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ABSTRACT: Highly sensitive stimuli-responsive fluorescent
films play an important role in smart sensors and readable
optical devices. However, systems involving light-driven
fluorescence changes are still limited compared with photo-
chromic materials that simply change color upon photo-
stimulation. Herein, by incorporation of stilbene-based
molecules into a poly(vinyl alcohol) host, we have developed
new flexible self-supporting nanofiber films that exhibited fast
and obvious photochromic fluorescence (PCF). The reversible
transfer between two fluorescent states can be easily recycled.
Fluorescence microscopy and atomic force microscopy images
supplied in situ evidence of changes in fluorescence and surface
morphology, respectively. Density functional theoretical
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calculations showed that the PCF can be attributed to photoisomerization of the stilbene-based molecules. Therefore, based
on the combination of experimental and theoretical studies, this work not only supplies new stilbene-based systems with light-
induced fluorescence change, but also gives detailed understanding on the photoisomerization and PCF processes of the
nanofibers systems. We anticipate that these PCF films can be applied in erasable memory devices and antiforgery materials, and
that our strategy may be extended to other systems to fabricate multistimuli-responsive fluorescent materials.
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B INTRODUCTION

Molecule-based stimuli-responsive materials have broad
applications in smart switches and sensoring devices."”” In
this regard, stimuli-responsive fluorescent materials have
attracted considerable attention recently, because of their
sensitive signal and easy imaging.>~® To date, several types of
fluorescent switching systems sensitive to external stimuli (such
as thermoinduced,” mechanoinduced,® pH—induced,9 gas-
induced,'® and humidity-induced"’ chromic luminescent
materials) have been developed; several challenges remain
unresolved however. For example, for practical applications of
such materials in readable/erasable intelligent systems, fast
response time, high visualization contrast ratio, and stable
repeatability are all required."*”"”

Among naturally occurring external stimuli, light is one of the
most common, and thus light-driven molecular responses (e.g.,
photochromism) have been extensively studied; several well-
established photochromic molecule systems (such as azo
dyes,'® diarylethenes,'® spiropyrans,”® spirooxazines,”" rhod-
amine,”” and chromenes™) have been reported. Compared
with photochromism—which solely switches the absorption
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spectra (i.e, color) of a chemical species between two
alternative states”*—the study of photochromic fluorescent
(PCF) materials is still in its infancy, and examples are also very
limited relative to other stimuli-responsive luminescent systems
mentioned earlier. However, such PCF systems may pave the
way to new applications in the information storage, optical
communication, and antiforgery fields. Up to now, the
mechanisms responsible for PCF behavior have mainly involved
occurrence of chemical reactions (e.g, [2 + 2] photo-
dimerization'**®) or alteration of the molecular conforma-
tion/configuration (e.g., trans—cis photoisomerization26’27).
Due to the relatively low conversion efficiency and weak
reversibility of typical solid-state chemical reactions, the latter
has been recognized as the more promising way to achieve
photoinduced changes in luminescence.”™
Oligo(phenylenevinylene) and/or stilbene derivatives have
attracted great interest for more than a half-century due to their
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Scheme 1. Schematic Illustration of the Incorporation of CS Molecules (D) into PVA Fibers (B) as PCF Materials (C) Using an

