Journal of Polymer Research (2018) 25: 227
https://doi.org/10.1007/510965-018-1607-2

ORIGINAL PAPER

@ CrossMark

Biodegradable polyurethanes: novel effects of the fluorine-containing
chain extender on the thermal, physical and water vapor
permeation properties

Shuenn-Kung Su’ - Jia-Hao Gu' - Hsun-Tsing Lee? - Cheng-Lung Wu' - Yu-Ru Su?® - Maw-Cherng Suen*

Received: 11 April 2018 /Accepted: 30 August 2018 /Published online: 30 September 2018
© Springer Nature B.V. 2018

Abstract

This study synthesized a novel fluoro chain extender, namely 2,2,3,3,4,4,4-heptafluoro-butynic acid 2,2-bis-hydroxymethyl-
butyl ester (HFBA), by using 2,2,3,3,4,4,4-heptafluorobutanoyl chloride and trimethylolpropane. Novel polyurethanes (PUs),
namely HFBA/PUs, were subsequently synthesized by adopting a hard segment (4,4'-diphenylmethane diisocyanate, MDI), a
soft segment (polycaprolactone diol, PCL), and the synthesized chain extender (HFBA). The results of proton nuclear magnetic
resonance spectroscopy, fluorine-19 nuclear magnetic resonance, and Fourier transform infrared spectroscopy (FT-IR) demon-
strated the successful synthesis of the HFBA chain extender. Gel permeation chromatography revealed that the molecular weight
of the HFBA/PUs increased with the HFBA content. Through FR-IR and X-ray photoelectron spectroscopy, we observed a
strong hydrogen bond interaction between the NH groups and CF, or CF; groups in the HFBA/PUs. This interaction increased
with the HFBA content. Additionally, increasing the HFBA content increased the initial decomposition temperature, glass
transition temperature, dynamic Tg (Tgd), tensile strength, and Young’s modulus of the HFBA/PUs. These results were because
HFBA was a hard segment, which stimulated a stronger interaction between the NH groups and CF, or CF; groups in the PUs. By
contrast, the HFBA/PUs had low elongation-at-break values. Atomic force microscopy revealed a higher number of bump-like
protrusions and higher surface roughness levels among HFBA/PUs with higher HFBA content ratios. Finally, we coated the
HFBA/PUs onto polyethylene terephthalate fabrics and discovered that the coated fabrics demonstrated high waterproofing and
water vapor permeability levels.
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Introduction thermal stability, and chemical resistance, as well as low per-
mittivity and surface free energy. In addition, they are ideal
Fluoropolymers are macromolecules with unique characteris-  materials for waterproof devices and oil repellents [1, 2].

tics including high oxygen permeability, hydrolytic stability, =~ Polyurethanes (PUs) are widely used for producing distinct
materials such as elastomers, fibers, coatings, and adhesives
[3-5]. The hardness and flexibility of PUs can be controlled
52 Maw-Chemng Suen by changing the structure of hard and soft segments [6, 7].
sunmc0414 @ gmail.edu.tw Nevertheless, PUs have disadvantages such as low water re-

