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ABSTRACT: Optical modulation of waveguiding and logic
operations play significant roles in highly integrated optical
communication components, optical computing, and photonic
circuits. Herein, we designed and synthesized spiropyran-
functionalized polydiacetylene (SFPDA) microtubes, and
realized reversible optical modulation of waveguiding in
SFPDA microtubes through fluorescence resonance energy
transfer (FRET) between the PDA matrix and spiropyran in
open merocyanine (MC) form within the surface of the
microtubes. Because of the reversible isomerization character-
istics of spiropyran units, we have realized resettable, multireadout logic system that includes OR and INHIBIT logic operations
in SFPDA microtube.
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1. INTRODUCTION

Recently, extensive studies have been carried out on the
development of materials and nano/microstructures to fabricate
miniaturized optoelectronic devices.1 A class of one-dimen-
sional (1D) nano- and microsized materials including wires,2

tubes,3 rods,4 and belts5 have been investigated for their
potential applications in the field of photonic devices and
sensing.6,7 Among them, 1D nano- and microstructures based
on conjugated polymers materials possess excellent processing
properties and chemically tunable optoelectronic characteristics
and can be effective elements in the field of photonic circuits
and sensing.8,9 Redmond et al.10 reported that 1D poly(9,9-
dioctylfluorene) nanowires behaved as active optical wave-
guides to transport light efficiently. Fasano et al.11 fabricated a
conjugated polymer (PFO−PBAB) nanofiber waveguide by
electrospinning, and the loss coefficients was as low as 100
cm−1. Liu et al.12 and Meng et al.13 fabricated polymer
nanofiber waveguide incorporating quantum dots by electro-
spinning. In our previous work, 1D polydiacetylene (PDA)
microtube have been successfully fabricated as an active optical
waveguide.14 Compared to 1D organic photonic device based
on the conjugated polymer nanowire or semiconductor
quantum dot (QD)-incorporated polymer nanofibers, the
novel PDA microtube waveguide system possesses several
significant features. First, the high surface-to-volume ratios in
the 1D microtube structure would facilitate the diffusion of the
analyst molecules, leading to instant waveguiding modulation,
which would facilitate the potential application in the field of
smart materials and sensing. Second, the chemical properties

within the surface of PDA microtube can be effectively tailored
through simple surface modification. Therefore, the wave-
guiding properties of PDA microtube can be modification with
various functional units. Last, single PDA microtube waveguide
system can be further integrated into the chips, which promise
new opportunities in smart optical communications and
integrated optoelectronic devices.
Although there are extensive studies focusing on the

waveguiding properties of 1D active polymer materials, the
flow of light in above 1D conjugated polymer nanofibers or
microtube is predetermined and cannot be readily reversibly
modulated during operation, limiting their practical application
in optical communications and integrated optoelectronic
devices. Therefore, it remains challenging to develop novel
1D conjugated polymer waveguide with tunable waveguide
performance. Most of the present optical modulation have
relied on two-photon absorption, the Kerr effect or nonlinear
optical effects, which require a laser with extremely high power
to achieve optical modulation.15,16 Great emphasis has been
placed on optimizing the inorganic and organic microstructures
of optical circuits based on complicated metallic nanostructures
or evanescent wave mechanism17 to achieve optical modulation
for future information technology. However, optical modu-
lation of waveguiding in 1D conjugated polymer microtube
based on the fluorescence resonance energy transfer (FRET)
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mechanism have seldom been reported. Herein, we design and
synthesize spiropyran-functionalized PDA (SFPDA) micro-
tubes and attempted to realize reversible optical modulation of
waveguiding in PDA microtube based on FRET between PDA
matrix and the spiropyran at the interface.
A lot of studies have been focus on spiropyran derivatives

