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Switchable multimode microlasers are of great significance to the development of photonic devices with
high integration levels. Herein, we demonstrate an acid/alkaline gas-responsive multimode AlEgen@starch
microsphere-based microlaser. The aggregation-induced emission (AIE) active fluorescent dye ASCPI was
used as the gain medium in this study. ASCPI was weakly emissive in water but became highly emissive
when introduced to a starch microsphere as a guest molecule. The resultant ASCPl@starch microsphere
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worked well as a typical whispering-gallery-mode microlaser. The laser mode wavelengths were size-
dependent. Due to the sensitivity of ASCPI to pH, the output of the microlaser could be switched to a
shorter wavelength by acetic acid vapor treatment or a longer wavelength by NHz vapor treatment. This
work will provide useful enlightenment for the rational design of effective switchable lasers using AIE
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Introduction

Miniaturized lasers have gained increasing interest owing to
their applications in chemical and biological sensing,"™ laser
display,”” imaging,® and on-chip optical interconnects.’™?
Wavelength-tuneable lasers with the capability of delivering
intense coherent light signals across a broad spectral range
open up particularly interesting opportunities for highly inte-
grated photonic devices. In the past few decades, laser switches
have already been achieved by regulating the resonant mode via
approaches like tuning the size or refractive index of the
microcavities."> Besides, tailoring the gain region of lasing
materials has also been developed as a promising alternative
approach to switching the lasing wavelength. However, for a
traditional semiconductor, its energy band structure is gener-
ally fixed, which makes it difficult to dynamically modulate
its gain region to realize laser switches. In contrast, organic
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materials with simple preparation procedures.

materials with abundant energy levels and tailorable excited-
state processes show great potential for tailoring the gain
region, and thus enabling the fabrication of wavelength-
switchable microlasers.'*™® Facile fabrication and excellent
compatibility of organic materials are also advantageous com-
pared with those of conventional semiconducting materials. To
date, wavelength-tunable lasers based on organic materials can
be realized by modulating the energy level of an excited
state®** or mode variation of the optical resonator.>>>%’
The excited-state energy levels of organic gain materials are
sensitive to surrounding environments, thereby enabling the
development of feasible methods for controllably switching the
lasing wavelength via tuning the external stimuli. Previous
reports have demonstrated that laser wavelength could be tuned
by external stimuli, including humidity,”® temperature,**° light,*
vapor,”>*! solvent,* etc. However, reports on gas-responsive micro-/
nanolasers are limited.”**"*!

Among organic gain materials, aggregation-induced emis-
sion luminogens (AIEgens) are a new type of luminescent
materials, which are non-emissive when molecularly dissolved,
but induced to luminesce by aggregate formation.>**® AlEgens
used as optical gain materials of microlasers can take advan-
tage of the inherent AIE characteristics to improve lasing
performance, including drastic threshold reduction and favor-
able lasing stability.?®**"*' In addition, these AIEgen-based
miniaturized lasers can improve their laser performance with
much higher doping concentrations.?* However, there are only a
few reports of AlEgen-based miniaturized lasers.****> Reports of
the environment-responsive emission behavior of AlEgen-based

This journal is © The Royal Society of Chemistry 2021
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miniaturized lasers are more limited in the literature. The excited-
state intramolecular charge transfer (ICT)**™*° effect endows AIE-
gens with high sensitivity to the microenvironment. Therefore,
AlEgens with ICT effect may be ideal candidates to fabricate
robust wavelength-switchable microlasers.

Herein, we report a switchable multimode microlaser based
on the ASCPI@starch microsphere. The cationic AIEgen, ASCPI,
was originally weakly emissive in water solution due to its AIE
and ICT properties. When mixed with starch granules, ASCPI
could readily bind to the starch. The host-guest interaction
restricted the intramolecular motions of the AIE molecules and
strong fluorescence was triggered with blue-shifted emission
color. An acidic gas could protonate ASCPI, which would
consequently weaken the electron density of the donor system
and therefore lead to a blue-shift of the gain region. In contrast,
an alkaline gas (NH3) provided a more polar environment for
these ICT chromophores and thus led to a red-shifted gain
behavior. As a result, we discovered a method of tuning lasing
wavelength in the starch microparticles based on the acid/base-
responsive AIEgen. These results offer a novel understanding of
the stimulated emission of AIEgens and provide useful enlight-
enment for the rational design of miniaturized lasers with
desired performance.