sistance, low heat resistance, and poor outdoor durability;
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researchers have mainly adopted three methods, namely soft
segment fluorination [14, 15], hard segment fluorination, and
chain extender fluorination [16—19]. Moreover, researchers
have synthesized PUs with unique properties by adding fluo-
ride to the polymer [20, 21]. For example, Tao et al. [14]
synthesized a series of fluorinated thermoplastic PU elasto-
mers (FTPUs) based on a fluorinated polyether diol. To im-
prove the mechanical properties and molecular weight of the
FTPUs, they explored the effectiveness of FTPU compounded
with different percentages of polybutylene adipate (PBA). The
results confirmed that PBA helped enhance the molecular
weight and tensile strength of FTPU; furthermore, FTPUs
with higher fluorine content exhibited stronger thermal
resistance when compared with other samples. Tonelli
[15] synthesized an FPU by using perfluoropolyether
as the soft segment; the synthesized polymer exhibited
an extremely low friction coefficient, high thermal stability,
and excellent chemical resistance. In addition, Su et al. [18]
synthesized 2,2,3,3,4,4,5,5-octafluoro-N-(1,3-dihydroxy-2-
methylpropan-2-yl) pentanamide (ODMP)—a chain ex-
tender—and incorporated it into PU sidechains. Their find-
ings revealed that the fluorinated chain extender increased the
thermal properties and tensile strength of the PU; moreover,
erythrocyte test results showed that the chain extender reduced
the average number of red blood cells that adhered to the
polymer surface. Wu et al. [19] synthesized FPUs and PUs
by using the chain extenders 2,2,3,3,4,4,5,5,-octafluoro-1,6-
hexanediol (OFHD) and 1,6-hexanediol (HD), respectively;
they reported that the FPUs were superior to the PUs in terms
of thermal and mechanical properties. Su et al. [16] synthe-
sized an FPU by adopting 4-(1,1,1,3,3,3-hexafluoro-2-(4-
hydroxyphenyl)propan-2-yl)phenol (HFP); they subsequently
conducted an in vitro erythrocyte adhesion test. Their results
indicated that increasing the fluorine content (namely HFP
content) enhanced HFP/PU resistance to thrombosis. They
thus considered the polymer to be feasible for biomedical ap-
plications. Massa [20] prepared an FPU to improve the funda-
mental ecological stability and blood compatibility of PUs.
Waterproof and breathable textiles (WBTs) have been com-
monly employed in hazmat suit and sportswear applications.
However, the waterproofing level of such textiles is inversely
proportional to the levels of vapor permeability and breath-
ability. Specifically, loosely woven textile fabrics exhibit high
air permeability and low water resistance, and the reverse is
the case for tightly woven textile fabrics [22]. The comfort
level of WBTs, which are characterized by water resistance
and vapor permeability, is also highly essential to users. WBTs
can be produced using three types of materials: waterproof
fabrics that prevent liquid, vapor, or gas from penetration;
waterproof coatings that resist liquid splash or gas/vapor pen-
etration; and waterproof and breathable fabrics that prevent
liquid phase or gas/vapor penetration [23]. Waterproof fabrics
with low vapor permeability are likely to engender sweating
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under high-humidity conditions, leading to high body tempera-
tures [24]. Therefore, developing WBTs that can resist water
with adequate air permeability levels is necessary. Yun [25]
prepared a coating material by blending waterborne PU—urea
(WBPU) and sodium alginate (SA); the study results demon-
strated that the waterproofing level decreased as the SA content
increased. Kwak et al. [26] selected polyols poly(tetramethylene
oxide) glycol (PTMG, polypropylene glycol (PPG),
polycaprolactone (PCL), and poly(tetramethylene adipate gly-
col) PTAd), polyol blends (PCL/PPG, PCL/PTMG, PTAd/PPG,
and PTAd/PTMG), and triblock diol [(CL)45s-PTMG-(CL)45
(TBG) and PCL-PEG-PCL) to study the water vapor perme-
ability (WVP) of coatings. Moreover, the waterproofing level of
WBPU can be adjusted by changing soft segment types and
molecular chains. Meng et al. [29] fabricated WBPU by using
ethylene oxide—propylene oxide (EO-PO) copolymers and
polytetramethylene ether glycol (PTMEG) mixture. They
proved that PUs prepared using PPG2050/PTMEG were supe-
rior to those prepared using PEG/PPG/PTMEG in terms of
water resistance.

In this study, we synthesized a new fluorinated chain extend-
er, namely 2,2,3.3,4,4 4-heptafluoro-butynic acid 2,2-bis-hy-
droxymethyl-butyl ester (HFBA). This extender was synthesized
through the esterification of 2,2,3,3.4,4,4-heptafluorobutanoyl
chloride (HFC) and trimethylolpropane (TMP). Next, a
prepolymer was obtained by reacting 4,4'-diphenylmethane
diisocyanates (MDI) and PCL diol. The HFBA extender was
then added to the prepolymer, thus yielding HFBA/PU poly-
mers. Finally, we examined the effects of adjusting the content
of PCL and the HFBA chain extender on the structure, molecular
weight, thermal properties, mechanical properties, and surface
properties of the HFBA/PUs. Furthermore, we applied the PUs
on polyethylene terephthalate (PET) fabrics and conducted
WVP and waterproofing tests.

Experiment
Materials

2,2,3,3,4,4,4-heptafluorobutanoyl chloride (HFC),
trimethylolpropane (TMP), triethylamine (TEA), 4,4'-
diphenylmethane diisocyanate (MDI), polycaprolactone diol
(PCL) Mw =530), and dibutyltin dilaurate (DBTDL) were
purchased from Aldrich. Tetrahydrofuran (THF) and N,N-
dimethylacetamide (DMAc) were obtained from
Mallinckrodt Chemicals.

Synthesis of HFBA

First, HFC and an adequate amount of dry THF were loaded
into a 500 mL flat-bottomed flask and then mixed thoroughly
at room temperature and under nitrogen flux. TEA (mole ratio:
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Scheme 1 Synthesis formula for the HFBA

1.5) was then added to the mixture. Subsequently, dry
THF was dissolved using TMP and then injected into
the mixture through a syringe. The HFC-to-TMP mole
ratio was 1:1. A rotary evaporator was then used to

remove the solvent from the mixture, which was washed
with ether and deionized water and dried in a vacuum
oven at 70 °C for 12 h to obtain the HFBA product.
Next, column chromatography was performed to purify
HFBA. Finally, vacuum drying and subsequent drying
were conducted to dry the purified HFBA in an oven
at 50 °C for 1 day. The reaction formula for HFBA is
presented in Scheme 1. "H NMR (DMSO-d6, Fig. 1) &
ppm a: 0.76(m, 3H, Ha), b: 1.20 (m, 2H, Hb), c: 3.26
(d, 4H, Hc), d: 4.20 (m, 2H, Hd). '°F NMR (DMSO-d6,
Fig. 2) 6 ppm —127.24, —116.84 and — 81.11.

