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Introduction

Cold chain transportation has been growing rapidly in recent

Process intensified synthesis of luminescent poly
(9,9-dioctylfluorene-alt-benzothiadiazole) and
polyvinyl alcohol based shape memory polymeric
nanocomposite sensors toward cold chain
logistics information monitoring

Yuanzuo Zou,1*® Jingzhou Guo, > Yinglu Liu,® Yudi Du,® Yuan Pu® and
Dan Wang () *2°

Process intensification technologies based on novel reactors have been considered to be the most prom-
ising progress paths for developing more efficient chemical processes. In this work, the synthesis of poly
(9,9-dioctylfluorene-alt-benzothiadiazole), abbreviated as F8BT, was achieved via Suzuki cross-coupling
polymerization in a rotating packed bed (RPB) reactor maintained in an oxygen-free environment. The
synthesized F8BT has a number average molecular weight of 35.2 kDa, a polymer dispersity index of 2.47
and double band absorption and yellow-green photoluminescence properties. An agueous dispersion of
F8BT nanoparticles was then prepared by solvent—antisolvent recrystallization in an external circulation
RPB reactor, and spherical nanoparticles with an average particle size of 175.6 nm and a particle dis-
persion index within 0.2 were obtained. The nanoparticles, which appear yellowish green in color under
365 nm excitation, were uniformly incorporated into polyvinyl alcohol by virtue of the compatibility
brought about by hydrogen bonding to obtain PVA composite films containing F8BT nanoparticles. The
composite film has a shape memory function, and the irreversible shape change process from the initial
“closure” to the final "blooming” is completed in about 15 min at an ambient temperature of 20 °C and
60% relative humidity. It is expected to be used as an optical functional device to monitor the cold chain.

sites can be used in a wider range of applications due to their
simple preparation and induction in water, offering the possi-
bility of more applications.”>"” By combining PVA with fluo-

years and plays an important role in the transportation of
food, pharmaceuticals and chemicals.””* Temperature monitor-
ing has always been a key part of cold chain transportation.*™
As a class of stimuli-responsive polymers, shape memory poly-
mers (SMPs) have the ability to revert from a temporary shape
to the initial shape under external stimuli (e.g. temperature),®®
which is well suited for the temperature monitoring required
for cold chain transportation.'® Incorporating functional
materials into shape memory polymers can give them new
functionalities that involve changes in stability,"" biocompat-
ibility,"* optical properties,'* and thermal adaptation.™* In par-
ticular, polyvinyl alcohol (PVA)-based shape memory compo-
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rescent nanomaterials, luminescent SMP nanocomposites
which can be used as temperature sensors in cold chain trans-
portation can be obtained. Such composites should not only
maintain the flexible and sensitive memory function of poly-
meric materials but also have good fluorescence properties, as
well as good compatibility between the fluorescent materials
and the matrix polymer.'®2°
Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) is a
typical organic semiconductor polymer composed of alternat-
ing links of 9,9-dioctylfluorene and benzothiodiazoles. The
performance of F8BT is mainly controlled by the aromatic con-
jugated groups and the flexible saturated alkane side
chain.>>® The F8BT polymers purchased from different
chemical suppliers usually show huge variability in perform-
ance, with photoluminescence quantum yields (PLQYs)
ranging from 7% to 60% in neat films, due to the differences
in their molecular weight and polymer dispersity index (PDI).
The technological factors effected on the performance of poly-
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mers such as molecular weight, polydispersity and reproduci-
bility, apply equally to F8BT.>*?” The development of green
processes for synthesizing F8BT with precise control at the
molecular level for multistep procedures is still at an early
stage. Process intensification has been considered to be one of
the most promising progress paths for developing more
efficient chemical processes. High-gravity technology based on
a rotating packed bed (RPB) creates a high gravity environment
by the centrifugal force of high-speed rotating packing to
achieve uniform concentration and supersaturation at the
microscopic scale inside the reactor and is an effective means to
intensify liquid-phase reactions and prepare nanoparticles.”*"
Based on these advantages, RPBs have been shown to be used
as process enhancements for the preparation of a variety of
materials, such as the preparation of inorganic nanoparticles,
polymer precursors, nanoemulsions, etc.’>* They also have
advantages over conventional reactors for the crystallization and
purification of organic molecular solvents in an antisolvent.*®
However, to the best of our knowledge, process intensification
technologies based on RPB reactors have still not been applied
in the synthesis of luminescent F8BT and their performance in
the fabrication of shape memory polymeric nanocomposites is
a very worthy subject of study.