which are developed as promising photochromes in application
to functional materials such as optical switches, memory, and
sensors.18,19 Spiropyran is sensitive to surrounding media,
displaying reversible structural transformation between color-
less SP (spiro form), colorless MCH (protonated merocyanine
form), and purple MC (merocyanine form) under thermal, pH,
or light stimuli.20 The absorption band of spiropyran in MC
form overlaps with the PL spectra of PDA; however, the
absorption band of spiropyran in SP form and MCH form do
not.21 Thus, isomerization of spiropyran between the MC and
SP or MCH forms can be used to modulate the waveguiding
properties of 1D SFPDA microtubes.
Further, optical logic gates have potential in ultrafast

information processing and optical computing systems because
they can fulfill various logic function operations.22 Great
emphasis has been placed on optimizing the inorganic and
organic microstructures of optical circuits based on silver
nanowires to achieve optical logic operations for future
information technology.23 However, resettable optical logic
operations in 1D conjugated polymers waveguides structure
have not been achieved to date. In this paper, either the “ON”
or “OFF” state of the out-coupled light from a PDA microtube
waveguide can be achieved based on various combinational
input signals, functioning as a basic optical Boolean logic unit. It
is the first time that the photoresponsive SFPDA microtube
with tunable optical modulation of waveguiding and optical
logic operations have been realized through fluorescence
resonance energy transfer (FRET) between the PDA matrix
and open merocyanine (MC) form of spiropyran within the
surface of the microtubes. This responsive SFPDA microtube
material may have potential application in ultrafast information
processing, photonic circuits, and optical computing.

2. EXPERIMENTAL SECTION
2.1. Materials. 10,12-Pentacosadiynoic acid (DA; Tokyo Chemical

Industry Co., Ltd.) was purified before use by dissolution in
cyclopentanone and subsequent filtration. 1-(2-Hydroxyethyl)-3,3-
dimethylindoline-6′-nitrobenzopyrylospiran (Tokyo Chemical Indus-
try Co., Ltd.) A hand-held UV lamp (λ= 254 nm), hung 5 cm above
the microtube, was used for structural transformation of spiropyran
units from SP to MC form. The light intensity of UV irradiation was
about 15 mW cm−2. Visible light irradiation experiments were
performed by exposing the microtubes to a Xe lamp (with 435
interface filters, Δλ = 5 nm). The light intensity of visible light
irradiation was about 20 mW cm−2.

2.2. Preparation of SFPDA Microtubes. Ethylenediamine-
substituded Pentacosadiacetylene (EPDA) and 2,4-diamino-6-octa-
decyl amino-1,3,5-triazine (T) (with molar ratio of EPDA:T = 9:1)
were used to fabricate pure PDA microtube by hierarchical self-
assembly procedure, similar as that in the reference.14 Upon thermal
treatment, PDA microtubes transferred to “red-phase”, and exhibited
strong fluorescence. Then the 200 μL of epoxy-substituted spiropyran
ethanol solution (3 mmol) was added to the above pure PDA
microtube aqueous suspension solution and the mixture was stirred
and stored in an incubator at room temperature for 10 h to ensure the
reaction complete. Finally, the resulting SFPDA microtube was rinsed
with deionized water several times in order to remove unreacted
epoxy-substituted spiropyran and other impurities.

2.3. Characterization. 1H NMR spectra and FTIR experiments
were carried out with a JEOL FX-90Q NMR 400 spectrometer and a
MAGNA 750 FT-IR spectrometer at room temperature, respectively.
Scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM) characterization were performed on a FEI
Sirion200 system and a JEOL-2000 microscope (operated at 200
kV), respectively. The ultraviolet−visible (UV−vis) and Fluorescence
spectra experiments were performed on a SHIMADZU UV-2550 PC
spectrophotometer and a JY-ihR 550 spectrophotometer, respectively.
Optical microscopy images and Confocal laser scanning microscopy
(CLSM) images were obtained in BX-51 fluorescence microscope and
Olympus, FV 300, respectively. X-ray photoelectron spectroscopy
(XPS) was characterized by using a VG ESCALAB MK-II photo-
electron spectrometer. The Raman spectra were performed on a
LABRAM-HR Confocal Laser MicroRaman Spectrometer with 514.5
nm radiation at room temperature.