Experimental section
AIEgen preparation

AlEgen (ASCPI) was synthesized according to the previous
literature.*’

Extraction process of potato starch granules

Potato starch granules were extracted from a fresh potato
purchased at a local market. The potato was sliced into flakes,
soaked in pure water, and vigorously shaken for 30-60 min.
Potato starch granules were collected by centrifuging the
solution (4000 rpm for 5 min), followed by further washing
and purification through three centrifugation cycles with pure
water. Finally, the as-prepared fresh potato starch granules
were collected and dried in an oven at 40 °C.

Preparation of ASCPI@starch

0.4 mg of starch granules were immersed in 1 mL of pure water
and sonicated for 5 s. Then 10 pL of ASCPI (10> M in DMSO)
was dropped into the starch/H,O solution, shaken by hand and
left at ambient temperature for 24 h. The mixture was centri-
fuged and washed with pure water several times until no
characteristic emission was observed in the supernatant upon
excitation, and then dried in an oven at 40 °C.

Measurements

The absorption and fluorescence spectra were measured with a
PerkinElmer Lambda-950 spectrophotometer and an Edinburgh
FLS-1000 instrument, respectively. The time-resolved photolumi-
nescence (TRPL) was measured with an Edinburgh FLS-1000
spectrofluorometer system equipped with an EPLED-360.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry C

The absolute luminescence quantum yield was measured on an
Edinburgh FLS 980 fluorescence spectrophotometer equipped
with an integrating sphere (0.1 nm step size, 0.3 second integra-
tion time, and 5 repeats). The morphology of the microsphere was
examined with scanning electron microscopy (SEM, FEI Nova
NanoSEM450). X-ray diffraction measurements were conducted
on a D/max-2550 PC X-ray diffractometer with Cu Ko radiation.
Bright-field optical images and fluorescence microscopy images
were taken using an inverted fluorescence microscope (Nikon
Ti-U), by exciting the samples with a mercury lamp. Lasing
measurements were performed on a home-built far-field micro-
photoluminescence system. The microsphere was locally excited
with a focused 400 nm femtosecond laser (fs-laser), which was
generated from the second harmonic of the fundamental output
of a regenerative amplifier (Solstice, Spectra-Physics, 800 nm,
100 fs, and 1 kHz).

Results and discussion

A typical AlEgen sensitive to pH was chosen as a model molecule
to demonstrate the concept. Fig. 1a shows the chemical structure
of the AlEgen, 4-(4-(1-cyano-2-(4-(dimethylamino)phenyl)vinyl)-
phenyl)-1-methylpyridin-1-ium iodide (ASCPI). ASCPI was synthe-
sized according to a previous method.*” As illustrated in Fig. 1b, a
typical AIE property was observed. Its dilute solution in DMSO
exhibited weak photoluminescence (PL) with an emission peak at
674 nm. Upon addition of non-polar 1,4-dioxane as a poor solvent
for ASCPI into the DMSO solution with a fraction of 90 vol%,
bright red PL with a emission maximum at 650 nm was observed.
In addition, the o, value of ASCPI (Fig. 1c) was calculated to be
9.3 when f; (1,4-dioxane fraction) was equal to 90%, suggesting a
typical AIE feature for this molecule. Moreover, ASCPI demon-
strated a large Stokes shift (Av = 192 nm), which can be attributed
to an excited-state ICT between the electron donor and the
electron acceptor. The ICT effect was also confirmed by its
solvatochromic effects*** (Fig. S1, ESIt). ASCPI presented varied
emission spectra in different solvents with wavelength changing
from 666 nm to 688 nm, indicating a typical charge transfer
characteristic in the excited state (Fig. S1b, ESIY).

Starch granules usually have spherical, ellipsoidal, or poly-
gonal shapes,*®*® which can function as whispering gallery
mode (WGM) resonators providing optical feedback for laser
oscillations.>®°* In this study, we explored the possibility of
fabricating an AIEgen-based microlaser using starch granules
as the WGM resonators. The synthetic procedure of ASCPI@s-
tarch microparticles is illustrated in Fig. 1d. Starch granules
were sonicated in water. ASCPI was then added into the starch/
H,O0 solution, shaken by hand and left at ambient temperature
for 24 h. The obtained ASCPI@starch particles were centrifuged
and washed with pure water. The doping concentration of
ASCPI was 1.1 wt% in the starch microparticles. As shown in
the bright-field image (Fig. le), micro-sized ASCPI@starch
particles with an ellipsoidal shape could be obtained. ASCPI
was weakly emissive in water (Fig. S2, ESIt). This was possibly
attributed to both its AIE activity and ICT property. Since this
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Fig. 1