In this work, we prepared F8BT based on the process inten-
sification technique of a RPB. The M,, of the obtained product
reached 35.2 kDa and the PDI was 2.47. The F8BT nano-
particles with an average size of 175.6 nm and a particle dis-
persion index of 0.17 were obtained by using a convenient and
efficient solvent-resistant recrystallization method enhanced
by a RPB. The low size distribution of nanoparticles facilitates
the subsequent synthesis of composites. The F8BT nano-
particles were doped into PVA by the hot-casting method and
the prepared composite film was named PVA-F8BT. This com-
posite film has excellent transmittance, exhibits yellow light
and has good mechanical properties. Based on the optical pro-
perties and shape memory effect of PVA-F8BT, a detection
switch applied in the cold chain transportation process is
designed to monitor whether there is a significant change in
temperature during transportation, providing a new idea for
cold chain transportation monitoring.

Experimental
Materials and instruments

The monomer 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
y1)-9,9-di-n-octylfluorene (F8-Bpin) was purchased from Meryer
(Shanghai, China). 4,7-Dibromo-2,1,3-benzothiadiazole (BTD)
and polyvinyl alcohol (PVA) were obtained from Aladdin
(Shanghai, China). Common organic solvents including
toluene, dichloromethane (CH,Cl,), tetrahydrofuran (THF),
chloroform, methanol, and acetone were purchased from
Beijing Chemical Industry Group. Deionized water prepared
using a Hitech Laboratory Water Purification System DW100
(Shanghai Hitech Instruments Co., Ltd) was used for all
experiments.
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A Bruker Avance 400 MHz instrument (400 MHz for 'H
NMR and 151 MHz for >C NMR) was used for the measure-
ment of nuclear magnetic resonance (NMR) spectra by dissol-
ving the sample in deuterated chloroform with tetramethyl-
silane as a reference. Fourier-transform infrared (FTIR) spectra
were recorded on a Bruker Vertex-70v instrument. The M,, and
PDI were determined using gel permeation chromatography
(GPC) equipment (Waters 1525 Separation Module) with poly-
styrene as the standard and trichlorobenzene at 150 °C as the
eluent. Ultraviolet-visible (UV-vis) absorbance spectra were
measured using a UV-vis spectrophotometer (UV-2600,
Shimadzu) and photoluminescence (PL) spectra were recorded
using a spectrofluorometer (FS5, Edinburgh). The mechanical
tensile properties are mainly reflected by the stress-strain
curve determined using a wuniversal testing machine
(CMT6503, MTS SYSTEMS).

Synthesis of F8BT

An internal circulation RPB reactor maintained in an oxygen-
free environment was used for the Suzuki cross-coupling
polymerization to synthesise F8PT. The apparatus of the RPB
reactor used in this work was the same as our previous reports,
in which the mixed solution could be passed through the wire
mesh packing zone under high gravity. Briefly, 2 mmol F8-
Bpin, 2 mmol BTD and 2 mL Aliquat 336 were dissolved in
40 mL toluene and the mixture was added to the RPB reactor
followed by the addition of 160 mL deionized water in a nitro-
gen environment. Then, 180 mL aqueous solution containing
0.02 mol K,CO; and 20 mL toluene solution containing
0.14 mmol Pd(PPh;), was injected into the RPB reactor
working at a high-gravity of 500 G at 80 °C for 24 h with N,
pumped (0.2 L min™"). After that, methanol was added to the
resulting mixture and the precipitate was filtered, re-dissolved
in CH,Cl, and washed with brine. Anhydrous MgSO, was used
to remove residual water and the filtrate was evaporated in a
vacuum at 45 °C. The residue was dissolved in THF, added
dropwise to methanol and then purified by Soxhlet extraction
with acetone to give the product. The final solid of F8BT was
obtained after drying under vacuum at 45 °C. The M,, of the
obtained product reached 35.2 kDa and the PDI was 2.47. 'H
NMR (400 MHz, CDCl;, 6, ppm): 8.11 (br, ArH), 8.06-7.89 (br,
ArH), 2.15 (s, CH,), 1.28-1.17 (br, CH,), 0.96 (br, CH,), 0.80
(m, CHy).