Electrospinning Method (A)
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unique optical and optoelectronic properties.>*>* It has been
known that the pristine stilbene compound can exhibit trans to
cis isomerization (internal rotation around a carbon—carbon
double bond) upon UV irradiation.’>*® However, how to take
such an advantage toward dynamic tuning of photoinduced
luminescence by controlling the orientation, stacking mode,
and aggregation state of stilbene-based molecules continues a
long-standing problem. Herein, we have developed new types
of reversible PCF films by introducing three cyanostilbene
(CS) derivatives (Scheme 1D; CS1, CS2, and CS3) into
poly(vinyl alcohol) (PVA) nanofibers through an electro-
spinning process (Scheme 1A,B). The electrospinning method
is a versatile wet technique for fabrication of continuous
micro-/nanosized fibers, which can be further directly
assembled into thin films.*”*® This method has already been
employed to construct polymer- and biomolecule-based films as
well as inorganic/organic composites.’**' The choice of PVA
as the electrospun matrix is based on the expectation that
hydrogen-bonding interactions between -OH units in the PVA
host and -C=N groups in CS guest molecules will favor the
formation of a locally ordered orientation and high dispersion
of CS molecules within the fibers, leading to uniform and
systematic changes in fluorescence upon photostimulus
(Scheme 1C). Furthermore, the hydrogen-bonding anchoring
of CS molecules within the PVA host may also enhance the
photostability and reversibility of the host—guest fiber films.
The as-prepared CS@PVA fiber films present fast and
obvious PCF behaviors under UV-light irradiation. The related
luminescent properties of the fiber films can be easily recovered
and recycled for several times. The morphological study shows
that the appearances of uniformly nanosized convex structures
within the fiber surface after UV irradiation, which is related to
trans—cis transformation of CS molecules, is also confirmed by
the theoretical calculation. Since the pristine CS-based
solutions and powders have no PCF behavior at all, the
transformation of PCF-free fluorophores into PCF materials by
incorporation into a well-organized host—guest fiber network is
the most distinctive feature of this work. Moreover, the three
CS-based systems with very similar molecular structures can
result in different PCF properties. Therefore, this work
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provides a feasible way for developing flexible PCF thin films
with potential applications in luminescent antiforgery materials
and photosensitive sensors.

B EXPERIMENTAL SECTION

Reagents and Materials. 2-[(E)-2-[4-[(E)-2-(2-Cyanophenyl)-
ethenyl]phenyl]ethenyl]benzonitrile (CS1), 1-(2-cyanostyryl)-4-(4-
cyanostyryl)benzene (CS2), and 1,4-bis(4-cyanostyryl)benzene
(CS3) were obtained from Sigma Chemical Co. Ltd. and used
without further purification. Pol(vinyl alcohol) (PVA; M, = 77000;
99% hydrolyzed) and hexafluoroisopropanol were purchased from
Beijing Chemical Co. Ltd. and used without further purification.

Preparation of Electrospinning Solutions. Typically, 0.9 g of
PVA was first dispersed into 30 mL of hexafluoroisopropanol for 2 h to
obtain a PVA solution. Then, 0.09, 0.18, 0.27, and 0.36 g of CS1 (or
CS2 or CS3) were added into the PVA solution under vigorous
stirring. The resulting clear homogeneous solution was used for
electrospinning and the fabrication of the CS@PVA films (mass
concentrations, 9, 17, 23, and 29 wt %; Supporting Information (SI)
Table S1).

Preparation of Electrospinning Films. A buret with an inserted
Cu rod connected to a high-voltage supply was filled with the CS@
PVA aqueous solution. An Al sheet connected to the ground was used
as the receiver. The distance between the buret tip and receiver was
fixed at 20 cm, and the high-voltage supply was fixed at 20 kV. The
spinning rate was controlled at about S mL h™' by adjusting the angle
of inclination of the buret. Pieces of Al sheet about 30 cm X 40 cm
were placed on the Al sheet for collecting the samples. Then, 0.5 mL
of the composite solution was dropped on a clean Al sheet and left to
dry under ambient conditions to form thin films.

Sample Characterization. UV—vis absorption spectra were
collected in the range from 230 to 800 nm on a Shimadzu U-3000
spectrophotometer, with a slit width of 1.0 nm. The fluorescence
spectra were recorded on an RF-5301PC fluorospectrophotometer
with an excitation wavelength of 365 nm, with the excitation and
emission slits both set to 3.0 nm. The fluorescence decays were
measured using LifeSpec-ps spectrometer with a 372 nm laser exciting
the films, and the fluorescence lifetimes were calculated with the F900
Edinburgh instruments software. The morphology of thin films was
investigated by using a scanning electron microscope (SEM Zeiss
Supra S5) equipped with an EDX attachment, and the accelerating
voltage applied was 20 kV. The surface roughness and thickness data
were obtained using a Bruker Multimode 8 atomic force microscope
(AFM). Photoluminescence quantum yield (PLQY) and CIE 1931
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color coordinates were measured using an HORIBA Jobin-Yvon
FluoroMax-4 spectrofluorimeter, equipped with an F-3018 integrating
sphere. Two-photon excited fluorescence of the samples was excited
by 800 nm laser on a Tsunami-Spitfire-OPA-800C ultrafast optical
parameter amplifier (Spectra Physics). The fluorescence images were
obtained on an Olympus U-RFLTS0 fluorescence microscope.

