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Stimuli-responsive fluorescent switches have shown broad applications in optical devices, biological
materials and intelligent responses. Herein, we describe the design and fabrication of a dual-stimuli-
responsive fluorescent switch ultrathin film (UTF) via a three-step layer-by-layer (LBL) technique: (i)
encapsulation of spiropyran (SP) within an amphiphilic block copolymer (PTBEM) to give the (SP@PTBEM)
micelle; (i) the mixture of riboflavin (Rf) and poly(styrene 4-sulfonate) (PSS) to enhance the adhesion
ability of small molecules; (iii) assembly of negatively charged SP@PTBEM and Rf-PSS with cationic
layered double hydroxide (LDH) nanoplatelets to obtain the (Rf-PSS/LDH/SP@PTBEM),, UTFs (n: bilayer
number). The assembly process of the UTFs and their luminescence properties, as monitored by fluor-
escence spectroscopy and scanning electron microscopy (SEM), present a uniform and ordered layered
structure with stepwise growth. The resulting Rf-PSS/LDH/SP@PTBEM UTF serves as a three-state switch-
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pH, with an acceptable reversibility. Therefore, this work provides a facile way to fabricate stimuli-respon-
sive solid-state film switches with tunable-color luminescence, which have potential applications in the
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1. Introduction

In the past few decades, there has been growing interest in
stimuli-responsive switches and devices due to their broad
applications in diverse fields including actuators, catalysis,
and detection systems."® Stimuli-responsive fluorescent
switches can undergo significant changes in their structures
and photoemission properties under appropriate external
stimuli (such as pH, temperature, ionic strength, light, gas,
and biomolecules).’* ' To meet the need for future multifunc-
tional sensing devices, it is highly necessary to fabricate multi-
responsive switches which can give sensitive responses to
different stimuli simultaneously. Apart from the well-develo-
ped single-stimulus-responsive materials, there have been a
few examples on bifunctional switchable microgels and nano-
particles responding to different stimuli; for example, by the
decoration and linking of UV/pH responsive groups at the
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areas of displays, sensors, and rewritable optical memory and fluorescent logic devices.

molecular scale in the liquid phase, multiple UV/pH fluore-
scent sensors with multicolor emission can be realized.”*"°
However, the fabrication of bifunctional solid-state films for
high-efficiency and portable detection is still limited, since the
immobilization process currently suffers from the loss in
solid-state emissive intensity (fluorescence quenching) and
stability (irreversible photobleaching over time).>’*° Mean-
while, retaining the property of response to multi-stimuli and
avoiding the coupling between different stimulating elements
in the solid phase are much difficult compared to that in the
liquid phase. Therefore, it is essential to develop new systems
and approaches towards bifunctional solid switches based on
two or more stimuli.

Recently, inorganic-organic hybrid materials with orderly
nanostructures have attracted much attention by taking the
advantages of novel functionalities resulted from the non-
covalent interactions, which generally differ from those of the
pristine materials. Layered double hydroxides (LDHs) are one
type of two-dimensional inorganic materials, whose structure
can be expressed by the general formula [M{ ,MY'(OH),]
(A" )ymH,0 (M™ and M™ are divalent and trivalent metal
ions respectively and A"~ is an anion).*’*® The LDHs have
been widely used in catalysis, absorption, imaging and photo-
functional materials, by virtue of their tunable chemical com-
position, layered charge, capability of ion exchange, and good
thermal stability.*”** Specially, positively-charged LDH
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nanosheets or nanoplatelets can be employed to assemble
with anionic chromophores and dyes to obtain photofunc-
tional ultrathin films (UTFs).

