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Abstract

Thermal responsive copolymer P(NIPAm-co-NMA) was prepared via a radical
copolymerization and spun into nanofibers using electrospinning. After thermal
crosslinking, the electrospun fibers were modified using KH590 and silver
nanoparticles were introduced onto the fiber surface using a chemical plating method.
The electrical resistance of the composite fibers containing 65.5% of silver at
different temperatures was investigated and it was found that the resistance dropped
by ~60% as the temperature increased from 42 °C to 46 °C, which is consistent with
the solubility transition of PNIPAm with the change of temperature as revealed by

differential scanning calorimetry (DSC) measurement.

* Corresponding authors: Denglb@siat.ac.cn and Rong.sun@siat.ac.cn; Tel: +86-0755-86392158
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1. Introduction

Flexible sensors that can detect the change of temperature, strain/pressure and pH
are essential components of wearable electronic devices which have been enjoying
rapid growth recently.'™ Such sensors are mostly built on flexible/elastic substrates
that show response to external stimuli. Fibers produced using an electrospinning
technique is considered to be ideal substrates as the electrospun fibers with a typical
diameter of hundreds of nanometers possess high surface areas, good mechanical
properties and flexibilities.” Electrospun fibrous mats have been used for a range of
sensors such as strain and gas sensors.”® For example, Park et al. prepared
elastomeric fibers containing silver nanoparticles using electrospinning and the
electrospun fibers showed very high sensitivity to pressure at large deformations.’
Tremendous efforts have been devoted to strain/pressure (human motion) and gas
sensing so far,"® '© but there are few reports on using electrospun fibers as
temperature sensors.'!

Poly(N-isopropylacrylamide) (PNIPAm), as a typical thermoresponsive polymer,
has been studied extensively in the last decades for potential applications in sensing

12-15 o . :
The polymer chain in an aqueous solution shrinks

and drug delivering.

dramatically as the temperature exceeds the lower critical solution temperature (LCST,

which is 32 °C for neat PNIPAm),'®" '” which can lead to a dramatic change of the
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electrical properties when conductive fillers are embedded in, or attached to, the
polymer matrix.'"® ' The response of volume and electrical resistance to the
temperature is even more pronounced when the polymer is in the form of nanofibers.
However, the water-soluble homopolymer need to be modified to maintain the fiber
integrity in an aqueous environment. There are generally two strategies, i.e.
copolymerization with other monomers and non-covalently mixing with water-

2022 44 stabilize PNIPAm nanofibers.

insoluble polymers,

In the present study, NIPAm and N-methylol acrylamide (NMA) monomers were
copolymerized in which the NMA provides the thermal crosslinking function for the
copolymer. Nanofibers of the copolymer were fabricated by electrospinning and
followed by thermal crosslinking. The fiber surface was modified with a coupling
agent 3-mercaptopropyltrimethoxysilane (KH590) on which the thiol group provides
strong adhesion with metals. Silver nanoparticles were then introduced onto the fibers
using a chemical plating method and the resistance of the composite nanofibers was
measured at different temperatures. These fibers might find potential applications in

temperature sensors due to their excellent stability and the strong adhesion between

the fiber and the conductive particles.
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2. Experimental
2.1. Materials

NIPAM, NMA, ammonium persulfate (APS), N,N,N' N'-tetramethylethylene-
diamine (TEMED), silver nitrate (AgNO3), sodium hydroxide (NaOH), ammonium
hydroxide (NH4OH), glucose, nitric acid (HNO;), DMF, THF, ethanol, n-hexane,
chloroform and acetic ether were purchased from Aladdin Reagent Co. Ltd (China).
The monomer NIPAM was purified by recrystallization from n-hexane and NMA was
purified by recrystallization from chloroform. The initiator APS was purified by
recrystallization from ethanol. The other chemicals were used as received without
further purification.