Figure 1. (a) Preparation of SFPDA microtubes. (b) FT-IR characterization of (i) epoxy-substituted spiropyran, (ii) pure PDA microtubes, and (iii)
SFPDA microtubes. (c) Raman spectrum of (i) pure PDA microtubes and (ii) SFPDA microtubes.
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3. RESULTS AND DISCUSSION

3.1. Characterization of the SFPDA Microtube. EPDA,
T and epoxy-substituted spiropyran were synthesized according
to reported procedures.24,25 The synthetic route, molecular
structures and corresponding 1H NMR spectra for epoxy-
substituted spiropyran are shown in Figure S1 in the
Supporting Information. Pure PDA microtube was prepared
through similar procedure in ref 14. SEM characterization
confirmed that PDA microtube have been successfully
fabricated (see Figure S2 in the Supporting Information).
Upon thermal treatment, PDA microtube transferred to “red-
phase”, and emitted red fluorescent (see Figure S3a in the
Supporting Information). The laser scanning confocal micro-
scope (LSCM) characterization revealed the PDA microtube
with hollow tubular microstructure (see Figure S3b in the
Supporting Information). Then the SFPDA microtube was
prepared by incubating above pure PDA microtube in epoxy-
substituted spiropyran solution, since the epoxy group has a
great tendency to react with the basic amino group in the
surface of PDA microtube. The whole preparation process was
schematically illustrated in Figure 1a. The characteristic bands
of the triazine at 1644 and 1745 cm−1 were obtained. Upon

incubation with epoxy-substituted spiropyran, a new band (for
the C−N stretching vibration) emerged at 1337 cm−1, whereas
the characteristic stretching bands of epoxy group at 913−916
cm−1 disappeared (Figure 1b), indicating the successful surface
modification of PDA microtube with the spiropyran units.
Moreover, the Raman spectrum of the functionalized PDA
microtube consists of characteristic bands at 1437 and 2078
cm−1, which should be attributed to the CC and CC
stretching vibrations of PDA backbone. And the Raman bands
at 1338, 1120, and 1040 cm−1 (Figure 1c) were attributed to
the indoline and chromene moieties in the SP form of
spiropyran,26 confirming the anchoring of the spiropyran group
onto the surface of PDA microtube. All demonstrated that the
SFPDA microtube have been prepared by the chemical reaction
of epoxy group with the basic amino group in the surface of
PDA microtube.
The optical waveguiding of a SFPDA microtube was studied

by single-tube photoluminescence (PL) imaging (see Figure S4
in the Supporting Information). The tip of the SFPDA
microtube exhibted bright PL, however, comparatively weaker
emission could be observed for the body of the microtube.
Because light was waveguided within the microtube through the
intrinsic PL of “red-phase” PDA, the SFPDA microtube is

Figure 2. (a) Tip emission spectra of SFPDA microtube at different propagation distances (FL microscope image of SFPDA is shown as inset). (b)
Logarithmic plots of relative PL intensities of pure PDA and SFPDA microtubes against propagation distance.

Figure 3. (a) Modulation of waveguiding in an SFPDA microtube. (b) Tip emission spectra of an SFPDA microtube (i) before and (ii) after UV
light irradiation. (c) FL microscope images collected upon excitation of the same SFPDA microtube following UV and visible light irradiation.
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classified as an active waveguide. The tip emission intensity
decreased almost exponentially with increasing of propagation
length (Figure 2). The loss coefficient α is calculated to be 420
cm−1 (±10%), comparable to that of a pure PDA microtube
(405 cm−1).14 The propagation loss for the SFPDA microtube
is 0.20 dB μm−1, confirming that the spiropyran groups on the
surface of the PDA microtube hardly affect its waveguiding
properties (pure PDA microtube, 0.18 dB μm−1). The
waveguiding performance of SFPDA microtube is similar as
that of pure PDA sample, and the dominant optical loss
mechanism should be mainly ascribed to the reabsorption and
light scattering arising from the fluctuation in internal materials
density and surface roughness.14