Preparation of F8BT nanoparticles

The F8BT nanoparticles were prepared by solvent-antisolvent
recrystallization in an external circulation RPB reactor. Briefly,
30 mg of F8BT was added to 30 mL THF and kept in a 50 °C
water bath under sonication for 5 min to form a clear solution,
which was then cooled to 25 °C as the solvent phase. The anti-
solvent was 480 mL deionized water. Both the solvent and anti-
solvent were simultaneously pumped into the RPB reactor
working at 500 G. The slurry collected from the outlet of the
RPB reactor was subjected to rotating evaporation at 50 °C for
30 min and the condensed solution was filtered through a
Buchner funnel with a nylon filter membrane (0.2 pm). The
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powder of F8BT nanoparticles was obtained by freeze-drying
treatment of the filtrate.

Fabrication of the PVA-F8BT nanocomposite

The polymer thin films of the PVA-F8BT nanocomposite were
fabricated via the solution mixing method followed by a
thermal casting method. Briefly, 1.0 g of PVA was added to
10 mL aqueous dispersion of F8BT nanoparticles (0.5 wt%)
and magnetically stirred in a water bath at 90 °C for 30 min.
The obtained transparent viscous mixture was slowly poured
into a clean quartz Petri dish (11 cm in diameter) along the
inner wall while it was still hot and spread naturally. After
keeping the sample in the dark at room temperature for 5
days, the cured PVA-F8BT film was formed due to sufficient
natural drying. Then the polymer thin films were torn off from
the Petri dish and were made into different shapes and dimen-
sions by self-designed cutting.

Results and discussion

The formation of the raw F8BT polymer was achieved based on
the typical Suzuki cross-coupling reaction and the main reac-
tion involved is described in Fig. 1a. Toluene was used as the
reaction phase with palladium catalysts dissolved in the solu-
tion and water acted as the alkali source. The Aliquat 336
added to the reactants produced a marked effect on the
reduction of Pd(u) and the stabilization of Pd(0). The inner cir-
culation RPB reactor mainly includes a packing layer and a
high-speed rotor, which brings about high-speed rotation and
promotes the circulation and contact of the liquid mixture in
the reactor. In addition, an inert gas path and a condenser
were added to maintain an oxygen-free environment to avoid
the deactivation of the palladium catalyst (Fig. 1b). According
to the liquid flow characteristics in the RPB reactor, driven by
the centrifugal force generated by the high speed rotation of
the rotor, the immiscible liquids were continuously torn apart
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Fig.1 (a) Reaction scheme of the synthesis of F8BT via the Suzuki
cross-coupling reaction. (b) Inner circulation RPB reactor with the fol-
lowing components: 1, rotor; 2, injection inlet; 3, N, inlet; 4, thermo-
static bath; 5, discharge hole; 6, feed inlet; and 7, condenser. (c)
Schematic diagram of the reaction at the interface between organic
phase and aqueous phase of the tiny reaction unit of droplet.
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and reorganized by the RPB packing layer, which means that
the apparent contact between the two phases was constantly
renewed (Fig. 1c,). Although the F8BT polymer has been widely
used for a variety of applications, the commercialized products
of F8BT have a low molecular weight (average M, < 25000)
and exhibit huge performance variations depending on the
chemical supplier. The homogeneous mixing of reactants at
the molecular to nanometer scale is critical for the reaction to
obtain the polymer product with the desired molecular weight
and molecular weight distribution. Process intensification
technologies based on RPB reactors have been proved to be
efficient for the production of polymers with uniform
structures.”®?” For the synthesis of F8BT, the RPB reactor also
showed a practical value and application prospect. Under the
optimized conditions, the F8BT polymer obtained showed an
M,, value of 35.2 kDa and a PDI of 2.47.

