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Fluorescent Pattern Generation of Anthracene
Polymers by Holographic Technique

Y. KIM, J. KIM, AND E. KIM

Department of Chemical and Biomolecular Engineering, Yonsei
University, Seongsanno, Seodaemun-gu, Seoul, South Korea

Photopolymer films were prepared from the mixture of acrylate monomer, binder, a
visible light sensitive photo initiator, and fluorescent polymer (polyanthracene,
PMAn), to generate the fluorescent patterns by holographic method. The trans-
parent photopolymer films were yellow colored and having maximum fluorescent
emission at visible range. The diffraction efficiency of the PMAn doped film with
thickness of 100 um was maximized to 50%. Fluorescent patterns in a submicron/
micron scale were inscribed on the photopolymer film with a visible laser. As a result
of the fluorescent grating patterns, the fluorescence of the film was highly enhanced
compared to the unpatterned film.

Keywords Fluorescent pattern; holography; photo-patterning

1. Introduction

Patterning by laser interference technique such as holographic patterning has been
interested as a new fabrication technique in multi-dimensional structure formation
for polymer dispersed liquid, photochromic media, and photo polymerizable media
[1-6]. In particular, photo sensitive polymer system in holography lithography has
been exploited for diffractive elements and devices [7—15]. In this photo-polymerizable
media, diffractive grating patterns were fabricated as a result of light initiating
photo-polymerization at the brighter regions of the interference, by local and non
local polymerization. Since the non-local polymerization followed by diffusion of
monomers can be optically triggered and chemically amplified, patterns can be
obtained with high homogeneity over larger area to afford simple pattering process.

Much report has been published to the surface relief gratings (SRG) of azo-
functionalized or azo-doped polymers [16-19]. Despite of this, reports on emissive
photopolymer films containing photo-polymerizable acrylates functional groups in
the presence of fluorophore were rare [20]. We report here the formation of fluor-
escent pattern using the photopolymer system containing ethylene glycol phenyl
ether acrylate and triazine diacrylate monomer (DT) [21]. As a fluorophore, we
introduced methylene bridged poly-anthracene (PMAn) because of its high solubility
in organic solution containing transparent binder [22].
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2. Experiment
2.1. Materials

Ethylene glycol phenyl ether acrylate (PA) and polysulfone (PES, Mw = 35,000)
were purchased from Aldrich. Bis (u5-2,4 cyclopentadien-1-yl)-bis-[2,6-difluoro-3-
(1Hpyrrol-1-yl) phenyl] titanium (Irgacure784) was purchased from Ciba Geigy
and used as a photo radical initiator. The triazine dimethacrylate (DT) was synthe-
sized from cyanuric chloride, according to the literature [21]. Chloroform and
1,1,2,2-tetrachloroethane (TCE) were purchased from Aldrich and used as solvent.
The high molecular weight (Mw) PMAn having average Mw of 3650 (M,,/M,, =
3.64) was synthesized according to the method reported before [22]. The low Mw
PMAn having average Mw of 1225 (M,/M,, = 1.22) was synthesized similarly but
with less initiator concentration [22].

2.2. Preparation of Photopolymer Films for FL Pattern Formation

PMAn was added to the mixture of photopolymer composition to fabricate the trans-
parent fluorescent film. This visible light sensitive mixture consisted of PA and DT as
monomers, polysulfone (PES, Mw = 35,000), a visible light sensitive photo initiator
(Ig784), and PMAn as a fluorophore. There was no indication of polyanthracene
dimerization under 491 nm or 514 nm because polyanthracene was dimerized only
under UV light. The mixtures were dissolved well in a mixture of chloroform and
TCE and then stirred under a dark place for 3h. The photopolymer films from the
monomer mixture of PA and DT afforded stable holographic recording as we
reported before [23]. Thus all the holographic patterning was carried with the film
containing an optimized content of DT. The optimized weight ratio of the PA: DT:
PES: photo initiator of the composition (PD31) was constant as 30:10:59:1 in all sam-
ples. Different content (2, 4, 8 wt% of solute) of fluorophore was added to PD31 to
examine the effect of the fluorescent concentration on the patterning. The mixture
was stirred and then filtered using membranes of 1.0 um pore size attached to a Teflon
syringe. The solution was coated on a slide glass with spacer and the resultant viscous
film was dried under nitrogen flow for overnight to remove the solvent.