Computational Methods. The calculations of the energy of CS-
based molecules at different conformations with varying dihedral
angles between adjacent phenylenevinylene units (from —180° to
180°) were performed with the density functional theory (DFT)
method using the DMol; module® in the Materials Studio software
package.® The initial configuration was fully optimized by the
Perdew—Wang (Pwor)* generalized gradient approximation (GGA)
method with double numerical basis sets plus polarization function
(DNP). The SCF convergence criterion was within 1.0 X 107°
hartree/atom, and the convergence criterion of the structure
optimization was 1.0 X 1073 hartree/bohr.

B RESULTS AND DISCUSSION

By means of the electrospinning method, CS1, CS2, and CS3
molecules were incorporated into a PVA matrix with different
mass concentrations (x = 9, 17, 23, and 29 wt %) to form
flexible self-supporting films CS@PVA(x%). XRD profiles for
the CS@PVA show no diffraction peaks from either CS or
PVA, suggesting the formation of an amorphous composite
material (Figure S1 in the Supporting Information). FT-IR
spectra show that the characteristic vibration bands of the
cyano group in the films have systematically moved to low
wavenumbers (by approximately S—13 cm™') relative to the
pure CS samples (Figure S2 in the SI), which is related to the
formation of hydrogen-bonding interactions that weaken the
C=N bond. The resulting films exhibit tunable fluorescence
with a red shift of the emission upon increasing the
concentration of CS (Figure 1: CS1@PVA, 478—505 nm;
CS2@PVA, 458—498 nm; CS3@PVA: 497—526 nm),
indicating that increasing the concentration leads to the
formation of J-type molecular aggregates and/or excimers of
CS molecules within the polymer films.">* The fluorescent
emissions at different concentrations are uniform and
homogeneous, suggesting that the CS chromophores are highly
dispersed in the PVA films (inset of Figure 1).

To probe the morphological features of CS-based self-
supporting films (Figure 2a), CS@PVA systems were further
studied by scanning electron microscopy (SEM). It can be
observed (Figure 2b) that the film is constructed from fibers
with a width of ca. 200 nm. Each individual nanofiber has an
extremely high aspect ratio and length, and the fiber surface is
continuous and homogeneous (Figure 2¢). Under a fluo-
rescence microscope, the texture of the fibers can be clearly
detected due to their strong fluorescence (Figure 2d). Further
z-axis scanning images show that the fiber films feature dense
three-dimensional (3D) networks composed of different
orientations of fibrous aggregates (Figure 2d,e), indicating the
1D fiber nanostructures undergo self-organization and inter-
twining processes to afford macro-sized films. When a single
fiber was excited with the excitation light polarized parallel to
its long-axis direction, the emission intensities varied markedly
between the parallel (I;) and perpendicular (I,) polarized
directions for the polarization degrees of 0°, 45°, 90°, and 135°
(Figure 2f). This confirms the high-fluorescence anisotropy of
the 1D nanofibers, which is related to the ordered orientation
and high dispersion of CS chromophores in the PVA matrix.
Moreover, the as-prepared films are highly flexible and can be
easily tailored into any desired shape (Figure S3 in the SI) and
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Figure 1. Fluorescence spectra of CS@PVA fiber films with different

concentrations (insets show their fluorescence images under UV
light): (A) CS1@PVA; (B) CS2@PVA; (C) CS3@PVA.