Synthesis of HFBA/PUs

MDI, PCL, and DMAc were first placed in a 500 mL three-
neck reaction flask and heated to 80 °C. Two to three drops of
DBTDL catalyst were subsequently added to the mixture and
stirred using a stirrer at 200 rpm. After 2 h of reaction, a PU
prepolymer was formed. The HFBA chain extender was dis-
solved in DMAc and reacted with the prepolymer for 2 h
(Scheme 2). The resulting HFBA/PUs were poured into a
serum bottle and stored in a refrigerator for 1 day. Finally,
the HFBA/PUs were poured over a Teflon plate and dried in
temperature-programmable circulating oven for 8 h. Table 1
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Fig. 1 "H NMR spectra of the HFBA
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presents the formula, symbols, hard segment content (Eq. (1)),
and soft segment content (Eq. (2)) for the HFBA/PU films.

Hard segment content (wt%)

_ Wunr + Warpa
Wamnr + Wper + Wrrpa

x 100% (1)

Soft segment content (wWt%)

= 100%—Hard segment content (wt%) (2)
Wanr weight of MDI
W pcr  weight of PCL
w HFBA Welght of HFBA

Scheme 2 Synthesis formula for
the HFBA/PUs

T T T
-50 -60 -70 -80 90 -100 -110 -120

-1130 -1L10 ppm
Gel permeation chromatography

Gel permeation chromatography (GPC) was conducted using
the Analytical Scientific Instrument Model 500 system. A re-
fractive index detector (Schambeck RI12000), two mixed-bed
Jordi gel DVB columns, and a 10,000 A bed at 30 °C were
used to measure the molecular weight distribution relative to
polystyrene standards. Eight analytical standards were applied
to calibrate the molecular weight from 3420 to 2.57 x 10°. The
solvent was tetrahydrofuran applied at a flow rate of 1 mL/min.

"H NMR spectrometry

The "H NMR (in DMSO-d6) spectra of the specimens were
measured using a Bruker Avance 300 spectrometer (300 MHz).

o fo
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Table 1 Formulas of the
HFBA/PUs

Designation MDI (moles) PCL (moles) HFBA (moles) Hard segment Soft segment
(Wt%) (Wt%)
HFBA/PU-01 4 3.75 0.25 35.26 64.74
HFBA/PU-02 4 35 0.50 38.58 61.42
HFBA/PU-03 3.0 1.00 45.55 54.45

9F NMR spectrometry

The "”F NMR spectra of the polymers were recorded using a
Bruker Avance IIIHD 400 Hz spectrometer. DMSO-d6 served
as the solvent and tetramethylsilane served as the internal
standard.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was
conducted using a PerkinElmer spectrometer (model
Spectrum One). FT-IR measurements were conducted
at bands ranging from 4000 to 650 c¢m ', and scanning
was conducted 16 times on average at a resolution of

—1
2 cm .

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was conducted
using a Thermo Fisher Scientific(VGS)spectrometer. An
Al Ko anode was adopted as the X-ray source (1486.6 V).
Binding energies ranging from 0 to 1400 eV were se-
lected for analysis. The binding energies were calibrated
to the Cls internal standard with a peak at 284.8 eV.
High-resolution Cls spectra were decomposed by fitting
a Gaussian function to an experimental curve by using a
nonlinear regression approach.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted using
a PerkinElmer TGA instrument (model Pyris 1). At
room temperature, specimens weighing 5-8 mg were
heated to 700 °C under nitrogen flux at a rate of
10 °C/min.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was conducted
using a PerkinElmer DSC instrument (model Jade).
Specimens were sealed in aluminum pans and heated
from —50 to 50 °C under nitrogen flux at a rate of
10 °C/min. The glass transition temperature (Tg) was de-
termined at the midpoint of the DSC curve. All specimens
weighed 5-8 mg.

Dynamic mechanical analysis

Dynamic mechanical analysis was conducted using a
SEIKO DMS instrument (model SII Muse, DMS6100).
The measurement was conducted in tension mode using
the following parameters: frequency, 1 Hz; amplitude,
5 wm; and temperature range, —50 to 50 °C. Moreover, the
heating rate was 3 °C/min. The specimens measured 20
(L)x5 (W)x0.2 (H) mm?>. Tg was considered as the
peak temperature in the glass transition region in the tand
curve.

Stress—strain testing

A universal testing machine (MTS QTESTS, model
QC505B1) was used to measure the specimens’ tensile
strength and elongation at break. Testing was conducted ac-
cording to ASTM D638. The coating specimens measured
45x8x0.2 mm’.

Contact angle analysis

A face instrument (model CA-VP150) was used to measure
the contact angles of deionized water droplets on specimen
surfaces at room temperature. Droplets were deposited from
a syringe pump onto the specimen surface. The corresponding
contact angles were then recorded. Each reported contact an-
gle is the mean of contact angles measured for three to four
droplets.

Surface roughness analysis

An atomic force microscope (model CSPM5500,
manufactured by Being Nano-Instruments) was used to scan
the surface roughness of the specimens. In generally,
tapping and contact modes are used for analysis. The
present study adopted the tapping mode, with the probe
indirectly contacting the specimen surface using a can-
tilever. For the sine-wave phases of the driving cantile-
ver, the tip oscillation phases were determined to be
sensitive to the surface characteristics of the specimens.
Therefore, except for topography, the tip could capture
phase images of the specimen surfaces. The testing
specimens were HFBA/PU films with distinct HFBA
content levels.
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Stain resistance

PUs with distinct HFBA ratios were applied to PET fibers
through an automatic applicator. Water, black tea, and blue
ink were dropped from pipettes onto the PET fibers with
HFBA/PU coatings to determine their stain resistance. Next,
the droplet conditions were photographed and observed. PET
without HFBA/PU was also included in the experiment for
comparison.