Fig. 2a presents the "H NMR spectra of the synthesized
polymer, and by combining with the FTIR spectral analysis in
Fig. 2b, the molecular structure of F8BT was confirmed. The
FTIR plots at 2920 cm™, 2846 cm™', and 1456 cm™* corres-
pond to the long alkane chain stretching vibration and defor-
mation vibration of the fluorene unit, that at 3030 cm™" corres-
ponds to the hydrocarbon on the benzene ring, that near
1547 cm™ ' corresponds to the benzene ring backbone, and
that at 650-1000 cm ™" in the fingerprint area corresponds to
the multiple substitutions on the benzene ring. Besides, a C-N
characteristic peak appears at 1088 cm™, and that at
1338 em™" may be caused by the C=N stretching vibration on
BTD. The TGA curve indicates that F8BT has thermal stability
due to the conjugated molecular backbone. As shown in
Fig. 2c, F8BT was thermally cleaved at temperatures up to
389 °C (at 5% weight loss) under an inert nitrogen atmo-
sphere. The weight loss of the product starts at about 320 °C at
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Fig.2 (a) 'H NMR (in CDCls, TMS as calibration) spectra, (b) FTIR
spectra and (c) TGA curve of F8BT and (d) UV-vis absorbance spectra
(dotted line) and luminescence spectra (solid line) of F8BT solution in
toluene (Tol), tetrahydrofuran (THF) and chloroform (TCM) (lex =
372 nm).
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a heating rate of 5 °C min~" and remains stable until then.
The UV-vis and PL spectra of F8BT in toluene, THF and chloro-
form are shown in Fig. 2d, all exhibiting approximate double-
band absorption and photoluminescence properties. The UV-
vis spectroscopy responds to the conjugate length of molecules
and reflects the excitation energy required for chromophores
of different conjugate types. In toluene, F8BT has absorption
peaks triggered by m—n* transitions at 322 nm and 457 nm,
corresponding to the absorption of fluorene units and BTD
chromophores, respectively. Similarly, the absorption peaks of
F8BT are at 320 nm and 456 nm in THF and 321 nm and
453 nm in chloroform. The PL spectra showed that F8BT in
different solutions has a single emission peak in the yellow-
green light band, which corresponds to 533 nm in toluene,
544 nm in THF, and 552 nm in chloroform, and the weak red-
shift is related to the solvent effect.

Furthermore, a facile and efficient anti-solvent recrystalliza-
tion method reinforced by a RPB was used to prepare F8BT
nanoparticles (Fig. 3a). The nucleation process of nano-
particles can be controlled by a RPB with its strong micro-
mixing ability, which ensures a consistent nucleation time and
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Fig. 3 (a) External circulation RPB reactor with the following com-
ponents: 1, reactor; 2, flow meters; 3, pumps; 4, solvent phase storage
containers; 5, antisolvent phase storage container; 6, vacuum filters; and
7, rotor. SEM image of (b) raw materials and (c) nanoparticles of F8BT.
(d) FTIR spectra of raw F8BT and nanoparticles of F8BT. (e) UV-vis absor-
bance and luminescence spectra of an aqueous dispersion of F8BT
nanoparticles (inset photos were taken under sunlight and 365 nm UV
light excitation).
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uniform size distribution of nanoparticles. Generally, for the
compatibility of doping units and matrices, the smaller the
nanoparticle size, the fuller the resulting composite structure
and the higher the added value. Therefore, the experimental
conditions were optimized with the goal of keeping the par-
ticle size of the nanoparticles as low as possible. During the
nucleation, precipitation, and molding of nanoparticles, the
degree of supersaturation caused by the mixing of solvents
with different solubilities is the key to determining the uni-
formity of the particle size and morphology. Based on the
molecular structure characteristics of F8BT, easily removable
and highly soluble THF was chosen as the solvent, and readily
available and insoluble water was chosen as the anti-solvent.
The volume ratio of THF to water was investigated and opti-
mized in order to determine a relatively suitable supersatura-
tion for mixing the two in a high-gravity environment. FS8BT
nanoparticles with a size of less than 100 nm were prepared in
a RPB (Fig. 3c). DLS measurements show that F8BT nano-
particles dispersed in water have a hydrodynamic diameter of
175.6 nm with a particle dispersion index of 0.17, due to the
clumping of tiny nanoparticles in the aqueous medium due to
excessive surface energy. Aqueous nanodispersions (0.5 wt%)
of F8BT are translucent and fluorescent yellow under 365 nm
UV light, which is related to the small size and uniform distri-
bution of nanoparticles (Fig. 3e). The molecular structure of
the nanoparticles was further characterized and analyzed. As
shown in the FTIR spectra of Fig. 3d, the peaks at 2920 cm ™",
2846 cm™" and 1456 cm™" are caused by the stretching and
deformation vibrations of the C-H bond on the saturated
alkane chain. The peaks at 3030 cm™' and 1547 cm™ " corres-
pond to the stretching vibrations of C-H and C=C on the
benzene ring, respectively. In particular, there is a peak at
1338 cm™' in the spectrum, which is caused by the C=N
stretching vibration on benzothiadiazole.