thus should meet the requirements for application in soft
optical devices.*

It was observed that all of the films underwent changes in
luminescence to different extents (Table S1 in the SI) on
exposure to UV light (365 nm; Xe light source, 6 W) for a very
short period of time (typically less than 1 min). Such high-rate
PCF has rarely been reported*® for powder and film systems.
For the CS1@PVA film, the most notable changes in both the
intensity and wavelength appeared for CS1@PVA(17%), for
which the maximum photoemission band (1,,,™*) moves from
484 to 441 nm with a concomitant gradual increase in the
luminescence intensity (Figure 3Aa) upon UV photostimula-
tion. The uniform change in fluorescence color is also easily
visible to the naked eye (inset in Figure 3Ad). Moreover, the
change can also be detected in situ for an individual fiber under
a fluorescence microscope with high-power UV laser excitation
(100 mW, 372 nm). It can be observed that the fluorescence
color of the fibers presents an obvious change as the excitation
time increases (0—20 s) (Figure 3Ac), with the corresponding
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Figure 2. (a) Photographs of macrosized fiber films (a) and the corresponding SEM images (b, c); 2D and 3D fluorescence microscope images (d,
e); polarized UV fluorescence microscope images (f) with the polarization directions of 0°, 45°, 90°, and 135° for individual fibers: (A) CS1@

PVA(17%); (B) CS2 @PVA(23%); (C) CS3@PVA(17%).

emission color changing from green (CIE 1931 color
coordinates, 0.25 and 0.47; Figure S4A in the SI) to cyan
(CIE 1931 color coordinates, 0.12 and 0.52). As we have
known, such in situ dynamic observation of the changes in
fluorescence of a nanofiber has seldomly been reported. UV—
visible absorption spectra show that the absorption bands of the
fiber films exhibit a blue shift accompanied by an increase in
absorption intensity below 300 nm after UV irradiation (Figure
SSA in the SI), indicating a decrease in the extent of z-
conjugation of the CS1 molecules by virtue of trans—cis
isomerization*” and/or the reorganization of the molecular
aggregation.® This conclusion is also consistent with the
observed blue-shift of the fluorescence.

To obtain information about the excited states of the fiber
film before and after the change in fluorescence, we measured
the fluorescence lifetimes. It was observed that the fluorescence
decay became much faster after UV-light irradiation (SI Figure
S6A), and the corresponding fluorescence lifetime was reduced
significantly from 22.4 to 10.3 ns. Additionally, the PLQY value
of CS1I@PVA(17%) also shows a slight decrease from 45% to
36%. Such a decrease can be attributed to the increasing
molecular vibration after UV activation, which leads to an
increase in nonradiative relaxation. Considering that CS
molecules are potential up-conversion fluorescent materials,
the up-conversion emission of the CSI@PVA(17%) film was
studied using excitation by an 800 nm laser at different
excitation powers (SI Figure S7A). Up-conversion emission of
the film was located at 484 and 441 nm respectively before and
after UV radiation, without a shift compared with those excited
by UV light. Moreover, the log of the intensity has a good linear
relationship with the log of incident energy, with the slope close
to 2, suggesting that the emissive processes in the two
luminescent states before and after the color change involve a
two-photon mechanism. In addition, to compare the electro-
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spinning films with those fabricated by other methods, CS1@
PVA (17%) films were also prepared by casting and spin-
coating processes and their PCF efficiency was detected. As
shown in Figure S8 in the SI, for the casting film the PCF
behavior is not obvious. For the spin-coating film (Figure S9 in
the SI), it was observed that the film has PCF property, and the
A" 1 Moves from S0S to 486 nm under UV light. Therefore,
neither of their wavelength shifts is as obvious as that of the
nanofibers film (ca. 43 nm). This may be related to the fact that
CS-based molecules are highly dispersed for the electrospinning
film, and the intertexture of electrospinning nanofibers can
achieve high-efficiency absorption of the UV light.

Good reversibility and reproducibility are highly important if
the films are to have practical applications as PCF materials.
When the irradiated CSI@PVA film was kept in the dark for 2
h (room temperature), the fluorescence (inset in Figure 3Ad)
recovered its original color and spectrum completely (Figure
S10A in the SI). The reversible changes in emission (such as
wavelength and intensity (Figure 3Ab)) and fluorescence
lifetime (SI Figure S6A, inset) can be repeated, showing their
potential for future practical sensor applications. Moreover, the
fluorescence can be recovered more quickly within 0.5 h at 50
°C in the dark room, confirming that the recovery process is
mainly due to thermal effects. The thermogravimetric test
(Figure S11 in the SI) showed that there is a weak weight loss
when the temperature is above 50 °C for the nanofibers,
suggesting that 50 °C may be an optimized temperature to
achieve emission recovery.

