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A bistable photoswitching photochromic spironaphthoxazine/isophorone-based fluorescent dye system
was investigated. The photoregulated fluorescence switching behavior of a spironaphthoxazine/iso-
phorone dye loaded poly(methyl methacrylate) nanofiber was also studied. Reversible modulation of
fluorescence intensity was achieved using alternating irradiation with UV and visible light. The erasable
and rewritable optical storage based on spironaphthoxazine/isophorone dye loaded poly(methyl
methacrylate) nanofiber has been developed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, photochromic materials have attracted attention
because of their importance and potential application in the area of
optics which includes optical switching, display, optical memory
and non-linear optical devices [1e11]. Spironaphthoxazines (SPO)
are photochromic compounds analogous to spiropyrans. These two
classes of compounds are similar in many respects. However, the
replacement of the benzopyran ring by a naphthoxazine ring
results in SPO having the advantage of greatly improved resistance
to prolonged UV irradiation, which confers much greater
commercial importance upon them [12]. On UV irradiation the CeO
bond of the colorless SPO is cleaved and the colored merocyanine
form is obtained. Thus, the interconversion of spiro(SP)-
merocyanine(MC) systems, SP-MC, has been extensively investi-
gated due to their potential applications in molecular devices and
uses in biotechnology [13]. Photochromism studies of SPO in
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polymer matrices [14], liquid crystal polymers containing SPO as
mesophases [15], and SPO grafted poly [2-ethynyl-pyridinum
bromide] to form an ionic conjugated polymer [16], poly [N, N-[(3-
dimethylamino) propyl] methacrylamide [17] and other synthetic
polymers [18,19] have recently been developed. Our group recently
reported the spectral switching properties of SPO derivatives
[20e23]. The electrospinning technique allows for rapid and cost-
effective fabrication of fibrous polymer membranes with a large
surface area [24]. The method can be applied to synthetic and
natural polymers, polymer alloys, and polymers loaded with
chromophores, nanoparticles, or active agents, as well as to metals
and ceramics. The isophorone-based fluorescent dye with an
electron donorepeacceptor (DepeA) molecular structure showed
interesting optical characteristics, which have been intensively
developed for applications using as electroluminescent (EL) mate-
rials [25,26], dye-sensitized solar cells (DSSCs) [27,28], and che-
mosensors [29,30]. Herein we report the photostimulated spectral
switching properties of an electrospun nanofiber containing both
photoswitchable SPO and isophorone-based fluorescent dye in
poly(methyl methacrylate) (PMMA).

2. Experimental

SPO and DepeA type isophorone dye, 2-(3-(4e((2-
hydroxyethyl)(methyl)amino)styryl)-5,5-dimethylcyclohex-2-
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Fig. 2. Absorption and fluorescence spectra of HDMP in DMF at room temperature
(2 � 10�5 molL�1, excitation: 500 nm).
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enylidene)malononitrile (vinylcyanoacetate)pyran (HDMP) were
prepared using previously described procedures [30,31]. Poly
(methyl methacrylate) (PMMA, Mn ¼ 77,000, Mw/Mn ¼ 1.32)
polymer was purchased from Wako pure chemical industries,
Ltd. The 30 wt.% of PMMA solution was prepared in N,N-
Dimethyl formamide (DMF) at room temperature under
magnetic stirring for a day. PMMA/SPO/HDMP blend solutions
were obtained by dissolving of SPO (2 � 10�5 M) and HDMP
(2 � 10�5 M) in the PMMA-DMF solution with gently stirred for
1e2 h. During electrospinning, 30 kV of high voltage power
(NANONC Co., Ltd., Seoul, Korea; model NNC-60K-2 mA) was
applied to the PMMA/SPO/HDMP blend solutions contained in
a syringe via alligator clip attached to the syringe needle. The
solution was delivered to the needle tip via syringe pump to
control the solution flow rate (0.003 mL/min). Fibers were
collected on an electrically grounded aluminum foil placed
vertically to the needle tip. The morphology of nanofiber was
examined using a JSM-6380LV scanning electron microscope
(SEM) and the reflectance changes of nanofiber were investi-
gated by CCM (Computer Color Matching, X-rite Premier 8200).
UVevis spectra were obtained using an Agilent 8457 UVevis
spectrophotometer; fluorescence spectra were measured using
a Shimadzu RF-5301PC Fluorescence spectrophotometer. A high
pressure mercury lamp (Ushio, SP-3-250D) was used as the UV
radiation source and calibrated with a monochromator at
366 nm.
3. Results and discussion