Fabricating the HFBA/PU films and fabric coating

PUs with distinct HFBA ratios were padded on PET fabrics by
using a padding mangle; this process was executed using a
“two-dips, two-nips” method under a pressure of 1 Kg/m?.
Subsequently, the fabrics were dried at 60 °C for 10 min and
then at 90 °C for 20 min. The WVP of the fabrics was then
measured. WVP (g/m?/24 h), determined at a specific temper-
ature and moisture level, is a measure of the time required for
water vapor to pass through a material’s surface. In general,
PU-coated fabrics must be integrated with microporous films
or nonporous hydrophilic films to ensure that they become
permeable to water vapor while remaining waterproof.
When a microporous film is applied, the fabric becomes im-
permeable to water but permeable to water vapor. When a
nonporous hydrophilic film is applied to the fabric, vapor
can be absorbed through the hydrophilic region of the fabric
coating, proliferation, and desorption. Waterproofing tests
were conducted according to the JIS L1099 standard for
high-water-pressure tests. Regarding spraying tests, ratings
are categorized into 69 ISO levels: level 0 (0 point), indicating

complete wetting of the surface and back; level 1 (50 points),
indicating complete wetting of the surface; level 2 (70 points),
indicating partial wetting; level 3 (80 points), indicating wet-
ting of the surface at spray points; level 4 (90 points), indicat-
ing a dry surface with spray points; and level 5 (100 points),
indicating a dry surface without spray points. The coated fab-
rics were tested after they were washed in water (40 °C) five
times.

Results and discussion
GPC analysis

Figure 3 illustrates the GPC curves of HFBA/PUs with dis-
tinct HFBA ratios, indicating unimodal molecular weight dis-
tributions of the synthesized PUs with no redundant raw ma-
terials. Table 2 presents the weight-average molecular weight
(Mw) and number-average molecular weight (Mn) of the
specimens. According to the experimental data, the molecular
weights of HFBA/PUs increased with the HFBA content.
There is a certain relationship between molecular weight and
mechanical properties. The PU which had larger molecular
weight will generally show better mechanical properties as
will be shown in the following related sections. The molecular
weight distributions or polydispersities (PDIs) were deter-
mined as the Mw/Mn ratio, which ranged from 2.1 to 1.4,
signifying that as the HFBA content was increased, the mo-
lecular weight distributions became narrower. The variation
trend of PDI with chain extender content is similar to the result
reported by Zhu et al. [27]. The reason for this behavior is not

Fig. 3 GPC curves of the
HFBA/PUs

mV (Response)

——HFBA/PU-01
——HFBA/PU-02
—— HFBA/PU-03
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1 I . 1 A 1 L 1 \ 1 A

4 8 12 16 20 24 28

@ Springer

Retention time (min)



J Polym Res (2018) 25: 227

Page 7 of 17 227

Table2 GPC result of HFBA/PUs

Sample Retention time Mn (x10Y  Mw (x10%  Mw /Mn
of the peak (min)

HFBA/PU-01 20.2 1.64 3.39 2.1

HFBA/PU-02 18.9 3.85 5.85 1.5

HFBA/PU-03 184 5.35 7.73 14

easy to be identified. One possibility is that the higher degree
of microphase separation causes the narrower distribution of
molecular weight of PUs [27]. On the other hand, it is well
known that the degree of microphase separation increases with
the increasing of hard segment content, i.e. HFBA content. So
the molecular weight distribution became narrower as the
HFBA content was increased.

FT-IR spectroscopy

The FT-IR spectrum of the HFBA chain extender is presented
in Fig. 4a. As indicated in the figure, an absorption peak at
3323 cm ' was observed and was assigned to the hydroxyl
group (-OH). Symmetric and asymmetric CH, stretching vi-
bration peaks appeared at 2928 and 2849 cm ', respectively,
and were attributed to the original trimethylolpropane
molecule. Moreover, strong absorption peaks were noted
at 881 and 1222 cm ' and were attributed to the stretching
vibration of CF; and CF,, respectively. The peak at
1623 cm ' was ascribed to the carbonyl group (C=0).
Both Figs. 1 and 4a verify the successful synthesis of
HFBA in this study.