We also found similar reversible PCF occurs for both CS2@
PVA and CS3@PVA fiber films, with obvious changes in
luminescence (Table S1 in the SI) and absorption (Figure
SSB,C in the SI) appearing after UV irradiation. For example,
CS2@PVA(23%) and CS3@PVA(17%) present fluorescence
blue shifts from 490 to 456 nm and from 514 to 451 nm,
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Figure 3. Fluorescence spectra (a) and fluorescence microscopy (c) of
the fiber films before and after UV irradiation; the reversible
fluorescence responses (4.,™ and intensity) over five consecutive
cycles (b); photographs (d) of the reversible PCF films for (A) CS1@
PVA(17%), (B) CS2@PVA(23%), and (C) CS3@PVA(17%).

respectively, within 1-2 min (Figure 3B,C(a)). The color
changes are accompanied by decreases in values of PLQY
(Table S2 in the SI) and fluorescence lifetime (Figure S6B,C in
the SI). The luminescent properties can also be recovered and
recycled as shown in Figure 3B,C(b,d) and Figure S6B,C
(inset) in the SI, indicating that the reversible PCF can be
extended to these CS-based film systems. Moreover, it was
noted that three CS molecules have a same core stilbene unit
but only slightly different positions of cyano substitutents.
However, the obtained CS@PVA materials present different
photoemission positions and different PCF behaviors (such as
different shifts in wavelength and color). Therefore, compared
with the other typical PCF molecules'” (e.g, spiropyran
derivatives) that similar molecular structures present similar
photochromic behaviors, this work uncovers how a slight
difference in molecular structures of the photoactive isomers
can result in different PCF properties. Additionally, by
selective-zone irradiation of fiber films using a shadow mask,
luminescent patterned films with high contrast can be easily
obtained (Figure S12 in the SI), indicating that this strategy
may offer a facile way to develop new luminescent patterned
and/or array films with specific shapes.

The incorporation of the different CS species can result in
tunable and reversible luminescent changes in the blue, green,
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and yellow emission regions (Figure S4 in the SI). We suggest
that the reversible PCF of the three CS@PVA systems can be
assigned to the reversible photoinduced change in conforma-
tion of CS molecules within the polymer matrix. The flexible
PVA can supply a relatively free environment facilitating highly
efficient trans—cis isomerization of the CS molecules in the
amorphous aggregates. In contrast, for the pure CS-based liquid
solutions and crystalline solid-state powders (Figure S1I3A—C
in the SI), there is no PCF at all. In our opinions, for the
pristine solutions (regarded as the single-molecule states), the
fluorescent positions are localized in blue region (ca. 436 nm)
and the light-driven molecular isomerization may not achieve
an obvious fluorescence change, while for the pristine solid-
state powders, the high crystal lattice energy leads to a low
rotational freedom, and thus effectively inhibits the occurrence
of photoisomerization. Therefore, different from the typical
light-induced molecular switch systems (such as bisthienyle-
thene and spiropyran derivatives)'” that can exhibit PCF
behaviors in both liquid- and solid-state forms, these CS-based
PCF systems can only be achieved upon high dispersion into a
polymer matrix. These observations confirm that the
fluorescence modulation of CS systems not only involve the
trans—cis isomerization of CS units at the molecular level, but
also can be attributed to the change in their intermolecular
interactions (i.e., the molecular aggregation) within the
polymer matrix. This conclusion is also consistent with the
fact that the light-induced shifts in fluorescence wavelength are
highly dependent on the concentration of CS molecules in the
PVA polymer as described previously. Therefore, relative to the
well-known PCF systems with a mechanism based on the light-
driven transformation of molecular conformation, this work
may supply an alternative route to achieve PCF behaviors based
on controlling the molecular configuration, stacking mode, and
aggregation state.