3.2. Reversible Optical Modulation of Waveguiding in
SFPDA Microtube. After 5 min UV irradiation (254 nm), the
absorption band centered at 545 nm for the SFPDA microtubes
obviously enhanced, which should be ascribed to the structural
transformation of spiropyran units from SP to MC form. The
PL intensity of SFPDA microtubes dramatically decreased (as
show in Figure S5c, d in the Supporting Information). No
obvious changes in the absoption or PL spectra could be
observed for the bare PDA microtube during above process.
The absorption band of spiropyran in MC form overlaps with
the PL spectra of PDA; however, the absorption band of
spiropyran in SP form does not.21 Thus, the efficient
fluorescence quenching of SFPDA microtube upon UV
irradiation should be assigned to the FRET between PDA
microtube and the MC form of spiropyran units. It was
anticipated that the isomerization of spiropyran between the
MC and SP forms could be used to modulate the optical
waveguiding properties of SFPDA microtube. After UV
irradiation, the tip emission of the SFPDA microtube decreased
significantly, however, the power of the incident excitation light
and propagation distance from excitation spot to tip remained
constant (Figure 3a). The propagation loss was about 0.29 dB
μm−1, much lower than that of the microtube before UV
irradiation. Spatially resolved tip emission spectra are presented
in Figure 3b. After UV irradiation, the tip emission spectrum of
the SFPDA microtube exhibited greater relative quenching of
the peak at around 567 nm, revealing that efficient quenching
of SFPDA microtube should be mainly ascribed to the FRET
mechanism between the MC form of spiropyran and PDA
materials. After 20 min visible light irradiation (435 nm), the
spiropyran units on the surface of the microtube transformed to
the SP form, and the tip emission intensity and spectrum for

the SFPDA microtube returned to original values (Figure 3c).
The modulation of the tip emission from the SFPDA microtube
had an on/off ratio of approximately 3.2. Similar fluorometric
changes at the tip of the microtube could be observed after two
more regeneration and modulation cycles (seeFigure S6 in the
Supporting Information). These results clearly indicate that the
fluorescence and waveguiding properties of the SFPDA
microtube can be reversibly modulated by 254 and 435 nm
light irradiation.
To confirm these findings, SFPDA microtubes before and

after UV irradiation were examined by Raman spectroscopy and
XPS. As presented in Figure 4a, the Raman spectrum of the
SFPDA microtubes before UV irradiation contains bands at
1338, 1120, and 1040 cm−1 were ascribed to the indoline and
chromene moieties in the SP form of spiropyran.23 Upon UV
irradiation for 5 min, the spiropyran units on the surface of the
SFPDA microtubes transformed to the MC form, decreasing
the intensity of the bands at 1338 and1120 cm−1 and causing a
new band to appear at 1510 cm−1.The XPS results (Figure 4b)
are consistent with the Raman spectra. Before UV irradiation,
the N 1s core level region contained two peaks from the nitro
group and indoline nitrogen at 405.9 and 399.4 eV,
respectively. After UV irradiation, a new component was
observed at 401.4 eV, indicating that the nitrogen was in the N+

oxidation state, with accompanying decrease in intensity of the
main indoline nitrogen peak.27 The Raman and XPS results
confirm that the optical modulation of waveguiding in SFPDA
microtubes is directly related to the isomerization of the
spiropyran units on their surface instead of the PDA matrix
itself.