2.3. Pattern Formation Using the Holographic Method

Grating pattern was generated by a series of optical setup consisting of a diode laser
(491 nm), polarizer, beam splitter, and detector, as reported before. To detect diffracted
beam intensity during the holographic patterning in real time, a 635 nm-laser diode was
used. A power ratio of the object and reference beams was fixed as 1:1 by the adjustable
polarized beam-splitter (PBS), which is consists of a rotation half-wave plate, a polar-
izing beam-splitter cube, and a fixed half wave plate. The two beams were coherence on
the photopolymer films and the interference pattern was generated at the films. The
diffraction efficiency (1) was determined from the ratio of the diffraction intensity
(Ip) against the sum of Ip and It, where IT is the intensity of transmission beam.

2.4. Characterization

The average molecular weight of the fluorescent polymer was characterized by gel
permeation chromatography (GPC) (model: Waters R-401 ALC/GPC) with THF
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as an eluent and polystyrene standard was used for calibration. Fluorescence
spectrum of the film was obtained with luminescence spectrometer (Perkin—Elmer,
Model LS55). The grating pattern image was examined by an optical microscopy
(BH2-RFL-T3, Olympus Inc.) and a fluorescence microscopy.

3. Results and Discussion

The photopolymer films containing PMAn were photochemically active under the
holographic patterning set up in Figure 2, to afford diffraction gratings. Figure 3
shows the diffraction efficiency (DE) increase of the 100 um-thick film containing
different content of fluorescent polyanthracene in PD31 composition during the
holographic patterning. Diffraction efficiency of the PD31 film was increased within
100s of patterning time, reaching a maximum value without fluorophore and
showed maximum diffraction efficiency around 90%. In theory, the diffraction
efficiency growth is proportional to the refractive index change (An) in the photo-
polymer film described in Eq. (1) [24].

n(t) = sin® TAn(t)T /[y cos(6y)] (1)

In our experiment, the film thickness (T) was 100 um. The Bragg matched beam
wavelength (/) was 491 nm and Bragg angle of the probe beam (0,,) was 15°. The
refractive index change is affected by the monomer concentration ([M]), and
diffusion coefficient (D) as described in Eq. (2). C, is a constant [24].

/0t n(x,t) = C,0/0x D[9/0x [M] (x,1)] 2)

Diffusion coefficient is generally dependent on the monomer concentration and on
other physical characteristics of the material such as viscosity. In the presence of
PMAn, the DE was reduced, possibly due to that the diffusion of monomers is
blocked by the large fluorophore (PMAn).Thus the growth of DE is slow and the
maximum DE value is decreased as the contents of PMAn is increased, as the D
value in Eq. (2) is smaller for higher PMAn content. Similarly, the DE of the film
containing high Mw PMAn (HPMAn) was much lower than that containing low
Mw PMAn (LPMAn) as shown in Figure 3. The DE of the PMAn doped film with
thickness of 100 um was maximized to 50% with 2 wt% of LPMAn doping.
Absorption spectra of the photopolymer film showed in Figure 4. It showed
clearly the increased absorption spectrum around the 415nm ranges after adding
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Figure 1. Structures of monomers (a) PA: Ethylene glycol phenyl ether acrylate (POEA),
(b) DT: triazine dimethacrylate, and (c) poly(methyl anthracene) (PMAn).
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2-beam interference pattern

Constructive interference region

Destructive interference region

Figure 2. Schematics of the holography patterning set-ups and beam-profiles on the photopo-
lymer surface.

the PMAn fluorophore to the photopolymer composite. Interestingly the fluores-
cence of the film after grating formation (exposed) was enhanced compared to the
unexposed area. This result matched well to the previous report [25]. Thus such
an enhancement could be ascribed to the micro separation between the fluorescent
polymers by the grating patterns.

The emission maximum of the spectrum before and after holographic patterning
was almost same for the same Mw fluorophore. Compared to the LPMAn, the
HPMAn showed emission maximum at longer wavelength under the excitation
wavelength of 415 nm [26].