2.2. Synthesis of poly(NIPAm-co-NMA)

P(NIPAm-co-NMA) was prepared via radical copolymerization following the
methods reported in literatures.”>** The preparation procedure is shown in Scheme 1.
NIPAm (2 g, 90 mol%) and NMA (0.198 g, 10 mol%) were added to a 100 mL three
necked flask with a stir bar. 50 mL of deionized water was added after degassing and
backfilling with nitrogen for four times. APS (2 wt% of total monomer) was dissolved
in 2 mL deionized water and added into the flask under stirring. TEMED (5 wt% of
total monomer) was then added to the flask slowly. Polymerization was carried out at

0 °C for the first 4 h and then at room temperature (25 °C) for 20 h. The resulting
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solution was dialyzed against deionized water for 72 h to remove unreacted
monomers. During this period, the deionized water was replaced every 12 h. The final

dialysis product was freeze-dried by using a freeze-dryer attached to a vacuum pump.

m
>\ j\ APS/TEMED m"

(o)
NH + Deionized water HN HN

OH
OH

Scheme 1 The synthesis procedure of P(NIPAm-co-NMA) copolymer.

2.3. Electrospinning

P(NIPAm-co-NMA) was dissolved in DMF/THF (1:1) by stirring for 12 h at room
temperature to form a stable solution with a concentration of 20%. The solution was
loaded in a 12 mL syringe with a metal needle of 0.6 mm inner diameter.
Electrospinning was then carried out using the conditions as follows: a flow rate of at
1.2 mL h™', a voltage of 10 kV and a tip-to-collector distance of 15 cm.
2.4. Crosslinking and surface modification of the fibers

The electrospun nanofibers were baked at 130 °C for 10 h for thermal crosslinking

of NMA. The post-thermal-crosslinking reaction procedure is illustrated in Scheme 2.
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Scheme 2 Schematic illustration of the crosslinking reaction.”*

The thermal crosslinked poly(NIPAm-co-NMA) fibrous mat was washed in a
NaOH solution with a concentration of 8 g L™ at 40 °C for 20 min to remove the
residual small organic molecules and increase the hydrophilicity. The fibers were
then rinsed with deionized water and ethanol and dried at 60 °C for 10 min. Silver
nanoparticles were introduced onto the fiber following the procedure shown in
Scheme 3. The mat was firstly immerged in an acetic ether solution of KH590 for
120 min and washed by ethanol for three times and then dried at 60 °C for 15 min.
The KH590-modified P(NIPAm-co-NMA) fibrous mat was then immerged in a
silver plating solution with constant stirring for metallising reaction. Two solutions

were prepared separately and mixed in the metallising bath before plating. One was a

silver ion solution (solution A) and the other is a reducing agent solution (solution B).

The composition of solution A was: AgNOs3, NaOH (0.25 g L'l), NH4OH (28 wt%)
and that of solution B was: glucose, HNO; (2 g L'l) and ethanol (100 mL L'l). The
concentration of AgNOj; (the molar ratio of AgNO; to glucose was 1:1) was 0.01

mol L', 0.05 mol L and 0.1 mol L, and the resultant fibers are denoted as
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PNN/Ag-0.01, PNN/Ag-0.05 and PNN/Ag-0.1, respectively. After plating, the

fibrous mats were cleaned in deionized water and dried at 60 °C for 24 h.

HO OH

HoO \ OH OMe
+ HS/\/\T—OMc
HO / oH .
Ho OH

SH
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Scheme 3 Schematic illustration of the modification procedure of the P(NIPAm-co-
NMA).
2.5. Characterization of poly(NIPAm-co-NMA)/Ag composite nanofibers

Proton nuclear magnetic resonance (‘H-NMR) spectra were obtained on a 400 MHz
NMR spectrometer and dimethyl sulfoxide-d¢ (DMSO-ds) was used as the solvent.
The fiber morphology was investigated using field-emission scanning electron
microscope (FE-SEM, FEI Nova Nano SEM 450) equipped with an energy dispersive
X-ray spectrometer (EDS) after gold coating. The diameter of the fibers and Ag
particles were determined using an Image J software from high-magnification SEM
images (see Fig. S1 in the Electronic Supplementary Information). To measure the
LCST, the nanofibers were wetted by water for 24 h and put into DSC cells. DSC

thermograms were then obtained at a heating rate of 5 °C min™ from 10 °C to 70 °C
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using a TA Q20 (USA) System. The LCST was defined as the onset value of
transition temperature chart. Thermogravimetric analysis (TGA) was carried out at a
heating rate of 10 °C min™ from 100 °C to 800 °C using a TA Q600 (USA) system.
The electrical resistance was measured at different temperatures using a multimeter
(Fluke, USA). Electrodes were attached directly to the fibrous mat saturated with
water and the separation of the electrodes was set at 1 cm for all measurements. The
temperature was increased using a hot stage from 30 to 54 °C with a step of 2 °C. The
mats were stabilized for 10 min at each temperature before the measurement was

performed.