With the development of multi-stimuli-responsive materials
in mind, herein, two representative external stimuli (UV and
pH) were chosen as the stimuli-responsive models owing to
their extensive applications in intelligent response and
detection.”**” A bifunctional UV/pH stimuli-responsive UTF
switch was fabricated based on the combined assembly of
LDH nanoplatelets with spiropyran (SP) and riboflavin (Rf).
The design strategy is based on the fact that the SP molecules
can respond to UV/visible light with a structural transform-
ation between the closed-ring SP and the open-ring merocya-
nine (MC) accompanied by a change between non-fluorescence
and red-fluorescence.**>° Also, the Rf molecule is able to
exhibit a pH response, due to the ionization of the imido
group that influences the conjugation degree of the isoalloxa-
zine ring and can cause photoluminescence quenching.’
Therefore, SP and Rf can serve as the independent stimuli-
responsive units for the multifunctional switch sensitive to
UV/Vis and pH simultaneously. The fabrication of the UTF
switch involves three steps by employing the LBL technique
(Scheme 1). The as-prepared UTF shows a three-state switch-
able multicolor fluorescence with sensitive responses to UV/
Vis light and pH, which will guarantee the extensive appli-
cations of visual detection, intelligent imaging and logic gates.
Therefore, the LBL fabrication of UTF gives an alternative and
convenient way to obtain a dual-stimuli-responsive solid
switch, which is different from the conventional decoration
and link synthesis of bifunctional molecules in the liquid

Scheme 1 A schematic representation for the fabrication of multi-
layered UTFs via the LBL self-assembly method: (A) LDH nanoplatelets,
(B) quartz glass substrate, (C) SP, (D) PTBEM, (E) SP@QPTBEM micelles, (F)
Rf, (G) PSS, (H) Rf—PSS hybrid.
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phase; the construction method can also be extended to the
other stimuli-responsive systems that can provide various
changes in color and selectable photoemission.

2. Experimental section
2.1 Reagents and materials

Poly(tert-butyl acrylate-co-ethyl acrylate-co-methacrylic acid)
[CH,CH[CO,C(CHj);]5],[CH,CH(CO,C,Hs5)],[ CH,C(CH;3)(CO,H)],
(PTBEM) and polydimethyldiallylammonium chloride (PDDA,
M,, = 100000-200 000) were purchased from Sigma-Aldrich
Development Co. Ltd, and poly(styrene sulfonic acid) (PSS,
M,, = 70 000) was purchased from J&K Chemical Co. Ltd. 1,3,3-
Trimethylindolino-6"-nitrobenzopyrylospiran (spiropyran, M,, =
322.36) was purchased from the Tokyo Chemical Industry.
Riboflavin sodium phosphate (riboflavin, Rf, M,, = 478.33) was
purchased from Aladdin Reagent. Analytical grade
Mg(NO3),-6H,0, Al(NO;);-9H,0, NaOH and ethylene glycol
monobutyl ether (CH3(CH,);OCH,CH,OH) were purchased
from Beijing Chemical Co. Ltd. All other chemicals were
analytical grade and used as received without further purifi-
cation. Deionized water was used throughout the experimental
process.

2.2 Preparation of SP@PTBEM micelle and Rf-PSS hybrid

The SP@PTBEM micelle and Rf-PSS hybrid were synthesized
by a liquid synthesis method. The SP was dissolved in the
ethylene glycol monobutyl ether (GME) solvent to give a solu-
tion (1 mg mL™"); 2 mL of SP in GME solution was added drop-
wise into a 38 mL of PTBEM micelle solution (0.368 mg mL™",
pH = 7.0, adjusted by 0.1 M NaOH solution) with ultrasonic
treatment, keeping the pH value of the final SP@PTBEM
micelle at 7.0. The Rf was dissolved in aqueous solution
(0.1 mg ml™"), and 5 ml of Rf aqueous solution was added
dropwise into a 20 ml of PSS solution (1 mg ml™") with ultra-
sonic treatment (20 min) to obtain the Rf-PSS hybrid.