(a) Molecular structure of ASCPI. (b) PL spectra of ASCPI in DMSO/1,4-dioxane mixtures with different 1,4-dioxane fractions (fy = 0, 70%, 80%, and

90%). (c) Plot of relative emission peak intensity of ASCPI versus fy of DMSO/1,4-dioxane mixtures, where ape = I/lg, | = emission intensity and

lo = emission intensity in DMSO solution. Inset: fluorescence images of ASCPI in DMSO/1,4-dioxane mixtures with different fq taken under 365 nm UV
irradiation from a hand-held UV lamp at room temperature. Conditions: solution concentration: 10~ M; excitation wavelength: 440 nm. (d) lllustration of
the fabrication of ASCPI@starch microparticles. (e) Bright-field microscopy image, (f) fluorescence microscopy image, and (g) SEM image of the

ASCPl@starch microparticles. Scale bar: 50 um.

probe carried a positive charge, it was loosely packed in water.
The relatively active intramolecular motions weakened its
emission. Moreover, due to its ICT property, its emission was
further quenched by water. Therefore, its emission in water was
rather weak. When interacting with starch granules, the dye
bound to the starch and the strong host-guest interaction
between the starch and dye not only restricted the intra-
molecular motions of the AIEgen but also changed its micro-
environment. Therefore, the fluorescence of ASCPI in the starch
granules was turned on (Fig. S2, ESIt). As shown in Fig. 1f|

1182 | J Mater. Chem. C, 2021, 9, 11180-11188

bright orange-red fluorescence of the particles could be
observed under UV excitation, revealing that the ASCPI mole-
cules were successfully encapsulated by starch granules. The
scanning electron microscopy (SEM) image (Fig. 1g) showed
that these ASCPI@starch microparticles possessed perfect ellip-
soidal shapes and ultra-smooth surfaces, possibly triggering
WGM lasing at a low threshold.

We then tested the optically pumped laser behaviours of these
ASCPI@starch microparticles. Here the ASCPI@starch micropar-
ticle with dimensions of 10.7 pum (major axis) x 8.89 pm (minor

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) PL spectra recorded at the edge of an ASCPI@starch microparticle as a function of pump density. (b) Plot of PL peak intensity as a function of

pump density. Inset: fluorescence image of the ASCPl@starch microparticle (major axis 10.7 um x minor axis 8.89 um) under 400 nm pulse laser
excitation. Scale bar is 10 pm.

axis) was excited by a femtosecond pulsed laser beam (/ = 400 nm,
and 200 fs) with increasing fluence. At low pump fluence, the
ASCPI@starch microparticle exhibited a broad emission, which

was peaked at about 636 nm, corresponding to spontaneous
emission (Fig. 2a). At higher pump fluence, the emission spec-
trum of the ASCPI@starch microparticle exhibited a set of sharp
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Fig. 3 (a) PL spectra of the ASCPl@starch microparticles with three different sizes. Corresponding fluorescence images are depicted as insets. All scale
bars are 20 um. (b) Relationship between A, and 1/L of the ASCPl@starch microparticles. L is the cavity length. The red line is a fitting to the function
Adm = iz/ngL, where A = 682 nm. (c) Simulated field intensity distribution (1, 682 nm) in an ASCPl@starch microparticle with length of 44.6 um.
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peaks at about 680 nm accompanied by a dramatically enhanced
intensity, which indicated stimulated emission. The corres-
ponding PL peak intensity versus pump fluence (Fig. 2b) revealed
a clear threshold behaviour at about 68.5 mJ cm™2, which further
confirmed the lasing action in the microparticles. Above the
lasing threshold, the full width at halfmaximum (FWHM) at
682 nm dramatically narrowed down to ~0.4 nm, revealing a
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sharp increase of temporal coherence. We also recorded the lasing
intensities of the ASCPI@starch microlasers with the excitation
fluence of 1.2 Py, to evaluate the stability of the prepared micro-
lasers. The ASCPI@starch microparticles were continuously illu-
minated with a pulsed laser beam excitation (duration time,
100 fs; repetition rate, 1 kHz). As shown in Fig. S3 (ESIY),
sustained operation of the microlaser was achieved after scanning
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(a) PL spectra of the ASCPl@starch microparticles, and ASCPl@starch microparticles in HAc and in NH3z atmospheres. (b) PL decay profiles of the