Figure 4b illustrates the FT-IR spectra of the HFBA/PUs at
wavenumbers ranging from 4000 to 650 cm . As indicated in
the spectra, five common peaks attributed to macromolecules
were observed. A peak was noted at 3310 cm™ ' and was as-
cribed to the stretching vibration of urethane NH group.
Furthermore, peaks appeared at 2944 and 2868 cm ™' and were
assigned to CH, stretching. And peaks at 1727 and 1712 cm !
were attributed to the urethane C=0O group. Additionally, a
peak was determined at 1532 cm™ ' and was attributed to the
NH vibration of associated secondary urethane groups.
Moreover, stretching vibration peaks appearing between
1641 and 1592 cm™ " were ascribed to the C=O group connect-
ed with C-F group. The bands at between 1641 and 1592 cm '
and at between 1727 and 1712 cm ' show two types of dif-
ferent C=0 groups, namely, the C=0 connected with C-F and
the C=0 in usual urethane. A stretching vibration peak was
observed at 1270 cm ' and was assigned to the C—F group,
and another at approximately 1219 cm ™' was attributed to the
C-O group. In addition, no free NCO group was detected
between 2240 and 2275 cm™'. Consequently, the spectra indi-
cated that MDI was completely reacted with PCL and HFBA
during the synthesis processes.

(a)
——HFBA
- l
X ll -CF;
-CH, 881 cm'!
(2928,2849) cnr'! CF,
1222 et
-C=0
1623 cm!
1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)
(b)
S
[}
Q
=]
8
‘g
w
=]
s
= -NH
3310 cm’!
—— HFBA/PU-01 -C=0 €| /
—— HFBA/PU-02 Lazacm " \C -
N T -
—— HFBA/PU-03 1532em 1270’ 1219 cm!
" 1 " 1 " 1 " 1 L 1 L
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm )
()
9
(5]
o
=
S
a
s
[2m}
-C=0 4 S / IZ;().c‘m" \ ,'f
(1727,1712) emr! .C=0 — HFBA/PU-01 \/
(1511,1520,1532) em! —— HFBA/PU-02
HFBA/PU-03
1900 1800 1700 1600 1500 1400 1300 1200

-
Wavenumber (cm™)

Fig. 4 FT-IR spectra of the HFBA and HFBA/PUs at the wavenumber
range of (a), b 4000-650 cm™'; ¢ 1900-1200 cm ™’

Figure 4c shows the absorption peaks at wavenumbers
ranging between 1900 and 1200 cm ™. The urethane NH de-
formation vibration (amide II band) peaks of HFBA/PU-01,
HFBA/PU-02 and HFBA/PU-03 were located at 1511 cmﬁl,
1520 and 1532 cm ', respectively. So the urethane NH vibra-
tion peak of a HFBA/PU with higher HFBA content shifted to
higher wavenumber. This is due to the interaction between NH
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and CF, (or CF3) groups. The interaction is more profound
when more CF, (or CF3) group or higher HFBA content is
present as the H-bonding interactions behavior reported in
literature [28]. The urethane C=0 stretching of the
HFBA/PUs were noted at 1727 and 1712 cm™ ' for the free
and interacted (or hydrogen-bonded) C=0 stretchings,
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respectively. For the HFBA/PU-01, the peak at 1712 cm ™'
was smaller than that at 1727 cm ™. But the relative magnitude
of the peak at 1712 cm ™' to that at 1727 cm™" increased with
increasing HFBA content, and the peak at 1712 cm™' was
larger than that at 1727 cm™' for HFBA/PU-03. This is be-

cause the C=0 group is more interacted by more CF, (or CF3)
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groups in HFBA/PU-03, similar to the behavior reported by
Wu et al. [19]. The influence of C=0 stretching by the inter-
action between C=0 group and CF, (or CF3) group is similar
to the H-bonding interaction between C=0 and NH groups
reported in literature [30, 31].

From the previous discussion, HFBA and PCL had reacted
with MDI to form HFBA/PUs because of the following three
deductions. First, the C=0 stretching at 1623 cm ! in HFBA
was shifted to 1641 cm ' in HFBA/PUs resulting from hydro-
gen bonding interaction in the polymeric system. Second, no
free NCO group was detected in HFBA/PUs, indicating that
MDI was completely reacted with HFBA and PCL according
to the formulas in Table 1 during the synthesis processes.
Third, the characteristic peaks of polyurethanes were ob-
served, i.e. urethane —NH stretching at 3310 cm !, urethane
C=0 stretching at 1727 and 1712 cm ', and urethane -NH
deformation from 1532 to 1511 cm™ ! (amide II band).

°F NMR

Figure 5 is the '"F NMR spectrum of HFBA/PU-03. Three
absorption peaks are observed at —127.12, —116.78 and —
81.07 ppm. The three F valences were correspondingly
assigned as 1-3. Located between —110 and — 140 ppm, two
peaks are consistent with the typical range of CF, signals
[32-34]. One peak are consistent with the typical range of
CF; signals [35].

To accurately assign absorption peaks 1-3 to the F valences
of the molecular formula of HFBA/PU as F1, F2 and F3, the
YF_1F correlation spectrum of HFBA/PU-03 was examined
(Fig. 6). Three instances of strong couplings between next-

Table 3 XPS peak characteristics of the HFBA/PUs
Content Binding energy (eV) Atomic ratio (%)
HFBA/PU-01 Cls 283.85 72.09
Ols 532.52 21.58
Nls 400.13 3.56
Fls 687.55 2.14
Sn 3d 487.01 0.63
HFBA/PU-02 Cls 284.20 70.32
Ols 532.15 20.71
Nls 399.87 4.08
Fls 687.28 4.51
Sn 3d 486.74 0.38
HFBA/PU-03 Cls 284.77 65.57
Ols 531.95 19.3
Nls 400.31 5.17
Fls 687.36 9.31
Sn 3d 486.63 0.65

nearest neighbors (i.e., F2-F3 [A], and F1-F2 [B]) were ob-
served. Thus, the peaks located at —127.12, —116.78, and —
81.07 ppm corresponded to F1, F2, and F3, respectively.
Hence, the HFBA extenders successfully formed urethane
groups with the MDI monomers.

