and critical temperature of such phase transitions
and phase separations depend upon several factors, such as the
pH of the solution, the presence or absence of a chemical im-
purity (metal ions), and external physical perturbations (elec-
tric field, etc.), since the energetic balance regarding phase
transition and separation is quite sensitive to these factors.”?

The thermo-responsive behavior of these polymers or poly-
mer solutions is quite intriguing from the viewpoint of the
basic physicochemical polymer science. In addition, this fami-
ly of polymers has promising potential in their application

towards functional materials for water storage, drug delivery,
selective material extraction, and so on.”® Therefore, these
intriguing processes of the thermo-responsive phase transition
and separation of a polymer solution or gel coupled with
hydration and dehydration of the polymer chains have been
investigated in detail both experimentally and theoretically.
On the other hand, Masuhara and co-workers have recently
found analogous phenomena with the thermo-responsive phase
transition/separation of an aqueous PNIPA solution by means
of a combination of an optical microscope and a near-infrared
(NIR) laser beam.>!® A continuous wave (CW) 1064 nm laser
beam is used to irradiate an aqueous PNIPA solution through
an objective lens, causing the formation of PNIPA micro-
particle at the focal point of the laser beam. Since water
(H,0) absorbs light at the laser wavelength (1064 nm) through
the overtone band of the O—H vibrational transition, the micro-
particle formation has been ascribed to local heating of the
solution by laser irradiation. Importantly, despite the fact
that heavy water (D,0) is transparent at 1064 nm, analogous
PNIPA microparticle formation to that in H,O is observed
even in D,0.! In this case, local heating effects by laser irra-
diation are completely negligible. Therefore, the origin of mi-
croparticle formation is not due to photothermal effects, but
due essentially to a pure electromagnetic force, called the pho-
ton pressure, which is described in the following paragraph.
When a laser beam is focused into a medium, a photon pres-
sure is exerted on a microscopic particle in the focal region.
The origin of the photon pressure is the dipole gradient force,
and the force vector is directed to the center of a Gaussian laser
beam when the refractive index (n) of the material is higher
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than that of the surrounding medium.'? The photon force has
been applied to laser manipulation techniques since the first
demonstration by Ashkin.'>!# In the laser manipulation tech-
nique, single microparticles in solution, such as living cells
and polymer beads, can be trapped at the focal point of a
laser beam.!>-2° Moreover, the photon pressure induces some
intriguing phenomena in polymer systems.?!-??

Laser-induced PNIPA microparticle formation in D,O is
due to the assembly of coiled PNIPA nanoparticles by photon
force, since n of PNIPA is higher than that of water. The
dimensions of these nanoparticles are of the order of several
tens of nanometers. Furthermore, Juodkazis and co-workers
have shown that the volume phase transition of a micro-rod-
shaped PNIPA gel can be triggered by photon pressure exerted
locally on the gel rod.?? Thus, the laser-induced phenomena of
PNIPA and related derivatives are novel and of great interest.
However, little is known about the chemical structure of the
material under photon pressure effects. Masuhara and co-
workers have investigated the structures of PNIPA microparti-
cles by using a fluorescence probe and have reported that the
environment inside microparticles is hydrophobic.?* To shed
further light on the issue, more direct experimental approaches
are needed to reveal the chemical structures under photon-
pressure effects.

We consider Raman/IR spectroscopy to be one possible ex-
perimental tool for studying these phenomena. Indeed, Maeda
and co-workers have examined polymer structures by system-
atically analyzing the changes in the vibrational spectra of
PNIPA%*27 and PVME?-3! solution systems after thermo-
responsive phase transition. Katsumoto et al. have also inves-
tigated the vibrational spectra of polymers both experimentally
and theoretically.3>33 Recently, we have developed a confocal
Raman microscope combined with a laser trapping technique
to gain access to the structure of a laser-induced microparti-
cle.3*3 The system has been applied to an aqueous PNIPA so-
lution, and we have shown that the phase transition from the
coiled to the globular state of PNIPA participates in micropar-
ticle formation.>* In the present study, we applied the tech-
nique to PVME as another representative thermo-responsive
polymer. Similarly to PNIPA, PVME has both hydrophilic
(ether oxygen) and hydrophobic (polymer backbone and meth-
yl side chain) groups. On the other hand, the molecular weight,
refractive index, and the extent of the hydrophobic interactions
between the polymer chains are somewhat different for PNIPA
and PVME. On the basis of the experimental data on PVME
and PNIPA, we demonstrated that phase transition followed
by phase separation was induced by photon pressure.