2.3 Preparation of (SP@PTBEM/LDH),, UTFs, (Rf-PSS/LDH),,
UTFs and (Rf-PSS/LDH/SP@PTBEM),, UTFs.

The synthesis of MgAI-LDH nanoplatelets was performed
according to the separate nucleation and aging step (SNAS)
method reported by our group.®” The quartz substrates were
first cleaned in concentrated H,SO,/H,0, (30%) (7 : 3, v/v) for
30 min and then washed with pure water. The cleaned sub-
strates were dipped into a PDDA solution (1.0 g L") for
20 min, then thoroughly rinsed with water and dried in air, so
as to obtain a positively-charged surface. The pretreated sub-
strate was immersed into the negatively-charged SP@PTBEM
micelle for 10 min followed by washing and then treated with
a colloidal suspension (1 g L) of LDH nanoplatelets for
another 10 min and washed thoroughly. The multilayered
(SP@PTBEM/LDH), UTFs were fabricated by the alternate
deposition of SP@PTBEM micelles and LDH nanoplatelets for
n cycles. The fabrication method of (Rf-PSS/LDH), multi-
layered UTFs was similar, except for that the SP@PTBEM
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micelle was replaced with the Rf-PSS hybrid. The multilayered
(Rf-PSS/LDH/SP@PTBEM),, UTFs were obtained by the alter-
nate deposition of SP@PTBEM micelles, LDH nanoplatelets
and Rf-PSS hybrids for n cycles.

2.4 Sample characterization

The fluorescence spectra were recorded on a RF-5301PC fluoro-
spectrophotometer under identical conditions with an exci-
tation wavelength of 365 nm. A Zeiss Supra 55 scanning
electron microscope (the accelerating voltage applied was
20 kV) was used to investigate the surface morphology of
UTFs. The X-ray photoelectron spectra (XPS) were recorded on
a Thermo VGESCALAB 250 X-ray photoelectron spectrometer at
a pressure of 2 x 107 Pa using Al Ka X-ray as the excitation
source. The Commission Internationale de I'’Eclairage (CIE)
chromaticity color coordinates were recorded by using Konica
Minolta CS-2000. The Zeta potential was performed on a
Malvern ZEH-3600.

3. Results and discussion

On account of the insolubility and neutrality of SP, the for-
mation of an encapsulation by solvable negatively charged
PTBEM (Fig. S17) is a necessary and effective step. The
SP@PTBEM micelles ensure the hydrophobic terminal com-
bining with SP, while the hydrophilic terminal with the nega-
tive charge is attached to LDH nanoplatelets for the
construction of UTFs.>® Then, we made a comparison study
between the negative electricity of Rf and Rf-PSS hybrids.
Fig. S2+ shows a weak negative electricity of Rf (Zeta potential:
—21.5 mV); while Fig. S37 displays an obvious enhancement in
the negative electricity after hybridization of Rf and PSS (Zeta
potential: —36.0 mvV). This is beneficial to impose a strong
electrostatic interaction with the positively-charged LDH
nanosheets (Fig. S4t: Zeta potential: +27.0 mV). The
(SP@PTBEM/LDH),, and (Rf-PSS/LDH), UTFs can be con-
structed by assembling the LDH nanoplatelets with
SP@PTBEM micelles and Rf-PSS hybrids respectively.
The heterogeneous (Rf-PSS/LDH/SP@PTBEM), UTF was
prepared by assembling the LDH nanoplatelets with
SP@PTBEM micelles and Rf-PSS hybrids alternately.
Scheme 1 shows the detailed assembly process of the multi-
layered UTF systems.

3.1 Fabrication of (SP@PTBEM/LDH), and (Rf-PSS/LDH),,
UTFs

The SP molecule undergoes a structural transformation from a
non-fluorescence closed-ring state to red-fluorescent open-ring
MC upon triggering by UV light, and subsequently reverts back
to SP by visible light.>”>*> In this work, the amphiphilic and
negative copolymer PTBEM was employed to enhance the
fluorescence of MC by localization of the fluorophores in the
hydrophobic environment of vesicles (Fig. S51),>”°*°” which is
particularly important in the development of switchable
fluorescent devices. The reversible transformation from

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (A) Reversible fluorescence transformation between SP@PTBEM
and MC@PTBEM triggered by UV and visible light. (B) The photo-
luminescence spectra of SP@QPTBEM and MC@PTBEM solutions. (C)
Fluorescence photographs under UV light (365 nm) and (D) photo-
luminescence spectra of Rf—PSS's reversible response to pH between
7 and 10.