ASCPI@starch microparticles without/with exposure to HAc and NHs. (c) Pictorial representations of the HOMOs and LUMOs in the ASCPI, ASCPI-HAc

complex and ASCPI in an NH3z atmosphere.
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7000 times, accompanied by a moderate decrease in lasing
intensity. This reduction of lasing intensity with increasing
scanning times could be ascribed to the bleaching of dye
molecules.**>>

The lasing spectra of the ASCPI@starch microparticles with
different diameters were further studied to investigate the
microcavity effects. Fig. 3a illustrates the PL spectra and the
corresponding images of the three ASCPI@starch microparti-
cles with different dimensions. The mode spacing (Am)
between two adjacent lasing modes decreased as the micro-
particle circumference (L) increased from 44.6 to 186 pm
(Fig. 3a). For WGM resonance, A, and L satisfied the equation
of Al = 2>/ngL,”® where . was the wavelength of guided light,
and ng was the group refractive index. As shown in Fig. 3b, the
plot of A, and 1/L showed a clear linear relationship. By fitting
the plot, the group refractive index n, was identified with a
value of ~1.58 at A = 682 nm (Fig. 3b), which was consistent
with the intrinsic refractive index of the starch polymer (1.53).”°
These microcavity effect results verified the WGM-type cavity
resonance in the ASCPI@starch microparticles. The simulated
electric field intensity distribution shown in Fig. 3c further
confirmed the existence of WGM in the microparticles.

As the lasing wavelength is related to the energy gap of the
optical gain material, it is possible to control the gain region by
tuning the energy levels of AIEgens. The ASCPI@starch micro-
particle exhibited a broad emission with the wavelength peak
at 638 nm (Fig. 4a). After long-time exposure to HAc, the
fluorescence peak of the ASCPI@starch microparticle exhibited a
blue-shift from 638 to 633 nm along with a decrease of photo-
luminescence quantum yield (PLQY) from 14.7% to 10.6%. In
addition, the photoluminescence of the ASCPI@starch micro-
particle showed a bathochromic shift of the maximum emis-
sion wavelength from 638 to 646 nm (Fig. 4a) and the PLQY
decreased from 14.7% to 7.6% in an NH; atmosphere. This
suggested that the external acid/alkaline gas in the atmosphere
could tune the energy levels of AlEgens in the ASCPI@starch
microparticles. In addition, the fluorescence lifetime of ASC-
PI@starch microparticles was also investigated to elucidate the
inherent excited state property. As shown in Fig. 4b, the
fluorescence lifetime of ASCPI@starch microparticles was
1.41 ns. Upon exposure to HAc and NHj;, however, the fluores-
cence lifetimes of the ASCPI@starch microparticles decreased
to 1.03 and 1.30 ns, respectively. According to the equation
knr = (1 — @)/, where ¢ was the PLQY, k,,, was the non-radiative
decay rate constant, and t was the fluorescence lifetime,>”
the non-radiative decay rate constant (k,;) of the ASCPI@s
tarch microparticle increased after exposure to HAc and NH;
(Table S1, ESIt). This revealed that the intramolecular rota-
tional motions of AlEgens non-radiatively dissipated the
excited-state energy in loose packings of microparticles in a
HAc or NH; atmosphere. To gain more insights into the
photophysical mechanism of wavelength switching in the
HAc or NH; atmosphere, the frontier molecular orbital distri-
butions and energy levels of ASCPI were investigated by density
functional theory (DFT) using the MO062X/def2vp method
(Fig. 4c).”® According to the calculation results, the energy

This journal is © The Royal Society of Chemistry 2021
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gap of protonated ASCPI was 5.50 eV via combining with
protonic acid, which was higher than that in a vacuum
(3.26 eV), showing good agreement with the corresponding
optical spectra after the treatment with HAc vapours. However,
the energy gap of ASCPI was 2.85 eV in the NH; environment,
which was lower than that in a vacuum (3.26 eV) due to the ICT
effect. Therefore, a red-shifted PL was observed in the optical
spectra (Fig. 4a). Fourier transform infrared spectra (FTIR) of
ASCPI, ASCPI + HAc and ASCPI + NH; H,O were also recorded.
As illustrated in Fig. S4 (ESIt), the FTIR transmittance spectra
of the ASCPI showed a C=N stretching vibrational band at
2200 cm ', which proved that a cyano structure was contained
in the ASPCI compound. In addition, the C=O stretching
vibrational band at 1710 em™" was observed after treatment
with acetic acid, demonstrating that a complex of ASCPI@HAc
was formed. Moreover, an obvious shift of the benzene skeleton
vibration from 1562 cm™" to 1574 cm ™' was observed. This may
be attributed to the conformational changes due to the ICT
effect in the conjugation system after treatment with ammonia.