3.1. Spectral properties of SPO and HDMP

Photochromism in SPO generally involves the UV-induced
dissociation of the spiro CeO bond from the oxazine ring, to form
a planar structure. This is commonly referred to as the photo-
merocyanine product. The photomerocyanine is usually less stable
and returns to the closed form both thermally and photochemically
[32]. Electronic absorption spectral changes of SPO upon UV irra-
diation in DMF are depicted in Fig. 1.

The original spectral pattern is reversibly recovered within 1 s.
The new band is ascribed to the generation of the open mer-
ocyanine form from the closed spiro form. Spectra measured after
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Fig. 1. Absorption spectral changes of SPO in DMF (2 � 10�5 molL�1) under different
irradiation time by UV light at room temperature.
UV irradiation is at any time proportional to each other in the
visible region, indicating that only one species is formed. This
allowed the absorption to be monitored at lmax of 605 nm as
a function of time to obtain the thermal colour fading rate. Fig. 2
showed the absorption and fluorescence spectra of HDMP in
DMF. The intramolecular charge transfer (ICT) interaction, which is
from themethylamino-ethanol group to 2-enylidene-malononitrile
fragment, is strongly enhanced upon excitation as evidence from
the extreme bathochromic shift of the absorption and fluorescence
maximum in polar solvents [30]. A large Stokes shift of 140 nmwas
observed, which may be caused by the strong ICT interaction of this
dye molecule.
3.2. Spectral switching of SPO with HDMP

Fig. 3 showed the absorption spectral changes of SPOeHDMP
in the ratio of 1:1 equiv by irradiation with UV light. Upon irra-
diation with UV light, a new band appeared at around 600 nm
which continuously increased, depending on the irradiation time.
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Fig. 3. Absorption changes of SPO/HDMP in DMF solution upon irradiation with UV
light at room temperature (SPO: HDMP ¼ 1:1 equiv, 2 � 10�5 molL�1).



Fig. 5. Schematic representation of the preparation and fluorescence modula

Fig. 4. Fluorescence changes of SPO/HDMP in DMF solution upon irradiation with UV
light (SPO (2 � 10�5 molL�1): HDMP ¼ 1:excess equiv, excitation: 500 nm). Inset:
Modulation of the HDMP fluorescence with the interconversion of SP and MC induced
by alternating irradiationwith UV light. UVevis absorption spectra of open form of SPO
(dash line).
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This new band was assigned to the formation of the merocyanine
form.

Fig. 4 shows the fluorescence spectral change of SPOeHDMP in
the ratio of 1:excess equiv with the excitation wavelength at
500 nm at 0 �C. Upon irradiation with UV light, the fluorescent
intensity at 660 nm is decreased. UV-induced ring-opening
converts the spiro form to the merocyanine form whose visible
absorption band partially overlapped with the HDMP emission
band. The fluorescence quenching in SPOeHDMP is attributed to
the intramolecular energy transfer from the excited HDMP to the
SPO photomerocyanine, because the spectral overlap in the range
550e700 nm between the emission band from HDMP and the
enhanced absorption band of the opened merocyanine in SPO.
Because of the energy transfer, the open merocyanine absorbs the
emitted light of HDMP so that the higher fluorescence of HDMP can
be quenched by the merocyanine. It is apparent that the fluores-
cence intensity of the HDMP is efficiently switched by photo-
chromic switching between SPO and HDMP using alternative
irradiation with UV/Vis (Fig. 4 inset).
tion by photochromic switching of SPO/HDMP-loaded PMMA nanofiber.
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Fig. 7. The reflectance changes of SPO/HDMP-loaded PMMA nanofiber upon irradia-
tion with UV light (SPO: HDMP ¼ 1:1 equiv).