Experimental

Sample Preparation. The samples examined in the present
study were aqueous (H,O and D,0) PVME (4.0 wt %) solutions.
PVME (Scientific Polymer Products, My, & 90000, phase separa-
tion temperature: 308 K) was purified by successive re-precipita-
tion of a toluene solution into n-heptane. (Wako, HPLC grade).
The hydrodynamic radius of the polymer in water was evaluated
to be 45nm by dynamic light-scattering measurements (Otsuka
Electronics, FDLS-3000). Since PVME is a well known hygro-
scopic polymer, special care was taken in preparing the heavy
water samples in order to avoid contamination with H,O from
the air. PVME was dissolved in D,O (Wako, 99.99% or Aldrich,
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99.999%), stirred for several hours, and dried by evaporation of
the solvent (heavy water) in vacuum. The solid PVME sample
was dissolved again in heavy water. These procedures were re-
peated to completely substitute the H,O with D,O in the sample.
Fresh samples were always used for the Raman spectroscopy
employing a thin optical cell: the sample solution was placed
between two glass plates, as reported previously.*

Confocal Raman Microspectroscopy. The experimental
methods and apparatus have been reported elsewhere.’*3> Briefly,
a CW Nd**t:YAG laser (1 = 1064 nm, Spectron Laser System,
SL-902T) and a CW Ar™ laser (1 = 488 nm, Coherent, Inova 70)
were used for generating the photon pressure and excitation of the
Raman scattering of the sample, respectively. The laser beams
were introduced coaxially into an inverted optical microscope
(Nikon, ECRIPSE E300) and irradiated on to the sample solution
through an oil-immersion objective lens (x 100, NA = 1.30). The
1064 laser beams was focused into a diffraction-limited spot of
size d; d =1.224/NA ~ 1 um. Raman scattered light passed
through a pinhole (100 um) and two holographic notch filters
(for 488 and 1064 nm) before being detected by a cooled CCD
camera (Andor Tec.) equipped with a polychromator. The spatial
resolutions in the lateral and vertical directions were 0.25 and
2.4um, respectively, and the spectral resolution was 2.0cm™'.
The effective laser power (Pesr; laser power after passing through
the objective lens) was measured using a power meter (Ophir,
NOVA).3* P of the Art laser was kept at <5mW that gave
no any affection to the samples except for Raman effect. All the
measurements were carried out at room temperature (21°C), if
not otherwise specified.

Results and Discussion

Laser-Induced Microparticle Formation. When the
1064 nm laser beam was focused into a H,O or D,O solution
of PVME, we observed the formation of a single PVME
microparticle at the focal point. However, obvious differences
in the morphologies of the microparticles were detected be-
tween the H,O and D,0 samples; these were the size, shape,
and formation period of the microparticle. The origin of the
behavior can be explained in terms of the optical absorbance
of the solvent at the laser wavelength (1064 nm) as described
below.

Figure la shows a series of optical micrographs of particles
formed in H,O as a function of laser power (Pegr). The thresh-
old of P to create a PVME microparticle was 40-50 mW.
Irrespective of the laser power at Peg > 40mW, a single
PVME microparticle appeared immediately after laser irradia-
tion (<0.1s), and reached an equilibrium state within 1.0 min.
The single PVME microparticles produced were laser-trapped
simultaneously at the focal spot of the incident 1064 nm laser
beam. The optical micrographs in Fig. 1 were taken at equi-
librium. As seen in the figure, the size and morphology of
the microparticles was apparently sensitive to P.g. The equi-
librium size (diameter) of the particle increased with an in-
crease in Pegr, as shown in Fig. 1b. Furthermore, the morpholo-
gy of the PVME particle was also dependent on P.g. At around
the threshold value of P., a single PVME microparticle
with a diameter of less than 2 um was observed at the focal
spot of the laser beam, and the particle had a spherical mor-
phology. For P of up to =100 mW, the particles showed
double-layered structures with the cores being surrounded by
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Fig. 1. (a) Optical micrographs of laser-induced PVME
microparticles in H,O. The laser power (Pes) is given in
the figure. Scale: bar = Sum. (b) Equilibrium size of
the particle as a function of laser power.

thin shell structures. Such double-layered structures were more
apparent at Per = 190mW, Fig. 1a. In the PVME microparti-
cle formed at Pegy = 190 mW, convection of the solution was
clearly observed in the region between the core and the shell
in the structure. The PVME microparticle produced by 1064
nm laser irradiation disappeared immediately after switching
off the laser beam.