SP@PTBEM to MC®@PTBEM with a distinct fluorescence
change can be observed with the naked eye (Fig. 1A and B),
and the relevant UV-Vis absorption spectra are shown in
Fig. S6.t

Rf, well-known as vitamin B,, plays a central role in biologi-
cal systems as a redox-active unit of cofactors.’® In addition,
the isoalloxazine moiety of Rf is fluorescence active and the
chiral ribityl group makes it soluble in water.”® The imido
protons of Rf are labile at high pH of the medium and can
quench the fluorescence of Rf.>" Here, a mixture of Rf and PSS
shows a strong green-fluorescence at pH = 7 and a weak fluore-
scence at pH = 10, (Fig. 1C and D), and the relevant UV-Vis
absorption spectra are shown in Fig. S7.1 Therefore, the Rf-
PSS hybrid has a potential for responding to alkaline gas (such
as NH;) that can lead to the change in pH.

The (Rf-PSS/LDH),, UTFs were firstly fabricated by assem-
bling the Rf-PSS hybrid with LDH nanoplatelets onto the
quartz substrate via the LBL deposition technique. The fluore-
scence spectra show an emission at 525-535 nm for these
UTFs (Fig. 2A and C), and the slight red-shift with the growth
of n may be assigned to the partial aggregation of Rf, similar
to its solution state (Fig. S8 and S97). The (SP@PTBEM/LDH),
UTFs were subsequently fabricated by assembling SP@PTBEM
micelles with LDH nanoplatelets showing the fluorescence
emission at 610 nm (Fig. 2B and D). Two kinds of UTFs show
bright fluorescence display and the intensity enhances linearly
along with the increase in bilayer number, which is an extre-
mely important criteria in practical applications of visual
stimuli-responsive switches. Based on the change of fluore-
scence intensity versus n, the (SP@PTBEM/LDH),, and
(Rf-PSS/LDH),, UTFs were chosen for further study.

Nanoscale, 2015, 7, 16737-16743 | 16739
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Fig. 2 Photographs of (A) (Rf-PSS/LDH), and (B) (SP@PTBEM/LDH),
UTFs under 365 nm UV illumination. (C, D) Photoemission spectra of
(Rf—PSS/LDH),, and (SP@QPTBEM/LDH),, UTFs from n = 4 to 20,
respectively.

3.2 Structural and morphological characterization

The surface morphology of (SP@PTBEM/LDH),, and (Rf-PSS/
LDH),, UTFs was investigated by SEM. The SEM image and
XRD pattern of LDH nanoplatelets show a hexagonal platelet
shape and an average diameter of 50-100 nm (Fig. S10 and
S11t). The SP@PTBEM micelle is revealed as an individual
spherical morphology with a uniform diameter of ~100 nm
(Fig. 3A). The top-view of the Rf-PSS hybrid is shown in
Fig. 3B, and a sticky colloidal interface linker can be observed,
which is beneficial to the assembly with LDH nanoplatelets.

Fig. 3 SEM images of (A) SP@PTBEM micelles and (B) Rf—-PSS hybrid;
top-view SEM image of (C) (SP@QPTBEM/LDH),o and (D) (Rf—=PSS/LDH)q
UTFs with LDH nanoplatelets as the terminal layer; side-view SEM
images of (E) (SP@QPTBEM/LDH),¢ and (F) (Rf—PSS/LDH),o UTFs.
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Fig. 3C and D display the surface of (Rf-PSS/LDH),, and
(SP@PTBEM/LDH),, UTFs with the LDH nanoplatelets as the
terminal layer respectively, from which a relatively uniform
and smooth surface can be observed. The side-view SEM
images (Fig. 3E and F) give an estimation on the thickness of
(SP@PTBEM/LDH),, and (Rf-PSS/LDH),, UTFs, which shows
an approximately linear increase in film thickness as a func-
tion of n, with a bilayer thickness of 31 nm and 25 nm for
(SP@PTBEM/LDH),, and (Rf-PSS/LDH),, UTFs respectively
(Fig. S12 and S13%).