XPS analysis
XPS was conducted to determine the elemental compositions

and chemical state of the synthesized HFBA/PUs. Figure 7 il-
lustrates the spectra of these macromolecules. As indicated in

Fig. 7 XPS survey spectra of the
HFBA/PUs

Intensity (Counts /s)
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this figure, four peaks were observed for each HFBA/PU spec-
imen, corresponding to Cls, Ols, F1 s and N1 s orbits, respec-
tively. Moreover, another peak corresponding to the Sn3d orbit
was attributed to the presence of dibutyltin dilaurate used as a
catalyst in the synthesis processes of HFBA/PUs.

Table 3 presents the elemental compositions and associated
peak characteristics. As shown in this table, the fluorine content
in the HFBA/PUs increased with the HFBA content. The mea-
sured Cls binding energies of HFBA/PU-01, HFBA/PU-02,
and HFBA/PU-03 were 283.85, 284.20, and 284.77 eV, respec-
tively. Moreover, the measured F1 s binding energies in the C-F
bonds of HFBA/PU-01, HFBA/PU-02, and HFBA/PU-03

(a)

Fig. 8 TGA and DTG curves of

were 687.55, 687.28, and 687.36 eV, respectively. Previous
studies [36, 37] have indicated that the F1 s peak of fluorinated
copolymers containing distinct neighborhoods could be pre-
sented as a single fitable component; by contrast, the C1s peak
required the same number of components as the number of
neighborhoods. However, in the present study, fluorine dem-
onstrated different binding energies in distinct polymers. The
Cls binding energy of the CH, group and F1 s binding energy
of the CF group in the polymer (—CFCF5CF, —),(—CF,CH, -),,
were 286.77 and 688.8 eV, respectively. The Cls binding en-
ergy of the CH2 group and F1 s binding energy of the CF group
in the (—CHFCH,—)n were 285.74 and 686.94 eV, respectively.

the HFBA/PUs
100
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Table 4  Thermal properties of the HFBA/PUs

Designation TGA DSC
Tonset (°C) Residue at 700 °C(%) Tg (°C)
HFBA/PU-01 326.2 4.7 -3.8
HFBA/PU-02 3384 5.8 2.9
HFBA/PU-03 3493 6.0 5.7

Furthermore, the Cls binding energy of the CH, group
and F1 s binding energy of the CF group in the polymer
(—CHFCH,—)n were 292.48 and 689.67 eV, respectively. The
Cls binding energy of the CH, group and F1 s binding energy
ofthe CF group in the polymer (—CF,CF,—)n were 292.48 and
689.67 eV, respectively. The results thus confirmed that the
lower Cls and F1 s binding energies were engendered by the
interaction between F and CH. Similarly, the results of this
study demonstrated that for (~CF,CF,—)n, the Cls binding
energy of the CH, group (292.48 eV) were lower than the
F1 s binding energies (689.67 eV) of the C—F bonds [36].
When Cls and F1 s binding energies declined, the mentioned
effects proved the interaction between the NH and CF, or CF;
groups of the HFBA/PUs. Furthermore, the surface nitrogen
content increased with the HFBA content possibly because the
hydrogen bond interaction occurred among the protons in the
C-F groups of HFBA and those in the N-H groups of ure-
thane [38]. Therefore, the present study determined that por-
tions of hard segments can exposed on the surface by using
fluorinated sidechains [39]. The presented FT-IR results
provide relevant evidence.

Thermal properties

Figure 8 presents the TGA and DTG curves of the HFBA/PUs
with distinct ratios of the HFBA chain extender. Only one
decomposition temperature was identified from the curves,
which was attributed to the decomposition of the urethane
group and was thus named T,,s¢. The onset temperatures were
the initial decomposition temperatures of these polymers. The
initial decomposition temperatures of HFBA/PU-01,
HFBA/PU-02, and HFBA/PU-03 were 326.2, 338.4, and
349.3 °C, respectively (Table 4). Therefore, the initial decom-
position temperatures increased with the content of HFBA and
hard segments. In other words, elevating the content of HFBA
and hard segments improved the thermal resistance of the
polymers [40]. Su et al. [18] synthesized fluorinated
ODMP/PUs with the same fluorinated chain extender, but
the initial decomposition temperature is lower than that in
the present study, probably because the bonding energy of
the C-O group in HFBA (358 kJ/mol) is stronger than that
of the C-N group in ODMP (284 kJ/mol). Moreover, the
sidechains of HFBA were shorter than those of ODMP.
Increasing the HFBA content boosted the initial decomposi-
tion temperatures of the HFBA/PUs, which was due to the
strong interactions between the -NH and CF, or CF; groups
in the HFBA/PUs, as observed in the FT-IR and XPS spectra.