Fluorescence and mechanical properties of PVA-F8BT films

In the SEM images, nanoparticles are clearly present in the
PVA-FSBT membrane section (Fig. 4b) compared to the pristine
PVA membrane section (Fig. 4a), indicating effective doping.
Due to the abundant hydroxyl groups in the molecular struc-
ture, the molecular cross-linked network structure of PVA is
dominated by hydrogen bonds, which provides a compatible
site for F8BT nanoparticles (Fig. 4c). In the FTIR spectrum of
Fig. 4d, PVA-F8BT contains characteristic peaks caused by a
large number of hydroxyl groups, including broad peaks in the
range of 3100-3700 cm™" and so on. On this basis, PVA-F8BT
has stronger absorption on the stretching vibration peak of C-
H bond at 3000-2850 cm ™" because of the saturated alkane
side chain on the molecular chain of F8BT.

The absorption and emission properties of light are newly
added features of the composite films. The absorption peaks
of PVA-F8BT films at 322 nm, 335 nm and 465 nm and the
emission peaks at 556 nm are close to each other (Fig. 5a). The
uniform doping of F8BT nanoparticles in PVA makes PVA-F8BT
exhibit yellow light, as can be seen from the photos in the
inset. Due to the uniform nanoscale size, the doping amount

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2py01588a

Published on 28 February 2023. Downloaded on 3/3/2026 10:51:56 AM.

Polymer Chemistry

PFs nanoparticle "1" PVA-F8BT
v, (C-H)

v(C-0)

X
\
(™™ 2|\
~€—~ L, : ,," v (O-H)
e "\, o T T T
Hydrogen bond ~ 5 4000 3000 2000 1000
Wavenumber (cm™)

Fig. 4 SEM images of (a) PVA and (b) PVA-F8BT (the red circles indicate
the nanoparticles of F8BT in the composite); (c) schematic diagram of
hydrogen bond cross-linking of F8BT nanoparticles in the PVA network
structure; and (d) FTIR spectra of PVA and the PVA-F8BT
nanocomposite.

can also be changed to achieve flexible tuning for different
chromaticities. The dynamic thermodynamic analysis curves
of the PVA-F8BT film are shown in Fig. 5b. The energy storage
modulus of PVA-F8BT at —50 °C is 6188 MPa, which decreases
slowly with increasing temperature, starts to drop sharply at
32.6 °C, and stabilizes after 80 °C at 100 MPa. Such a large
change in modulus indicates that PVA-P8VT has a temperature-
controllable unidirectional shape memory capability. After
50 °C, the energy storage modulus is always larger than the
loss modulus, with a peak in the loss factor tan é at 54 °C. In
PVA-F8BT, PVA undergoes a glass transition. PVA itself has the
property of free movement of molecular chains after under-
going the glass transition, and the molecular chains are fixed
after lowering the glass transition temperature. The glass tran-
sition of PVA occurs at around 50 °C, while the glass transition
temperature increased after doping with F8BT nanoparticles
(Fig. 5c), which may be due to the added F8BT producing
more hydrogen bonds inside PVA, which affected the glass
transition temperature of the whole composite.
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Shape-memory polymers can exhibit a variety of shape
memory effects and can spontaneously recover the original
permanent shape or transform into one or more temporary
shapes by virtue of different response levels and response
types under appropriate stimuli. As shown in Fig. 6a and b,
PVA-F8BT with fluorescence has unidirectional water/thermal
induced shape memory properties. The temporary shape of
the PVA-F8BT film after softening at elevated temperature and
shape-setting at lower temperature is V-shaped and remains
unchanged at room temperature, with a shape fixation rate
(R¢) of about 89%.