3.3 Stimuli-responsive behavior of Rf-PSS/LDH/SP@PTBEM
UTFs

As an idealized dual-stimuli-responsive switch, the indepen-
dence of each response to external stimulus is very important.
In this work, the switch is expected to respond to UV and NH;
simultaneously, and the coupling between each stimulus
needs to be avoided. Two control experiments were made
firstly: when the (Rf-PSS/LDH),, and (SP@PTBEM/LDH),,
UTFs were treated under an alkaline atmosphere, it was
observed that the intensity at 525 nm of the (Rf-PSS/LDH),,
UTF declines gradually with time (Fig. 4A). While, the intensity
at 610 nm of the (SP@PTBEM/LDH),, UTF was almost un-
altered (Fig. 4B), which confirmed the specific response to pH
for Rf-PSS/LDHs. Additionally, upon irradiation of (Rf-PSS/
LDH),, and (SP@PTBEM/LDH),, UTFs by UV light, the inten-
sity of (Rf-PSS/LDHSs),, remained invariable, while that of the
(SP@PTBEM/LDHs),, enhanced obviously (Fig. 4C and D),
demonstrating the specific response to UV light for
SP@PTBEM/LDHs. These observations guarantee the particu-
lar responses to NH; and UV for Rf-PSS/LDH and SP@PTBEM/
LDH units respectively.

The variation mechanism from SP to MC can be understood
by the detection of the change in binding energy of the N 1s
core level region. Based on the X-ray photoemission spectrum
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Fig. 4 Photoemission spectra of (A) (Rf-PSS/LDH),, and (B)
(SP@QPTBEM/LDH),o UTFs under an alkaline atmosphere. Photoemission
spectra of (C) (Rf-PSS/LDH),o and (D) (SP@QPTBEM/LDH),o UTFs irra-
diated by UV light for 120 s.
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(XPS), the binding energy of N 1s for SP (indoline nitrogen)
and MC (N species) is located at about 400 eV and 401.3 eV,
respectively, which offers an effective indication of these two
species.®® For the SP@PTBEM without UV illumination, the
peak at 400 eV is observed (Fig. S14AY), revealing the existence
of SP. After UV irradiation at 365 nm for 120 s, the N 1s peak
at 400 eV becomes unpronounced while the peak at 401.3 eV
increases largely (Fig. S14B+), demonstrating that the SP mole-
cules in the micelle transform to MC upon UV irradiation.®!
The same measure was also used for the Rf molecule. Accord-
ing to the previous study,®” the change in the pH value leads
to an interesting transformation of the Rf molecular structure:
the labile proton of the imido group becomes ionized under
basic conditions (Fig. S157). Therefore, the response of Rf to
PH can also be illuminated by XPS. For Rf-PSS at pH = 7, the
peaks of the N 1s core level region at 399.8 eV and 402.4 eV are
observed (Fig. 5A), which represent the conjugated N (C=N
type) and imido group respectively.®>®* For Rf-PSS at pH = 10,
the peak at 402.4 eV disappears and only the peak at 399.8 eV
is observed (Fig. 5B), revealing that the labile proton of the
imido group becomes ionized which can hamper the conju-
gation of the isoalloxazine ring and result in the photo-
luminescence quenching.’*

Reversibility is an extremely important criterion in practical
applications of stimuli-responsive switches or optoelectronic
devices. In this work, the (Rf-PSS/LDH),, and (SP@PTBEM/
LDH),, UTFs display good reversibility, which are
accompanied by a remarkable change in the emission color.
Green-fluorescence of the (Rf-PSS/LDH),, UTF turns to non-
fluorescence upon stimulation by alkaline gas (NH;), which
can return to the initial state by soaking in H,O (Fig. 6A top).
The (SP@PTBEM/LDH),, UTF changes from red-fluorescence
to non-fluorescence by alternative Vis/UV light irradiation
(Fig. 6A down). The fluorescence reversibility of the two types
of UTFs can be recycled at least five times (Fig. 6B).
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Fig. 5 X-ray photoemission spectra of the N 1s core level regions of
Rf—PSS when the pH values are 7 (A) and 10 (B) respectively.
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Fig. 6 (A) The photographs of reversibility by alternative stimulation
with NH3z and H,O for (Rf=PSS/LDH),o, and the reversibility by alterna-
tive Vis/UV light irradiation for (SP@PTBEM/LDHSs),o. (B) The intensity
reversibility recorded for (Rf—-PSS/LDH),o and (SP@PTBEM/LDHs),o at
525 nm and 610 nm respectively.
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Based on the single-stimulus-responsive fluorescence
detected above, the dual-stimuli-responsive (Rf-PSS/LDH/
SP@PTBEM),, UTF switch was further fabricated. The sche-
matic colorful change of the UTF is shown in Fig. 7A, and
Fig. 7B displays the corresponding photoemission spectra of
the three states. The original fluorescence color of UTF shows
green fluorescence belonging to Rf only. When the single
stimulation of UV is imported, SP turns into the MC state with
red-fluorescence; the UTF displays a yellow-emission color
because of a mixed component of red emission (MC) and
green emission (Rf). Moreover, the UTF displays a red-fluo-
rescence under the stimulation of both UV and NHj;, because
the fluorescence of Rf has been quenched by NH;, and the
emission is provided by MC only. The reversible three-state
switchable multicolor luminescent system based on the (Rf-
PSS/LDH/SP@PTBEM),, UTF is displayed in Fig. 7C, and the
switch can be induced reversibly by UV/Vis and NH3/H,O
treatments.