To determine any possible morphological changes accom-
panying the change in fluorescence, the surface structure of the
fiber was monitored in situ by an atomic force microscope
(AFM) before and after UV photoirradiation. It can be
observed that the pristine fiber surface is continuous and
uniform with a surface roughness of ca. 13—16 nm (Figure 4A—
C, left). After UV irradiation for more than 1 min, a number of
nanosized spherical convex structures with a height of ca. 1 nm
and diameter of 30—32 nm appeared on the surfaces of the
CS@PVA nanofibers, accompanied by an increase in surface
roughness (to 52—76 nm; Figure 4A—C, middle). Most of the
nanosized convex structures disappeared and the surface
became smooth again when the fiber film was kept in the
dark for more than 2 h (Figure 4A—C, right). To better
understand the reversible formation of the convex structures
and concomitant reversible PCF behavior of the CS-based
fibers, density functional theoretical calculations were per-
formed on three idealized CS models to obtain the molecular
energies in different conformations with varying dihedral angles
between adjacent phenylenevinylene units. It was found that
the most probable dihedral angles for CS1, CS2, and CS3
appear at 180°, corresponding to the low-energy trans-forms,
while those for cis states are at 30°, —30°, and 90° (SI Figure
S14), respectively. The calculated energy barriers for the change
from trans to cis conformations are 378, 415, and 434 nm
respectively for CS1, CS2, and CS3, confirming that UV light
(365 nm) should result in the photoismerization of the three
CS molecules in theory. Compared with the corresponding
trans forms, the lengths of the cis-CS1, CS2, and CS3 molecules
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Figure 4. AFM images of fiber surfaces before/after UV irradiation
(left/middle) and after recovery in the dark (right) as well as typical
cis—trans molecular conformations: (A) CSI@PVA(17%); (B) CS2@
PVA(23%); (C) CS3@PVA(17%).

in the short-axis direction increase by 0.73, 0.96, and 0.90 nm,
respectively (Figure 4A—C). These distances are comparable to
the height of the nanosized convex structures observed by
AFM. Additionally, the decrease in the extent of z-conjugation
in the long-axis direction on going from the trans to the cis
conformation can lead to a blue shift of the absorption and
fluorescence, consistent with the experimental results.

B CONCLUSION

In summary, we have fabricated flexible self-supporting
nanofiber film systems by the incorporation of CS molecules
in a PVA matrix. Upon UV photostimulation, the fiber films
exhibited fast and obvious luminescence changes (including
color, intensity, PLQY, fluorescence lifetime, and two-photon
emission). The reversible PCF responses promise such films
can be potentially used in future high-speed readable/erasable
memory devices and fluorescent antiforgery materials. More-
over, confocal fluorescence microscopy and AFM scanning
were used to in situ detect changes of their fluorescence and the
surface nanosized convex morphology. Theoretical calculations
show that PCF properties of the fiber films are highly related to
photoisomerization of CS molecules, which are also consistent
with the spectra and morphological observations in experiment.
It is anticipated that the incorporation of other stimuli-sensitive
fluorescent molecules in flexible polymers can be utilized to
fabricate a range of new smart luminescent film materials.

B ASSOCIATED CONTENT
© Supporting Information
(Figure S1) XRD profiles of fiber films, (Figure S2) FT-IR

spectra of fiber films and pristine CS samples, (Figure S3)
different shapes of fiber films under UV light, (Table S1)
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fluorescence spectra of CS@PVA fiber films with different
concentrations before and after UV irradiation, (Figure S4)
color coordinates of fiber films before and after UV irradiation,
(Figure SS) UV—vis absorption spectra of fiber films before and
after UV irradiation, (Figure S6) typical fluorescence decay
curves of fiber films before and after UV irradiation with
fluorescence lifetimes over five consecutive cycles, (Figure S7)
fluorescence spectra of fiber films excited by an 800 nm laser
under different pump powers before and after UV irradiation,
(Figure S8) fluorescence spectra and photographs under UV
light of the CS1@PVA film made by casting before and after
UV irradiation, (Figure S9) fluorescence spectra and photo-
graphs under UV light of the CS1@PVA film made by spin-
coating before and after UV irradiation, (Figure S10)
fluorescence spectra of fiber films before and after UV
irradiation over one cycle, (Figure S11) thermogravimetric
curve of the CS1I@PVA, (Table S2) PLQY of CS@PVA fiber
films before and after UV irradiation, (Figure S12) images of
the patterned array of fiber films, (Figure S13) fluorescence
spectra of CS solids and liquid solutions before and after UV
irradiation, and (Figure S14) molecular energies for CS
molecules with different dihedral angles. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acsami.5b01996.
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