Figure 9 presents DSC thermograms of HFBA/PUs with
different HFBA content levels, and the DSC results are sum-
marized in Table 4. The Tg values of HFBA/PU-01,
HFBA/PU-02, and HFBA/PU-03 were — 3.8, 2.9, and
5.7 °C, respectively. The results indicate that increasing the
HFBA content reduced the PCL content, thus increasing the

Fig. 9 DSC thermograms of the
HFBA/PUs

— HFBA/PU-01
—— HFBA/PU-02
—— HFBA/PU-03

Heat Flow Endo Down (mW)

Temperature ("C)
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Tg values of the PUs. Similarly, increasing the content of hard
segments or HFBA increased the Tg values of the PUs. By
contrast, increasing the soft segment content reduced the Tg
values of the PUs. Moreover, large sidechains were key fac-
tors influencing the movement of molecular chains.
Compared with the results reported by Su et al. [18], the pres-
ent study identified that the Tg value of the ODMP/PU was
lower than that of the HFBA/PU, although they had the same
amount of chain extenders. Consequently, for molecules with
longer sidechains, the free volume of molecular chains was
expanded, further reducing Tg. Furthermore, the FT-IR and

XPS spectra confirmed that a strong interaction existed be-
tween the -NH and CF, or CF; groups. The interaction hin-
dered segmental motion of the HFBA/PUs, increasing the Tg
values of the HFBA/PUs. These results were determined to be
similar to the TGA results: increasing the HFBA content in-
creased the initial decomposition temperature of the PUs.

Dynamic mechanical analysis

Figure 10 shows the tand and loss modulus (E”) values of the
HFBA/PUs with different HFBA ratios. Tgd is typically

Fig. 10 Tan & and loss modulus (a)
(E”) curves of the HFBA/PUs 0.7
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Table 5 DMA results of the HFBA/PUs Table 6 Tensile properties of the HFBA/PUs
Sample Tyq from Tand(°C) Tan d,ax Tgq from E” (°C) Sample Tensile Young’s Elongation
strength (MPa) modulus (MPa) at break (%)
HFBA/PU-01 7.1 0.622 2.5
HFBAPU-02  15.0 0539 7.4 HFBA/PU-01 102 08 861
HFBAPU-03 204 0393 15.6 HFBA/PU-02 165 21 574
HFBA/PU-03 20.9 4.5 391

determined as the peak temperature of tand or E “curves.
According to the tand curves, the Tgd values of HFBA/PU-
01, HFBA/PU-02, and HFBA/PU-03 were 7.0, 15.1, and 20.4
°C, respectively. Whereas the Tgd values of HFBA/PU-01,
HFBA/PU-02, and HFBA/PU-03 were 2.5, 7.4, and 15.6 °C
respectively, according to the E” curves. Different measure-
ments gave different Tgd values. The whole results are pre-
sented in Table 5. The hard segments are more rigid and less
easy to undergo segmental motion than the soft segments, so
the Tgd values of the HFBA/PUs increased with the HFBA
content or the hard segment content. Furthermore, the CF, or
CF; groups in the HFBA will interact with the -NH groups in
PUs to hinder the segmental motion in the HFBA/PUs and
raise the Tgd. This behavior of the Tgd values of HFBA/PUs
increasing with the HFBA content is similar to the DSC
results.

As indicated in the tand curves, the Tgd peak value of a
HFBA/PU increases with lower HFBA or hard segment con-
tent. The tand is associated with the viscoelastic property of
the polymer and is equals to E“/E’. The loss modulus E” is a
damping or energy dissipation term and the storage modulus
E’ is associated with the elastic behavior. The HFBA/PU with
higher soft segment has higher damping behavior and lower
elastic chateristics, so the HFBA/PU with higher soft segment
or lower HFBA content has a higher Tgd peak value.

Tensile properties

Figure 11 presents stress—strain curves of the HFBA/PUs with
distinct HFBA ratios. These curves correspond to the mechan-
ical property data listed in Table 6. The measured tensile
strength levels of HFBA/PU-01, HFBA/PU-02, and
HFBA/PU-03 were 10.2, 16.5, 20.9 MPa, respectively, and
their Young’s moduli were 0.8, 2.1, and 4.5 MPa, respectively.
The results indicated that when the HFBA (hard segment)
content increased in the PUs, the polymer stiffness increased,
thus increasing the tensile strength and Young’s modulus.
Additionally, the strong interaction between the NH
and CF, or CF; groups in the HFBA/PUs hindered the
segmental motion of the HFBA/PUs, consequently in-
creasing the tensile strength and Young’s modulus of
the PUs. The elongation at break of HFBA/PU-01,
HFBA/PU-02, and HFBA/PU-03 were 861%, 574%,
and 391% respectively. We thus inferred that increasing
the HFBA or hard segment content resulted in unfavor-
able sliding motions among polymer chains. Therefore,
HFBA/PUs with more HFBA demonstrated lower
elongation-at-break values. Wu et al. [19] also synthe-
sized PUs with fluorine as the main chain; they reported that
the tensile strength and elongation at break of the synthesized

Fig. 11 Tensil rties of th
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Fig. 12 Surface properties of the 120
HFBA/PUs
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PUs were higher than those of HFBA/PUs, possibly because
the sidechain groups in macromolecules tend to disrupt the
molecular distributions. Therefore, reducing the tensile
strength of macromolecules results in unfavorable sliding mo-
tions among polymer chains.