3. Results and discussion
3.1. Characterization of P(NIPAm-co-NMA)

Fig. 1 shows the 'H-NMR spectrum of the P(NIPAm-co-NMA) copolymer in
DMSO-dg. The methylene group, the methine of PNIPAm and NMA protons overlap
each other and appear at 6 = 2.0 (peak a) ppm and J = 1.5 ppm (peak b), respectively.
The —NH resonances of the PNIPAm and NMA units appear at J = 7.25 ppm (peak c)

and J = 8.0 ppm (peak c¢’), respectively. The methine of PNIPAm protons appear at ¢

=3.85 (peak d) ppm. The (—CHj3) of PNIPAm protons appear at J = 1.10 ppm (peak e).

The methylene group of NMA protons appear at 0 = 4.5 (peak f) ppm. The (-OH)
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proton resonances of NMA appear at § = 5.49 ppm (peak g). These results are
consistent with those reported in the literature for P(NIPAm-co-NMA),” suggesting

that the copolymer has been successfully synthesized.

b b DMSO

a&b

i *_JULd

8 7 6 5 4 3 2 1 0

ppm

Fig. 1 '"H-NMR spectrum of the P(NIPAm-co-NMA) copolymer.

3.2. The morphology of P(NIPAm-co-NMA) nanofibers

P(NIPAm-co-NMA) nanofibers were fabricated by electrospinning and an SEM
image of the fibers is shown in Fig. 2a. It can be seen the electrospun P(NIPAm-co-
NMA) fibers possess smooth, uniform and beadless surfaces with an average diameter
of 410 nm. The as-prepared fibers are water-soluble at room temperature which
hinders their practical applications. Crosslinking the fiber might decrease the
solubility and increase the water-resistance. The fibers were thus baked at 130 °C for
10 h and the SEM image is shown in Fig. 2b. It can be seen that the fiber diameter and

morphology are unaffected upon the heat treatment.
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Fig. 2 SEM images of (a) the as-prepared and (b) the heat-treated P(NIPAM-co-NMA)
fibers.
3.3. Modification of the electrospun fibers

Figs. 3a and 3b show the 'H-NMR spectra of the as-prepared and the heat-treated
P(NIPAm-co-NMA) fibers. It can be seen that the peak at 5.49 ppm which
corresponds to the —OH group of NMA in the pristine fibers is reduced after baking at
130 °C for 6 h. This suggests the loss of OH group and crosslinking of the copolymer
(also confirmed by FTIR characterization, see Fig. S2), which might enhance the
stability of the fibers in an aqueous environment. The degree of crosslinking can be
quantitatively characterized by the ratio between the integration of 5.49 ppm peak (-
OH proton) and that of 3.85 ppm peak (-CH proton). The Ion/Icy ratio as functions of
the curing temperature and time are shown in Fig. S3. It is found that with the
increase of curing temperature and time the ratio decreases. The loy/Icy ratio for the
fibers treated at 130 °C for 6 h is approximately 18% of the initial value, suggesting
an 82% of crosslinking. The fibers treated at 130 °C for 10 h is insoluble and thus the

NMR spectrum is not shown here. However, there are still hydroxyl groups remaining

10
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after heat treatment (and particularly after the NaOH pretreatment), which provides

active sites for further modification.

(©)
(b)
-OH 2 130°C/6h
(o}
(@)
oH 1 pristine fibers
\ | Sis
T b T L T L T L T ¥ T
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Fig. 3 (a) and (b) "H-NMR spectra of the as-prepared and the crosslinked P(NIPAM-

co-NMA) fibers; (c) the EDS spectrum of the modified P(NIPAm-co-NMA) fibers.