The laser-induced PVME microparticle formation in H,O
described above can be interpreted as occurring within the
framework of the photothermal mechanism, since H,O absorbs
1064 nm laser light through the overtone band of the O-H
vibrational mode, as mentioned previously. In H,O, laser-
induced phase separation (microparticle formation) of a PVME
solution is caused by local heating of the solution via the
photothermal mechanism. The dependence on P of the par-
ticle size shown in figure can be ascribed to heat diffusion
around the focal point in the solution. Also, the double-layered
structure can be explained on the basis of heat diffusion. The
boundary between the solvent and the PVME particle growing
by the heat diffusion should be clearly observed due to the
difference in their refractive index.

We also examined laser-induced phase separation in a D,O
solution of PVME. Since D,0O (and PVME) is transparent at
1064 nm, the photothermal effect mentioned above is negligi-
ble.!122:23:3436 Optical micrographs of the solution are shown
in Fig. 2, and apparently, the phenomena observed in D,O
differ from those in H,O. Immediately after laser irradiation
(Peir = 80-250mW), no PVME particle was seen to form
under a microscope. Upon prolonged 1064 nm laser irradiation
(1-2min.), however, a single PVME particle was produced,
and several minutes after switching on the laser, the particle
reached an equilibrium state as shown in the optical micro-
graphs displayed in Fig. 2. As seen in the figure, the threshold
value of P.s for PVME microparticle formation (80 mW) was
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Fig. 2. (a) Optical micrographs of laser-induced PVME
microparticles in D,O. Upper panel: Temporal evolution
of a microparticle formed at 80 mW. Lower panel: parti-
cles at equilibrium. The laser power (Pes) is given in the
figure. Scale: bar = 5 um. (b) Equilibrium size of the par-
ticle as a function of laser power.

twice as large as that in HyO (Pesr = 40 mW), and the diameter
of the microparticles in equilibrium was constant at a value of
2 um, irrespective of Peg. This is in marked contrast to the re-
sult in H,O, where the particle size increased with an increase
in P.g. The morphology of the microparticle was very ambigu-
ous, and no convection was observed in the solution around
the microparticle. Furthermore, the time necessary for particle
dissociation after switching off the laser beam was several tens
of seconds. As previously described, since photothermal ef-
fects are completely negligible in D, 0, the formation/dissoci-
ation process and the morphology of the microparticles are
essentially different from those observed in H,O. The origin
of particle formation in D,O is ascribed to molecular assem-
bling of PMVE polymer chains by photon pressure of the fo-
cused laser beam. The structure of the PVME particle formed
by photon pressure should be tighter than that formed in H,O
due to attractive interactions among polymer chains, resulting
in the much longer disappearance time observed in previous
works on PNIPA. 13

Raman Spectra of the PVME Coil, Globule, and Micro-
particles.  Although laser-induced microparticle formation
was observed both in H,O and D,0, the characteristics of
the two systems are very different, as described above and
shown in Figs. 1 and 2. In order to examine the structure of
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the PVME microparticles in H,O and D, 0, therefore, we con-
ducted Raman microspectroscopy. The molecular structure of
thermo-responsive polymers upon phase transition, including
PNIPA and PVME, can be well analyzed by Raman spectros-
copy, since Raman spectra are highly sensitive to structural
differences between hydrated-coiled and dehydrated-globular
states.

Figure 3 displays the Raman spectrum of the PVME micro-
particle formed in DO (P = 190 mW), together with those
of PVME in the coiled and the globular states in D,O as refer-
ences. The reference spectra for the coiled and globular states
were measured at room temperature and 310 K, respectively.
For all the samples, various Raman bands were observed over
a wide wavenumber region, and the assignment of the bands,
based on the literature, are summarized in Table 1.28-3! It is
worth noting here that, since the Raman scattering intensity
of PVME is very weak, particularly in the region of <2000
cm™!, the spectrum in a dilute solution has not been reported,
so far. Therefore, this is, to the best of our knowledge, the first
report of the Raman spectra of PVME in a dilute solution.