The fluorescent spectra of the photopolymer film clearly showed the enhance-
ment of the emission intensity after the patterning compare to the unpatterned area
(Fig. 5). Interestingly, before patterning, the HPMAn film showed lower fluorescent
intensity than the LPMAn film. This may be ascribed to that fluorescence intensity
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Figure 3. Growth of the diffraction efficiency for the PMAn containing film: PMAn content
of Owt% (solid line), 2wt% (square), 4wt% (triangle), and 8 wt% (circle) for PMAn of
Mw.1225 (a) and 3650 (b). Thickness of the film was 100 um.
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Figure 4. Absorbance spectra of the photopolymer film containing low Mw PMAn (average
Mw = 1225, dot line) and high Mw PMAn (average Mw = 3650, dashed line) before pattern-
ing, as compared to that of film without PMAn (solid line).

of the high Mw PMAn was quenched more easily than the low Mw PMAn with
neighboring molecules [27]. Surprisingly, after the patterning, the fluorescence inten-
sity was more enhanced and the patterns were more clearly observed in the film with
HPMAn than that with the LPMAn. The fluorescence contrasts, defined as R in Eq.
(3), were determined as 7.02 and 2.46 for the film containing 2 wt% of HPMAn and
LPMAn, respectively.

R = fluorescence intensity of the recorded area/unrecorded area (3)

This result could be ascribed to the separation of PMAn polymers during the
monomer diffusion and thus reduce the possibility of excited quenching of the
polymer by the neighboring polymers, as described before. The films with more than
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Figure 5. Emission spectra of the photopolymers under 415 nm excitation, before (solid line)
and after (dotted line) patterning for (a) low Mw PMAn (Mw = 1225) and (b) high Mw PMAn
(Mw =3650) containing different concentration of PMAn: 0 wt% (black), 2 wt% (blue), 4 wt%
(wine), 8 wt% (magenta).
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Figure 6. Pattern images on the HPMAn (2wt%) film under the optical and fluorescent
microscope. (6, =15), thickness 50 pm. (a) Optical microscope image, (b) green, (c) red, and
(d) blue emission images.

4 wt% fluorophore contents show less fluorescent intensity enhancement compare to
that with 2wt%. As described above, the DE of the film with higher PMAn shows
slower growth in DE and lower maximum DE, as the increased PMAn disturbs
the diffusion of monomer. Therefore efficiency for the grating pattern generation
is decreased at the high PMAn. On the other hands, the fluorescence intensity is
increased with the fluorophore content [20].

The two effects must be compensated in the film of high PMAn content, where
the diffusion of monomer (DT) is slow but fluorescent intensity is high, as shown in
Figure 5. As the fluorescent intensity of the film was more increased in the recorded
(grating) area, the fluorescent grating pattern became vivid even with naked eye.
Interference beams are used for photoreaction of monomers to generate the patterns.
The grating period was about ~0.95um by a 491 nm laser patterning. It can be
calculated by 0,, following the Bragg’s law in Eq. (4),

A = 2n.dsin(6y) (4)

where d is the interlayer distance in the [111] direction and 0, is the Bragg angle,
which is the half value of the incident angle. The effective refractive index (n.) is
independently determined according to the literature [28]. Figure 6 shows an optical
and fluorescent microscope image of the fluorescent pattern. Interestingly, the fine
grating patterns were observed in the magnified image to show a grating spacing
of ~0.95 um which matched to the theoretical value from Eq. (4). Blue and green
emission image showed vivid fluorescent gratings.

4. Conclusion

Fluorescent grating pattern formation on a photopolymer film doped with PMAn
was examined with a molecular composite of acrylic monomer and polyanthracene
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as a fluorophore. The grating formation efficiency (DE) was affected by the content
and Mw of PMAn, specifically free fluorophore concentration in polymer com-
posite. The emission maximum of high Mw PMAn (HPMAn) was more red-shifted
than the low Mw PMAn (LPMAn). The fluorescence intensity of the grating area
was enhanced after pattern formation, possibly due to micro separation within
photopolymer matrix between the fluorescent polymers by the photochemically
polymerized PA and DT domain, which may lower the possibility of excited quench-
ing of PMAn with the neighboring PMAn. The Mw of PMAn affected the
absorbance and fluorescence of the photopolymer. The high Mw PMAn (HPMAn)
showed more fluorescence quenching effect before the patterning. However, the
fluorescence of the pattern from the HPMAn film was enhanced more than that
from the LPMAn film. The fluorescence contrast (R) between the patterned against
unpatterned area were determined as 7.02 and 2.46 for the film containing 2 wt% of
HPMAn and LPMAn, respectively.
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