Conductive particles can be incorporated into a polymer matrix by direct blending,
in situ polymerization and other methods. In this study, we used a strategy shown in
Scheme 3 to introduce silver onto the fiber surface. The silver coating layer that
adheres strongly to the polymer endows the polymer with a high conductivity. To this
end, the crosslinked P(NIPAm-co-NMA) fibrous mat was firstly modified with
KH590 through condensation reaction between the methoxy of KHS590 and the
remaining hydroxyl of the crosslinked P(NIPAm-co-NMA) fibers. The EDS spectrum
of the modified P(NIPAm-co-NMA) nanofibers which had been washed in ethanol for
three times is shown in Fig. 3c¢. Silicon (Si) and sulfur (S) were found from the fibers,

which suggests the successful modification of the fibers by the coupling agent. Silver

11
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was then introduced onto the fiber surface by chelation reaction with the thiol group
of KH590. Such reaction provides strong adhesion between silver and the fiber.”” The
silver coating layer did not fall off even after 20 mins’ ultrasonication. The loadings
of silver in fibers plated in the AgNOs solution with concentrations of 0.01, 0.05 and
0.1 mol L™ are 4.2%, 41.1% and 65.5%, respectively, as revealed by the TGA curves
shown in Fig. 4. It should be noted the weight percent of silver was determined taking
into account of the residue (<2.6%) derived from the polymer in the composite fibers.
Fibers with different molar fractions of NMA were plated in the 0.01 mol L™ AgNO;
solution and it was found the loading of silver increases with the increase of the NMA
fraction as can be seen from Fig. S4. This suggests stronger interactions between the

fiber and silver at a higher NMA fraction.

100 — ——PNN/Ag-0.1 fibers
——PNN/Ag-0.05 fibers
PNN/Ag-0.01 fibers

804 Crosslinked fibers

£ 66.4%
= 60
= 40 42.6%
=
e
L
E 20
6.7%
0 2.6%

v T v T v T v T v T v T v T g
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4 TGA curves of the crosslinked P(NIPAM-co-NMA) fibers and P(NIPAM-co-

NMA)/Ag composite fibers.

12
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3.4. Fiber mat integrity

As mentioned above, one of the major challenges in using PNIPAm-based smart
nanofibers is the stability of the polymer in aqueous media below the LCST.” Fig. 5
shows digital images of the pristine and crosslinked fibers both below and above the
LCST. The crosslinked fibers retain the fibrous morphology in water whereas the
pristine fibers dissolve in water within a few minutes at room temperature. While
above the LCST, both fibers remain intact but the mats shrink significantly due to the
perturbation of hydrogen bonding with water.

The integrity of the crosslinked fiber can be quantified by leaching experiments.
The vacuum-dried fibers were soaked in water and heated to 50 °C and then cooled
down to room temperature. The fibers were then thoroughly dried and the weight was
recorded. It was noticed that after five cycles of heating and cooling, the weight of the
fibrous mat reached a constant value, of similar to 98% of the initial value. The
fibrous morphology was also retained after the repeated heating and cooling cycles,

which suggests excellent stability of the crosslinked fibers.

13
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Fig. 5 Digital images of (a and a”) the pristine and (b and b’) the crosslinked fibers

both below and above the LCST.

3.5. Characterization of P(NIPAm-co-NMA)/Ag composite fibers

Fig. 6 and Fig. S5 show SEM images of the P(NIPAm-co-NMA)/Ag composite
fibers plated in AgNO; solutions with different concentrations. The composite fibers
swelled slightly upon plating. For the PNN/Ag-0.01 fiber, (the concentration of
AgNO; in the plating solution was 0.01 mol L), silver particles were uniformly
distributed on the fiber surface (Fig. 6a). The average diameter of silver particles was
10 nm and the interparticle separation was large due to the low total volume of the
particles. As the concentration of AgNO; increased to 0.05 mol L, the average
diameter of silver particles increased to 70 nm, the amounts of deposited silver
nanoparticles increased significantly, and the particles contacted each other (Fig. 6b).

At low concentrations of AgNOs3, the silver seeds are generated inadequately and the

14
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seeds grow slowly, which result in small particle size. As the concentration of AgNO;
increased further to 0.1 mol L™, the surfaces of the polymer fibers were fully covered
by silver particles as shown in Fig. 6¢ (primary silver particles indistinguishable). The
average diameter of silver nanoparticles increases with the increase of AgNO;
concentration, due probably to the fast self-nucleation of silver nanoparticles at high
concentrations of AgNO; and the high reduction rate of silver ions at high

. . 26
concentrations of glucose solution.

Fig. 6 SEM images of (a) PNN/Ag-0.01, (b) PNN/Ag-0.05 and (c¢) PNN/Ag-0.1 fibers.

