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a b s t r a c t

In general, thermoplastic polyurethane (TPU) is one of the polymers that have great flexibility and
processibility. Along with these advantages, when the TPU contains specific functional groups for further
reactions, the scope of application will be greatly extended. Here, we attempted to synthesize a highly
functional TPU with a reactive group from the synthesized azido diol. Azido-thermoplastic polyurethanes
(azido-TPUs), which could be introduced with other groups easily via azido-alkyne “click” reactions, have
been studied. Because of their great processibility (even after functionalization), we can prepare azido-
TPU films and fibers by spin coating and electrospinning, respectively. To prove the potential applications
of azido-TPU, we investigated the mechanical properties of functionalized TPU and application via click
reaction on TPU fibers and films.

© 2017 Published by Elsevier Ltd.

1. Introduction

Thermoplastic polyurethanes (TPUs) are flexible materials that
act as cross-linked elastomers at ambient temperature, but dis-
similar to general elastomers, they can be sharped, formed and
processed upon heating via various industrial processes [1e3].
With recent increasing attention on flexible electronics, elastic
polymers having specific functionalities are of interest [4]. Among
them, TPU will be among the best candidates because of their great
flexibility and processibility [5,6]. However, there are limited ex-
amples of TPU use in advanced applications such as flexible elec-
tronics, flexible sensors, etc., mainly because of their lack of useful
functional groups [7e9]. In general, it is quite a difficult task to
simultaneously achieve both flexibility and branch of functional
groups in the same polymer.

Polyurethane is the polymer synthesized by the step polymer-
ization of diol and diisocyanate [10,11]. Polyurethane elastomers
consist of “soft segment” that is comparatively soft and flexible
component (made from diisocyanate and long-chain diols) and
“hard segment” that is comparatively hard and inflexible (made

from diisocyanate and short-chain diols acting as chain extenders).
The thermodynamic incompatibility of the soft and hard segments
causes the microphase separation, which could be reflected in an
elastomer matrix consisting hard micro-domains [12]. The hard
domain structure formed by microphase separation shows similar
elastomeric properties which were caused by physical cross-linked
network compared to those indicated by chemical cross-linked
rubber networks. Polyurethanes are usually characterized by a
complex morphology analysis based on soft segments and hard
segments. A well-defined molecular structure becomes important
because it could produce the mechanical properties. The most
frequently adopted diisocyanate is 1,1'-methanediylbis(4-
isocyanatobenzene) (MDI). In the case of TPU, an aliphatic diol is
often adopted and these act as the soft segment. Although it is
relatively difficult to introduce a functional group onto an aromatic
diisocyanate, one can readily introduce diverse functional groups
onto aliphatic diols.

Herein, we report a synthetic method for producing functional
TPUs and their possible applications by the introduction of a large
amount of functional groups. In order to introduce a clickable
moiety, which is a powerful functional group for further applica-
tion, an aliphatic diol with the chloride functional group is pre-
pared. After introduction of the azido moiety of these diols,
polyurethane was synthesized using MDI. During polymerization, a
tetrahydrofuran (THF) diol was introduced to tune the flexibility of
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polyurethane [13e15]. The highly functionalized TPU maintains its
flexibility and processibility. In addition, we propose several po-
tential applications using click chemistry. Click chemistry is a
relatively easy method to achieve reaction between specific func-
tional groups in high yields, resulting in the thermally and hydro-
lytically stable triazole group [16,17]. In this paper, the synthesized
product had the azido group, so a click reaction was performed to
functionalize the azido-TPU.

2. Experimental section

2.1. Materials

For TPU synthesis, epichlorohydrin (ECH) (99.0%) was obtained
from TCI(Tokyo chemical industry co.). THF (99.5%), methylene
chloride (MC) (99.5%), N,N'-dimethylformamide (DMF) (99.0%) and
sodium azide (99.0%) were purchased from SAMCHUN Chemical
Co. Boron trifluoride tetrahydrofuran complex (>99.5%), butane-
1,4-diol (BDO) (99.0%), dibutyltin dilaurate (T-12) (95%) and MDI
(98.0%) were obtained by Sigma-Aldrich Chemical Co. To apply the
surface treatment on azido-TPU via click chemistry, fluorescein
isothiocyanate isomer I (FITC), Copper (II) sulfate pentahydrate
(CuSO4$5H2O) (99.0%) and sodium ascorbate (98%) were purchased
from Sigma-Aldrich Chemical Co. Propargyl amine (98%) was ob-
tained from Alfa Aesar.

2.2. Synthesis of poly (ECH-co-THF) diols by cationic ring opening
polymerization

The reactor was capped with a septum and purged with N2 gas
for 1 h. MC (270 g), BDO (5.96 ml) and boron trifluoride tetrahy-
drofuran complex (1.746 ml) were added and initiated for 20 min.
Then, the mixture of purified ECH (118 g) and THF (91.95 g) were
added by dropwise method with a degassed cannula through the
septum for 4 h and reacted for further 2 h. After reaction, the final
mixture was terminated by 20 ml of distilled water and stirred for
20 min. The mixture was diluted in MC and extracted several times
with water. The solutionwas evaporated to removeMC and dried in
vacuum at 60 �C for 24 h [18].