Contact angle analysis
Figure 12 illustrates the surface activity of the HFBA/PUs

determined according to their wetting ability. The contact an-
gles between water molecules and the surfaces of HFBA/PU-

Fig. 13 Stain resistance of the
HFBA/PUs
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01, HFBA/PU-02, and HFBA/PU-03 were 95.4°, 101.0°, and
104.4°, respectively. These results indicate that the contact
angles increased with the HFBA content. In principle, the
level of polymer surface hydrophilicity or hydrophobicity is
largely determined by chemical compositions. When the
HFBA content is high, more CF, or CF; groups are
attached to PUs. The surface tension and hydrophilicity
of such groups are lower than those of other functional
groups [41, 42]. Therefore, HFBA/PUs with high HFBA
content can be considered to be more hydrophobic with
greater contact angles.

HFBA/PU-01 HFBA/PU-02 HFBA/PU-03
o
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Stain resistance

Figure 13 depicts the pictures obtained from measuring the
resistance of HFBA/PU-coated PET fabrics against staining
by water, black tea, and blue ink. A PET fabric without
HFBA/PU coating was not resistant against any of the men-
tioned liquids. Specifically, the liquids quickly penetrated the
fabric. By contrast, when water (transparent) and black tea
(yellow) were dripped on the three PET fabrics coated with
different HFBA/PU ratios, each droplet assumed a spherical
shape. As revealed in Fig. 13c, blue ink droplets penertrated
the HFBA/PU surface to a greater extent compared with drop-
lets of the other two liquids. Blue ink is more likely to attach to
the HFBA/PU surface probably because it contains organic
solvents or auxiliary substances. However, when the HFBA
content increased, the sphericity of all droplets further in-
creased. These results were determined to be consistent with
those obtained from the contact angle analysis.

Surface roughness analysis

Figure 14 presents the topography (left) and phase data (right) of
the specimens. According to the topography data, all HFBA/PUs
exhibited successive bump-like protrusions. In particular, when
the HFBA content was high, the protrusions tended to greater.
The average surface roughness levels of HFBA/PU-01,
HFBA/PU-02, and HFBA/PU-03 were 4.16, 12.2, and
27.0 nm, respectively. Similarly, increasing the HFBA content
increased the surface roughness levels of the PUs. The observed
protrusions were attributed to the hard-segment-rich domains of
the PUs or to the high HFBA content. The CF, or CF5 groups
were noted to demonstrate a strong interaction with the NH
groups in hard-segment-rich domains, consequently leading to

Fig. 14 AFM topographic and
phase images of the HFBA/PUs
for (a) HFBA/PU-01, (b)
HFBA/PU-02, and (¢)
HFBA/PU-03

. Phase

Table 7  The waterproofness and vapor permeability of the HFBA/PUs

Sample Water pressure WVP (g/m> x 24 h) Spray test
resistance (mmH,0)

F - 2413 0

HFBA/PU-01 17,245 1931 90

HFBA/PU-02 19,534 1632 90

HFBA/PU-03 23,012 1346 100

surface aggregations or protrusions [18]. Furthermore, the phase
data of the fluorinated polymers (HFBA/PUs) indicated a high
number of phases involving irregular particles and stripes.
Increasing the HFBA content of the HFBA/PUs increased the
number of phases involving irregular particles and stripes. This
phenomenon indicates that the hard segments in this study were
rich of HFBA chain extenders [43, 44].

Analyses of WVP and waterproofing levels
of HFBA/PU-coated fabrics

Table 7 presents the WVP values of PET fabrics coated with
different HFBA/PU ratios. The results revealed that the WVP
values of coated fabrics were lower than that of the uncoated
fabric. The values also decreased as the HFBA content increased.
Each specimen passed the waterproofing test, with the corre-
sponding waterproofing levels exceeding 10,000 mmH,0, thus
demonstrating the ability of the fabrics to resist rain or rain drops
(whose diameter ranges from 100 to 600 um). Additionally, the
HFBA/PU-coated PET fabrics were determined to meet ISO
standards, achieving 90 points. According to these results, we
can conclude that we successfully developed HFBA/PU coatings
exhibiting high waterproofing and WVP levels.

Topographic
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Conclusions

The study was based on the concepts of molecular geometry,
organic chemistry, and macromolecular synthesis. We inserted
CF, groups into PUs and prepared novel HFBA/PUs.
Analyses of the molecular geometry of HFBA and the
HFBA/PUs were conducted through '"H NMR, XPS, and
FT-IR spectroscopy. The results reveal a strong interaction
between the NH groups and CF, or CF3 groups. The initial
decomposition temperature, Tg, Tgd results, tensile strength,
and Young’s modulus all increased with the HFBA content.
Moreover, increasing the HFBA content enhanced the hydro-
phobicity of the HFBA/PUs. HFBA/PUs with more HFBA
chain extenders exhibited higher waterproofing levels. All
HFBA/PU-coated PET fabrics met IOS level 4 and above.
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