Inspired by the HAc/NH;-responsive emission, we measured
the lasing spectra in response to the variation of the HAc or
NH; atmosphere (Fig. 5a). Fig. 5b showed the lasing spectra of a
typical ASCPI@starch microsphere (as shown in the dotted
portion of Fig. 5¢) with alternating plugs of air, HAc and NH;
gases. The lasing wavelength of the ASCPI@starch microsphere
was tuned from about 679 to 676 nm when the microsphere was
exposed to HAc gas (Fig. 5b). Once the ASCPI@starch micro-
sphere was exposed to NH; gas, the lasing wavelength was
changed to about 691 nm (Fig. 5b). Additionally, as the HAc or
NH; vapor in the surrounding medium evaporated in air after
10 min, the PL images of the ASCPI@starch microsphere did
not show obvious color change due to the weak fluorescence
wavelength switching (Fig. 5c). More importantly, compared
with the fluorescence wavelength switching, the microlaser
used as a sensor possessed higher sensitivity to HAc and NH;
gas stimuli, which could be ascribed to the narrower FWHM in
the lasing spectra (Fig. 4a and 5b). To further confirm the
adaptability of the HAc/NH;-responsive stimulated lasing prop-
erties, ASCPI@starch microspheres with different sizes were
investigated under an external HAc or NH; atmosphere (Fig. S5
and S6, ESIt). As shown in Fig. S5 (ESIt), about 3 nm of blue-
shift was observed after the exposure of the ASCPI@starch
microsphere to HAc gas. On the other hand, the other sizes
of the ASCPI@starch microspheres exhibited about a 7 nm
bathochromic-shift after exposure of the microspheres to NH;
gas (Fig. S6, ESIT). Overall, stimulated laser emission respon-
sive to HAc/NH; gas could be observed in the AIEgen@starch
microspheres.

To eliminate the influence of the starch resonator in these
switching processes, the X-ray diffraction (XRD) patterns of the
ASCPI@starch microspheres treated with acetic acid or ammonia
were also investigated, as shown in Fig. S7 (ESIf). The XRD
pattern of the ASCPI@starch microparticles contained a series
of peaks at 5.86, 17.2, 22.5 and 24.0°, which was in agreement
with those of A-type starches.’® It was also found that the
diffraction peaks at 20 = 17.2, 22.5 and 24.0° of the ASCPI@starch

J. Mater. Chem. C, 2021, 9, 11M80-1188 | 11185
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(a) Schematic diagram of the ASCPl@starch microsphere laser measurement under exposure to different atmospheres. (b) Wavelength shift of

lasing modes in the ASCPI@starch microsphere under alternate exposure to HAc, NH3z and air, respectively. (c) Fluorescence images of an ASCPl@starch
microsphere under alternate exposure to HAc, NHz and air. Scale bars: 20 pm.

microparticles had no obvious changes after treatment with acetic
acid or ammonia, suggesting that the structure of A-type starches
could be maintained without influence from the presence of NH;
or HAc. In addition, the diffraction peak at 20 = 5.86° disappeared,
because the long-range ordered structure of A-type starches was
destroyed during HAc treatment. These data implied that starch
used as a WGM resonator had little effect on lasing wavelength
switching even with treatment with acid or alkali.

Conclusions

In summary, we report an AIEgen-based switchable microlaser.
This microlaser could be easily fabricated by mixing the AIE
active dye ASCPI and starch granules. In the confined environ-
ment after binding to the host molecule, starch, the emission of
the AIE dye ASCPI is greatly enhanced. We demonstrate that the
resultant AIEgen@starch microspheres function as typical
WGM lasers. More interestingly, manipulation of the laser
emission can be achieved by HAc/NH; gas treatments. The
protonic acid gas could weaken the electron density of the
donor system and leads to blue-shifted laser behavior. On the
other hand, alkaline gas (NH3) provides a more polar environ-
ment for these ICT chromophores and thus leads to red-shifted
lasing. This work presents a simple method for the fabrication
of efficient AIEgen-based switchable microlasers. It is expected

11186 | J Mater. Chem. C, 2021, 9, 11180-11188

that more AIE-based microlasers and AIE-microlaser-based
chemo- or bio-sensors will be developed in the near future.
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