3.6. The thermo-switchable electrical resistance of the composite fibers

The electrical resistances of the fibrous mats measured at different temperatures are
shown in Fig. 7 (the resistances R; at different temperatures were normalized to the
initial value R, measured at 30 °C). For the PNN/Ag-0.01 fibers, the resistance
remains almost constant with the increasing temperature, which is thought to be
associated with the low density of conductive particles in the film.'® The shrinking of

the composite film is insufficient to bring the sparsely-distributed silver particles into

15
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contact with each other in this case. As for the PNN/Ag-0.05 fibers, the resistance
decreases gradually with the increasing temperature due to change of the volume of
the fibrous mat, showing a low temperature sensitivity.”” This is possibly associated

with the low volume fraction of silver in the composites.

9 o 1 —=—PNN/Ag-0.1 fibers
. 7 —s—PNN/Ag-0.05 fibers \
& 0] ——PNN/Ag-0.01 fibers
2 \

30 35 40 45 50 55

Fig. 7 The dependence of resistance on the temperature for the composite fibers.

The resistance of the PNN/Ag-0.1 fibers decreased slightly with the increase of
temperature in the range of 30-42 °C, a behaviour similar to that of PNN/Ag-0.05.
However, as the temperature exceeded 42 °C, the resistance dropped by ~60% for a
temperature change of only 4 °C, exhibiting a very high sensitivity to the change of
temperature. The responsive behaviour observed from PNN/Ag-0.1 is in qualitative
agreement with Ding's findings for a PNIPAm/gold nanoparticle composite

hydrogel,"® but is in contradiction to Chuang's findings, where a dramatic increase, i.e.

16
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similar to 700% of the resistance increased within 20 °C was observed for P(NIPAM-
co-NMA)/carbon black composite film.>* However, the conductive fillers were
embedded in the polymer matrix in Chuang's work whereas the silver particles were
attached to the fibers surface in our case. The high sensitivity observed here is related
to the transition from solvated random coils below the LCST to tightly packed
globular particles above the LCST which originates from the breakdown of the
hydrogen bonds between the polymer and water molecules.'® As a result, the silver
particles are packed at a higher density above the LCST and the resistance drops
dramatically. Such a high sensitivity paves the way for flexible temperature sensor in
the future although further work is needed to tailor the molecular structure of the
copolymer and its LCST so that the sensor can work with high performance around
37 °C in biological systems. It should be noted that our parallel work on temperature
sensor using a nonthermoresponsive polymer, phenoxy resin, as the matrix showed a
much lower sensitivity, i.e. the resistance changed by 20% within 20 °C, which
suggests the advantage of PNIPAm for temperature sensing application.

The temperature at which the resistance undergoes a dramatic drop is in excellent
agreement with the transition temperature determined by DSC measurement which
also suggested a LCST of 42 °C (Fig. 8). It is known the LCST for pure PNIPAm is

similar to 32 °C, and increasing the hydrophilic of PNIPAm-based copolymer

17
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generally leads to a higher LCST.*® In our study, the hydrophilic NMA was
introduced into the copolymer and the LCST was increased to 42 °C. An even higher
LCST, of 48 °C, has been observed by Kim et al. from a P(NIPAm-co-NMA)
copolymer.” As explained above, it is desired to tune the LCST further for practical

applications, which remains our future work.

—— PNN/Ag-0.1 nanofibers

T v 1 v 1 v L] M 1
10 MM 20 an 0
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Fig. 8 The DSC curve of the wetted PNN/Ag-0.1 composite fibers.

4. Conclusions

Through a radical copolymerization and electrospinning a thermal responsive

nanofiber was prepared. After thermal crosslinking, the P(NIPAm-co-NMA)

nanofibers were modified with KH590 and Ag nanoparticles was coated onto the

fibers by using a chemical plating method. The crosslinked fiber mat showed

excellent stability and strong adhesion with silver, which ensures the cyclic

18
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performance of the fibers in an aqueous environment. For fibers containing silver
higher than 41%, the electrical resistance of the fiber decreased slightly with the
temperature below the LCST. While around the LCST, the resistance dropped by 60%
for a temperature change of only 4 °C, exhibiting a very high sensitivity to the
temperature. The approaches to stabilizing thermoresponsive fiber and modifying the
fiber with conductive nanoparticles established in this study can be extended to
preparing other responsive fibers, and pave the way for practical applications of

electrospun fibers in flexible sensors.
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The electrical resistance of electrospun P(NIPAm-co-NMA)/Ag fibers exhibits a high
sensitivity to the change of temperature around the LCST of the polymer, making

them promising candidates for flexible sensors.