A B
oy B —
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ON * —— AIR-vis

Intensity

OFF XOFF ON
| ’ 480 520 560 600 640
NH,
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C f [
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Fig. 7 (A) Schematic representation for UV and NHs stimuli-responses
of the (Rf—PSS/LDH/SP@PTBEM),o UTF. (B) Photoemission spectra of
the (Rf—-PSS/LDH/SP@PTBEM),o UTF at the three states; the inset shows
the photographs of three-state UTFs under 365 nm UV illumination. (C)
Reversible three-state switchable multicolor luminescent system based
on the (Rf-PSS/LDH/SP@PTBEM),o UTF.

Nanoscale, 2015, 7, 16737-16743 | 16741


http://dx.doi.org/10.1039/c5nr05376e

Published on 10 September 2015. Downloaded by Beijing University of Chemical Technology on 09/10/2015 02:55:05.

Paper

Fig. 8 (A) Continuous variable photographs of the (Rf—PSS/LDH/
SP@PTBEM),o UTF by stimulating with UV/Vis (1-4) and NH3/H,O (4-7).
(B) The corresponding variation in the color coordinates of the (Rf-PSS/
LDH/SP@PTBEM),o UTF with the stimulation of UV/Vis and NH3/H,O.

The continuous and reversible stimuli-responsive variation
of the (Rf-PSS/LDH/SP@PTBEM),, UTF is shown in Fig. 8A,
and the original UTF (no. 1) is green-fluorescence. The UTF
(no. 1-4) moves gradually closer to yellow-fluorescence during
irradiation by UV, and reaches the final state (no. 4) after 120 s.
Subsequently, the UTF (no. 4-7) turns to red-fluorescence with
the stimulation of NH;. In addition, the UTF can be recovered
with the aid of visible light and H,O. Therefore, a multi-
stimuli-responsive and time-dependent dynamic fluorescent
switch based on the (Rf-PSS/LDH/SP@PTBEM),, UTF has
been fabricated, which responds to UV and pH (including the
alkali gas such as NH;) with a three-state fluorescence reversi-
bility, and the corresponding variation in the color coordinates
with the stimulation of UV/Vis and NH;/H,O has been shown
in Fig. 8B.

4. Conclusion

In conclusion, a dual-stimuli-responsive switch film was
designed and fabricated based on the units of Rf-PSS hybrids,
SP@PTBEM micelles and LDH nanoplatelets via a two-step
self-assembly. The UTFs exhibit a periodic long-range stacking
orderly structure and controllable photoemission intensity.
The luminescent color of the resulting hybrid UTF can be
easily tuned between the three states by alternative UV/Vis and
NH,/H,O treatments. Compared with the previously reported
studies, the layer-by-layer assembly method in this work gives
an alternative and convenient way to obtain a dual-stimuli-
responsive solid-state switch, which is different from the con-
ventional decoration and link synthesis of bifunctional mole-
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cules in the liquid phase and other single-stimuli-responsive
systems. Moreover, the reversible three-state multicolor fluo-
rescence (red, yellow and green) with time-dependent emission
also facilitates the construction of fluorescence-based logic
gates and sensors. It is anticipated that the strategy demon-
strated in this work can be extended to the fabrication of other
multi-responsive film switches with unique functionality, which
would facilitate their potential applications in displays, sensors,
and rewritable optical memory and fluorescent logic devices.
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