3.3. Optical Logic Operations in SFPDA Microtube. An
important challenge in optical processing technology is the
realization of logic operations. The spiropyran group displays
reversible structural transformation between colorless SP,
MCH and purple MC forms upon thermal, pH or light stimuli
because the photophysical properties of spiropyran are sensitive
to surrounding media.17 Therefore, the isomerization of
spiropyran on the surface of the SFPDA microtubes could be
used to modulate their tip emission (as shown inFigure S7 in
the Supporting Information). On the basis of the above results,
various logic gate operations could be realized. pH stimuli, UV
and visible light irradiation were utilized as the input signals,
and the tip emission of SFPDA microtube was taken as the
output signal. We defined the SFPDA microtube with
spiropyran in MC form as the initial state. In this case, the

Figure 4. (a) Raman spectra of an SFPDA microtube before and after UV irradiation. (b) N 1s spectra of an SFPDA microtube before and after UV
irradiation.
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tip emission from the SFPDA microtube is weak, which we
exploited to design an OR logic gate. We employed irradiation
at 435 nm and exposure to HCl gas as inputs, the presence and
absence of them were defined as “1” and “0”, respectively. For
outputs, we defined strong tip emission as “1”and weak as “0”.
In the initial state (input 0/0), the tip emission was weak, and
the output signal was “0”. With either visible light irradiation or
exposure to HCl gas (input, 1/0 or 0/1), strong tip emission
was detected (output = 1). Upon treatment with visible light
and HCl gas (input, 1/1), similar strong tip emission could be
detected (output = 1) (see Figure S8 in the Supporting
Information). The spiropyran units transformed from MC to
SP form upon 435 nm irradiation, or MCH form following
exposure to HCl gas. In this case, the absorption band of
colorless spiropyran units in SP form or MCH form did not
overlap with the PL spectra of PDA, and no FRET between
PDA and spiropyran occurred. Therefore, a higher I/I0 was
obtained for the presence of either or both inputs (1/0, 0/1,
and 1/1) compared with 0/0 (Figure 5a).
An INHIBIT logic gate could be realized through similar

FRET mechanism. We defined 435 or 254 nm light irradiation
as “1”, whereas their absence was “0”. The strong and weak tip
emission were defined as “1” and “0”, respectively. Before
irradiation (input, 0/0), the tip emission of the SFPDA
microtube was weak, and the output signal was “0”. After 5 min
UV irradiation (input, 1/0), the spiropyran units remained in
the MC form, and the tip emission was weak (output = 0). In
the presence of both inputs (1/1), the tip emission was still
weak, because the MC form of spiropyran units is more stable
than the SP form under UV radiation. Upon 435 nm light
irradiation alone (input, 0/1), the MC form of spiropyran
transform to SP form, and no FRET between the PDA
microtube and spiropyran occurred. In this case, tip emission of
the microtube was enhanced greatly (output = 1) (see Figure
S9 in the Supporting Information). A higher I/I0 was obtained
under 435 nm light alone (0/1) than for the three other states

(0/0, 1/0, 1/1) (Figure 5b). The reversibility of these
spiropyran transformations means that the above logic gates
operations can be easily reset through UV irradiation.

4. CONCLUSIONS
In summary, we fabricated SFPDA microtubes through
chemical modification and realized reversible optical modu-
lation of waveguiding through FRET between PDA matrix and
spiropyran units in MC form within the surface of PDA
microtube. Moreover, resettable, multireadout OR and
INHIBIT logic operations in SFPDA microtube have been
achieved. Because the surface of PDA microtube can be
effectively tailored through simple surface modification with
other environmental response elements, reversible modulation
of waveguiding performance in PDA microtube and optical
logic operation upon external stimuli (e.g., electrical stimuli,
biological stimuli) can be achieved through similar FRET
mechanism. The controllable switching of guided light in a
single SFPDA microtube and resettable logic gate operations
may pave the way for rational design of smart conjugated-
polymer photonic devices for future information technology.
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