E.-M. Lee et al. / Dyes and Pigments 92 (2011) 542e547 545
3.3. Spectral switching of SPO/HDMP-loaded PMMA nanofiber

The photoswitching performance of the SPO/HDMP loaded
PMMA nanofiber was next investigated. A typical procedure used
for the fabrication of a photoswitching electrospun nanofiber is
schematically presented in Fig. 5. A viscous DMF solution con-
taining PMMA, SPO, and HDMP is placed in a syringe. A high
voltage (30 kV) is then applied to the syringe needle. The nano-
fibers are collected on the surface of a grounded aluminum foil.
The morphology of the nanofibers, imaged by scanning electron
microscopy (SEM), is shown in Fig. 6(a). The nanofibers have
a cylindrical structure and a smooth surface. The nanofibers with
diameter ranging from 400 nm to 1000 nm are produced
(Fig. 6(b).)

Reflection spectra changes of SPO/HDMP-loaded PMMA nano-
fibers after UV irradiation are depicted in Fig. 7.

Upon UV irradiation, the electrospun nanofiber mats quickly
became purple. Besides a small increase in reflection at
500e600 nm, a new broad reflection band around 600e700 nm
was observed that corresponds to the ring-opening merocyanine
form of SPO produced by ring opening. With subsequent visible
light irradiation the reflectance at 600e700 nm was recovered the
initial state. At room temperature the efficiency of the decoloration
of the SPO/PMMA nanofibers is rather small but it increases with
Fig. 6. SEM micrograph (a) and diameter distribution (b) for nanofiber mats spun with
applied voltage of 30 kV. Inset of (b): SEM image of single nanofiber. Scale bar in 2 mm
ES parameters: needle to collector distance ¼ 17 cm, v ¼ 0.003 mL/min.
increasing temperature. When the SPO/HDMP-loaded PMMA
nanofibers were irradiated with UV light, the emission at 637 nm
was remarkably quenched within 10 s (Fig. 8).

Intramolecular fluorescent energy transfer was responsible for
this fluorescence quenching. The SPO/HDMP-loaded PMMA nano-
fibers are suitable material for optical information recording. We
have demonstrated a possible procedure for data recording and
erasing in Fig. 9a.

Upon UV-light irradiation through the mask, the optical data
were recorded on SPO/HDMP-loaded PMMA nanofiber mats
within the mask region. The original pattern was recovered
within 30 min. When the nanofiber mats within the mask region
were irradiated with visible light, the optical data was erased.
Fig. 9bec shows the practical optical and fluorescent images of
erasable and rewritable photoimaging on SPO/HDMP-loaded
PMMA nanofiber mats by patterned illumination with a photo-
mask. The abbreviation ‘KNU’ (Kyungpook National University)
was recorded as a first image (Fig. 9B), which was subsequently
erased and followed by the recording of a second image, LEM
(Fig. 9D). The cycles of writing and erasing were repeated more
than 20 times.
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Fig. 8. Fluorescent emission changes of SPO/HDMP-loaded PMMA nanofiber with UV
irradiation (SPO: HDMP ¼ 1:1 equiv).



Fig. 9. (a) Principle scheme of the optical data recording on SPO/HDMP-loaded PMMA nanofiber. The (b) fluorescence and (c) optical switching of SPO/HDMP-loaded PMMA
nanofiber.
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4. Conclusions

In summary, we have constructed a photoresponsive switchable
electrospun nanofiber based on an SPO/HDMP-loaded PMMA
nanofiber, showing the fluorescence modulation by alternating
irradiationwith UV light. A facile approach to realizing erasable and
rewritable optical storage was successfully demonstrated.
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