2.3. Synthesis of poly (GAP (glycidyl azide polymer)-co-THF) diols
by azidation of poly (ECH-co-THF) diols

Poly (ECH-co-THF) diols (100 g, 0.60mol) and 160 g of DMFwere
added in flask. Then, sodium azide (79 g, 1.21 mol) were added
slowly under stirring in order to maintain end-chain activation and
reacted at 90 �C for 20 h [18]. After reaction, the resulting NaCl salts
were filtered, and the reaction mixture was diluted in MC and
extracted several times with water. The solution was evaporated to
remove MC and dried in vacuum at 60 �C for 24 h and 120 �C for
further 2 h.

2.4. Synthesis and characterization of azido-TPU

The azido-TPUs were synthesized via solution polymerization
[10,19]. The reaction was carried out at the molar ratio of [NCO]:
[OH] ¼ 1: 1. Stoichiometric amounts of poly (GAP-co-THF) diol and
BDO were added into a reactor arranged with a mechanical stirrer
and vacuum dehydrated at 60 �C for 1 h. A relevant amount of MDI
and DMF were then added to the flask. The solutionwas retained at
60 �C for 6 h and by degrees became viscous. In the end, the
polymer was precipitated into distilled water and washed a few
times with distilled water and dried in vacuum at 60 �C for 24 h.

2.5. Fabrication of electrospun TPU fiber and TPU film

Normal-TPU (Mw: 70,000 g/mol) and azido-TPU (Mw: 50,000 g/
mol) were dissolved in THF/DMF (8: 2 v/v) at 60 �C for electro-
spinning. The ‘normal-TPU’ means general TPU without azido
group synthesized by BDO, MDI and polytetrahydrofuran, called
poly (tetramethylene ether) glycol (PTMEG). The synthesis method
of ‘normal-TPU’ was same as ‘azido-TPU’. Their difference is the
long-chain diol (normal-TPU: PTMEG, azido-TPU: poly (GAP-co-
THF)diol) as monomer. The prepared 25 wt% of normal-TPU solu-
tion and 20 wt% of azido-TPU solution were loaded into syringes
that were connected with 25 gauge needles (EFD, Korea) and
pumped using a syringe pump (KDS100, KD Scientific Inc., US). The
feed rates of normal-TPU and azido-TPU polymer solution were
0.7 ml/h and 0.3 ml/h respectively. A high voltage was applied by
the power supply (SHV50R, Conver tech, South Korea) on the
polymer solution; electrospinning condition was 10e13 kV. The
ground electrode was linked to collector which was rotating
aluminum foil like conveyor belt. The distance between needle to
rotating collector was 20e25 cm.

To obtain the TPU films, spin-coating process and casting
method were adopted using the 20 wt% of normal-TPU and 15 wt%
of azido-TPU polymer solution in DMF. 2 ml of polymer solutions
were respectively dropped on the 27 � 76 mm of slide glass, and
the spin-coating has been carried out at 1000 rpm for 15 s to obtain
thin firm. After dried at room temperature, the TPU polymer films
on slide glasses were peeled.

2.6. Click reaction

Electrospun azido-TPU fiber mats could be functionalized on
surface via azidoealkyne click reaction [17,20] with copper (II)
catalyst [21,22] and reducing agent [23,24]. Herein, alkynyl agent
was labelled with fluorescent agent in order to visually confirm the
click reaction. The fluorescent labelled alkyne could be prepared
with reaction of excess propargyl amine (100 ml, 1.56 mmol) and
FITC (0.006 g, 0.0154 mmol). The mixture was shaken at room
temperature in dark for 3 h using vortex mixer. Then, the click re-
action was carried out in 10 ml of deionized water with 0.001 g of
copper (II) sulfate pentahydrate as catalyst and 0.002 g of sodium
ascorbate as reducing agent. 0.05 g of normal and azido-TPU fiber
mats were reacted with the 100 ml of FITC-alkyne mixture respec-
tively for 10 h in dark under stirring. The reaction temperature was
45 �C, and the batches were purgedwith N2. After the click reaction,
the reacted fiber mats were washed several times using vortex
mixer with deionized water for 24 h and dried in dark.

2.7. Characterization

FTIR (Thermo-scientific iD5 Advanced ATR, ZnSe: 4000-600
cm-1), 1H-NMR (JNM-AL400, Magnetic field: 9.4 T, 1H resonance
frequency: 400 MHz, 13C resonance frequency: 100 MHz) and GPC
(Waters us alliance 2690 module, Styragel HR 4: 5000-600,000,
Styragel HR 5E: 2000-4,000,000, Styragel HR 6: 200,000-
10,000,000) were used for confirming the TPU synthesis. The
morphology of electrospun TPU fibers were observed using Scan-
ning Electron Microscope (SEM) S-4800 (HITACHI). The TXA™ UTM
(Universal Test machine) was worked for measurement of me-
chanical properties of TPU fibers and films. In order to confirm the
mechanical properties of prepared TPU fibers and films, thickness
of these was controlled as 30 mm uniformly using rotation method
electrospinning and casting method. The dimensions of the sam-
ples were 2 cm � 5 cm � 30 mm (width x length x thickness) [25].
The prepared fiber mats and films were tested 5 times; strain rate
condition was 1.00 mm/s. The fluorescent microscope (OPTINITY™
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