First, we discuss the spectral differences between the coiled
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Fig. 3. Raman spectra of coiled state (blue line), globular
state (red line), and a laser-induced microparticle formed
at Peir = 190 mW (black line) in D,O.
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and globular PVME. As seen from Fig. 3 and Table 1, the
Raman spectra of the coiled and globular states were similar
in the wavenumber region below 1500 cm~'. By contrast, sig-
nificant differences in the spectra were observed between the
two states in the wavenumber region of 2500-3000cm™', as
the expanded spectra shown in Fig. 4. Figure 4a shows the

Raman bands of the O-D stretching mode of D,O for the three
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Fig. 4. Expanded Raman spectra of coiled state (blue line),
globular state (red line), and a laser-induced microparticle
formed at P, = 190mW (black line) in D,O. Wave-
number region: (a) 22003100 cm™". (b) 2750-3050 cm™".

Table 1. Raman Frequencies and Assignments of the Individual Bands Observed for the Laser-Induced
Particles and the Coiled and Globular States in D,O Solution®

Wavenumber/cm™!
Laser-induced  Coiled state Globular state Assignments
Particle
790, 813, 870 790, 815, 813 790, 813, 870 C-C skeletal vibration
1070 1070 1070 C-O stretching
1113 1112 1112 C-O stretching + C-H rocking
1210 O-D bending of D,0
1341, 1383 1347, 1386 1340, 1382 H-C-H bending
1459 1459 1458 H-C-H bending
2540 2530 2545 O-D stretching of D,O
2825 2840 2825 Symmetric C—H stretching of CHj3
2925 2925 2925 Antisymmetric CH stretching of CHy, dehydrated
2945 Antisymmetric CH stretching of CH,,  hydrated
2975 2995 2975 Antisymmetric CH stretching of CHj3

a) The assignments were done on the basis of Refs. 28-31.
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systems where the intensities are normalized to that at 2830
cm~! (symmetrical C-H stretching mode of CH3). The Raman
signal intensity of the O-D stretching mode in the region of
2300-2700cm™' decreased appreciably upon thermal phase
transition from the coiled state to the globular state, since
phase transition is accompanied by dehydration of the polymer
chain. The spectral differences between the samples were more
pronounced in the region of 2800-3050cm™', as shown in
Fig. 4b. The coiled PVME showed the CH; symmetrical and
antisymmetrical stretching bands at 2840 and 2995 cm™!, re-
spectively, whereas the bands were shifted toward lower
wavenumbers (2825 and 2975 cm™!, respectively) for globular
PVME. The methylene C-H stretching vibrational band of
coiled PVME at around 2940 cm™! was split into two peaks
at 2925 and 2945 cm™', and the latter peak was more intense
compared with the former. For globular PVME, the relative
intensity of the two peaks was reversed, and the peak at
2945cm™! was barely discernible.

Such spectral behavior can be interpreted as follows. It has
been shown by Raman spectroscopy of a thermo-responsive
polymer that the C—H stretching band of the polymer exhibits
a slight low-frequency shift by dehydration of the C-H
group.?*33 The change in the relative intensity of the peaks
of the antisymmetric CH stretching of —CH,— (2925 and
2045 cm™") upon phase transition from the coiled state to glob-
ular state is ascribed to dehydration of the methylene chain of
the polymer in the globular state. Therefore, the changes in the
relative peak intensities are evidence of the phase transition.
Indeed, analogous spectral changes have been observed for
an aqueous PVME solution by Maeda et al.,”8>3! as well as
for other thermo-responsive polymers, such as PNIPA and re-
lated polymers.>*?7 Such behavior has also been observed for
PVME in H,0 and for the PNIPA system.>*

Here, we discuss the structure of the PVME particles pro-
duced by 1064 nm laser irradiation on the basis of the present
experimental results and the above discussions. It is safe to say
that the PVME microparticle formation in H,O, shown in
Fig. 1, is ascribable to photothermal effects. In practice, the
Raman spectrum of the PVME microparticle produced by laser
irradiation was in good agreement with that of globular PVME
in H,O, as shown in Fig. 5. The spectral assignments are the
same as in Fig. 4. By contrast, as described previously, the
photothermal effects are negligible in D, 0, since it is transpar-
ent at 1064 nm. Therefore, the structure of PVME microparti-
cles produced by non-thermal phase transition is worth discus-
sing here. As clearly seen in Figs. 3 and 4, the Raman spectra
of the laser-induced particles were almost identical to that of
globular PVME, but not explained by that of the coiled state.
The expanded spectra in Fig. 4a demonstrate that the signal
intensity of the O-D stretching mode observed for the laser-
induced microparticle is much weaker than that of coiled
PVME, and slightly stronger than that of globular PVME. This
suggests that D,O molecules hydrating the PVME polymer
chains before laser irradiation are excluded upon particle
formation at the focal point of the laser beam, and the content
of D,O molecules in the particle is rather close to that in
globular PVME.