a
T 100%

where a is the angle of PVA-F8BT after shape-setting; see
Fig. 6a. When immersed in 50 °C water, the material
approaches the glass transition and water molecules penetrate
into the hydrophilic cross-linked lattice structure, which
directly recovers to a flat, straight shape in 2 min. From a
thermodynamic point of view, this shape memory recovery
process of PVA-F8BT proceeds through three stages: in the
initial state, the polymer molecular chains can be regarded as
springs with relatively large lengths and diameters, which are
cross-linked and intertwined and mixed together by hydrogen
bonds and other intermolecular forces; when the temperature
rises, the springs are stretched and rearranged by external
effects, and entropy reduction from chaos to order occurs, and
stress is stored in the form of elastic potential energy. When
the temperature rises again or water molecules flood into the
hydrophilic backbone of the cross-linked polymer, the spring
acquires thermal viscoelasticity or filling swelling, releasing
the elastic potential energy stored inside and causing an irre-
versible deformation process.

We designed a temperature and humidity monitoring smart
switch to meet the special conditions (Fig. 6¢) combined with
the needs of the monitoring and supervision system of the
whole process of cold chain logistics and the shape memory
characteristics of PVA-F8BT. This intelligent switch can guaran-
tee a fixed shape at low temperature and low humidity, and
will change the energy storage modulus due to dissolution or
glass transition once it is exposed to a certain amount of water
or high temperature, and irreversible stretching will occur. If
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Fig. 5 (a) UV-vis and luminescence spectra of the F8BT dispersion and the PVA-F8BT film (inset is the photo of the typical PVA-F8BT film under
365 nm UV light excitation); (b) DMA curves of the typical PVA-F8BT film; and (c) DSC curves of PVA and PVA-F8BT.
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Fig. 6 (a) Schematic diagram of shape memory behavior. (b) The shape
memory recovery behaviour of PVA-F8BT induced by 50 °C water
(photos were taken under 365 nm UV light excitation); and (c) schematic
diagram and photos of the PVA-F8BT sensor for monitoring the temp-
erature and humidity in cold chain logistics.

the temperature or humidity increases during the cold chain
transportation, it will stretch from the original fixed temporary
“closed” shape to the final “blooming” shape, and the defor-
mation process will turn on or trigger the monitoring alarm
and other devices, which can effectively monitor the whole
transportation process. At the same time, the device shows an
obvious fluorescence phenomenon under ultraviolet light,
which provides a certain guarantee for the supervision of
special chemical materials or medical drugs that need to be
protected from light, water and high temperature. The
PVA-F8BT sample film has been tested to complete the irrevers-
ible shape change process from the initial “closure” to the
final “blooming” in about 15 min at an ambient temperature
of 20 °C and 60% relative humidity.

Conclusions

In this work, we have efficiently synthesized F8BT with a
narrow molecular weight distribution by using a RPB to
enhance the Suzuki cross-coupling reaction, and the syn-
thesized F8BT has a number average molecular weight of
35.2 kDa and a PDI of 2.47. Furthermore, the aqueous dis-
persion of F8BT nanoparticles was prepared by the high-
gravity-assisted antisolvent technique, and spherical nano-
particles with an average particle size of 175.6 nm and particle
dispersion index within 0.2 were obtained. The nanoparticles
retain the fluorescence properties of the n conjugated back-
bone while adding a new surface hydroxyl functional group,
which forms a stable dispersion in water. RPB reactors show
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capabilities for process intensified synthesis of luminescent
polymers and nanoparticles, which is a kind of complemen-
tary technology to microfluidic systems, which allows fast
mass transfer and molecular mixing during the reaction, as
well as large mass fluxes for scale-up. The F8BT nanoparticles
were doped into PVA by the hot-casting method to obtain the
PVA-F8BT composite film, and uniform doping of F8BT nano-
particles made the composite film exhibit yellow light. The
composite film has a shape memory function, and the irrevers-
ible shape change process from the initial “closure” to the
final “blooming” is completed in about 15 min at ambient
temperature of 20 °C and relative humidity of 60%. It is
expected to be used as an optical functional device to monitor
the temperature and humidity changes throughout the cold
chain.
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