Furthermore, in the spectra of the methyl and methylene
vibrational modes in the region of 2800-3000cm~' (Fig. 4b),
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Fig. 5. Expanded Raman spectra of coiled state (blue line),
globular state (red line), and a laser-induced microparticle
formed at Py = 120mW (black line) in H,O.

the slight low frequency shift of the —CH; symmetric/anti-
symmetric stretching bands and the inversion of the relative
ratio of the antisymmetric CH stretching of —CH,— (2925
and 2045cm™!) stretching bands observed for the globular
state were reproduced in the spectrum of the laser-induced
microparticle. This spectral behavior has been commonly
observed for the microparticles irrespective of laser power.
On the basis of the present observations, we conclude that
the structure of laser-induced PVME microparticles is glob-
ular. Microparticle formation (phase separation) following
the phase transition from a coil to a globule is triggered by
laser irradiation.

Mechanism of Laser-Induced Particle Formation in
D,0. The driving force behind PVME molecular assembly
in D,0 is clearly not due to the photothermal effects, but to
the photon pressure produced by the laser beam, of which
the origin is the dipole gradient force. As reported by Ashkin,
the free energy of a system becomes lower when more polar-
izable molecules replace D,O molecules at the focal point of a
laser beam.!>!% In the present case, coiled PMVE molecules
dissolved in water can be regarded as Rayleigh particles, since
the hydrodynamic radius of the coil (r = 45 nm on average) is
much smaller than the wavelength of the incident laser beam
(1064 nm). In this instance, the photon pressure exerted on a
Rayleigh particle can be expressed on the basis of the Lorentz
force, !?

1 9
F=—-aVE’+o—(E x B), 1
5 + 81‘( x B) (D

where E and B are the electric field strength and incident
magnetic flux density, respectively. « is the polarizability of
the particle (coiled PVME), which is given as:

s (m/m)? — 1
(mi/m)* +2°

where &, is the dielectric constant of D,O, and n; and n, are
the refractive indices of the particle and the surrounding medi-
um (D,0), respectively. In Eq. 1, the first term corresponds to
the gradient force, and the second term acts on the particle as a
scattering force due to the change in the Poynting vector of
incident light. For n; > n,, the gradient force is directed to a

o =4mEyr

2



Y. Tsuboi et al.

high intensity electric field region, i.e., the focal point. In the
present case, using a focused near-infrared Gaussian laser
beam, the gradient force is much stronger than the scattering
force. Accordingly, the particle is attracted and trapped at
the focal point of the laser beam by the radiation force. In this
case, the potential energy (U) for optical trapping is expressed
as follows:

U=—aFE?)2. 3)

Under the present conditions of P > 80 mW, n; (refractive
index of PVME) = 1.462, and with the diameter of the laser
spot being ~A (=1064nm), r should be >25nm to satisfy
the trapping condition, U > kg7, where kg and T are the
Boltzmann constant and absolute temperature, respectively.
Therefore, PVME coils (»r = 45 nm) can be trapped at the focal
point of the laser beam and assemble together, overcoming
the Brownian motion of the polymer coils. Thus, single PVME
microparticles are produced through the photon pressure.

During molecular assembly of the polymer coils, coiled
PVME molecules become closer to each other due to photon
pressure, as described above. This results in an increase in
the hydrophobic interactions between PVME coils as opposed
to the hydrophilic interactions between the coils and D,O,
leading to a phase transition from the coiled state to the glob-
ular state. In the case of thermally induced (thermo-respon-
sive) processes in H,O, the phase transition is followed by
phase separation. In contrast, as a tentative explanation, we
think that the phase transition follows phase separation (micro-
particle formation) in D,O. The mechanism proposed holds
also for laser-induced PNIPA microparticle formation in
D;0, as reported previously.>

Finally, we briefly compare behaviors of particle formation
in D,O between PVME and PNIPA.!'3* The threshold Pes
values of the particle formation for the each system were simi-
lar (<100 mW), as determined from microscope observations.
However, the PVME particle has very ambiguous morphology
as compared to the PNIPA system. Furthermore, the growth
rate of the particle in the PVME system was somewhat slower
than that in the PNIPA system. Both the refractive index and
molecular weight of PVME used in the present study (n =
1.462 and M,, =9 x 10*) were lower than those of PNIPA
used in the previous study (n=1.508 and M, =5.2 x
10%).3* These lower n and M, values make the interaction
energy U small. This is the origin of the observed difference
between PVME and PNNIPA systems.
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