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Abstract Fluorinated diols (FDO) with dangling chain were introduced into polyether urethanes (PEUs) as chain extender in order to achieve
internal plasticization. Based on temperature dependent Fourier transform infrared (FTIR) spectroscopy results, the fluorinated polyether
urethanes (FPEUs) exhibited weaker hydrogen bonding between C=0 and N—H groups with addition of FDO. The crystallinity of hard domain
was destroyed determined by thermal analysis. Combined with the results of dynamic mechanical analysis (DMA) and dissipative particle
dynamics (DPD) simulation, it was proved that more loosely aggregated hard domains with weakened interaction separated from soft segment
were formed. Rheological analysis indicated that FDO reduced the complex viscosity and viscous flow activation energy which endowed the
polymer with more flexibility. Despite the loss of hydrogen bonds, there was no significant decline in mechanical property resulting from the
decrease of hard segment dissolved in soft segment phase. The presence of fluorinated carbon side chain could function as internal plasticizer

and contribute to the processability of polyurethane.
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INTRODUCTION

Owing to its superior general properties such as outstanding
mechanical properties and biocompatibility, thermoplastic
polyurethane (TPU) has been universally applied in medical
devices, coatings and insulator applications."* TPU possesses
hot-melt crystalline hard domain and amorphous soft segments
that tend to segregate from each other due to thermodynamic
incompatibility. This provides the polyurethane with melt
processing capacity, rubber like deformation recoverability as
well as high elongation at break™ Nevertheless, the hard
segments act as physical crosslinks may also endow the
polyurethane with some issues in processing.®! The exorbitant
cohesive energy of hard segment in PEU causes serious phase
separation and excessive hydrogen bonding which cannot be
easily destroyed when heated. This creates an obstacle to
plasticization and extrusion.”# For instance, polyurethane-urea
is unable to conduct thermoplastic processing due to over high
hydrogen bond energy between hard segments.”1%

To improve the processing flowability of polymers, extern-
al plasticization such as adding plasticizers is universally ap-
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plied. Plasticizers can develop weak interaction (mainly van
der Waals forces) with polymers and shield the molecular
chains from each other which could reduce the chain entan-
glement and improve the flexibility.'"! The most widely used
plasticizers like chlorinated paraffin, ethylene bis stearamide
(EBS) and di(-2-ethylhexyl)phthalate (DEHP) all share the
problems of migration and leaching which may lead to seri-
ous health and environmental concerns.['2-14

Different from external plasticization, internal plasticiza-
tion is straightly introducing plasticizing groups into polymer
by chemical methods. These groups generally originate from
surfactant, vegetable oil or high flexibility segment which can
be modified to copolymerize.['5-191 Zander et al. synthesized a
kind of sulfonate ionomers which acted as a chain extender to
internally plasticize the TPU.20 The crystallization of hard do-
main was inhibited and the free volume was added. Yu et al.
studied the influences of dangling chains with graded length
of carbons and found that H-bond plays an important part in
the morphology and properties of polymers.l'”! Nozaki et al.
compared the effects of soft segment with different dangling
chains on polyurethane elastomers (PUEs) and found that
those have one primary and one secondary hydroxyl groups
made PUEs have lower degree of microphase separation and
lower dynamic storage modulus value.2"! This kind of inter-
nal plasticization of polyurethane seems concentrating on re-
sulting in imperfections in hard domain, decreasing the hy-
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drogen bonding and improving the segment mobility. Al-
though the processing flowability was promoted by these
ionomers and dangling chains, severe concessions were
made in mechanical properties.[22:23]

Tang et al. introduced short fluorocarbon side chain as
chain extender into silicon-based TPUs.[2425] The incorpora-
tion of polydimethylsiloxane (PDMS) into TPUs resulted in
severe microphase separation and make the soft segment
vulnerable to chemical substance without the mask of ureth-
ane groups. However, the presence of FDO disrupted the ex-
cessive phase separation by weakening the hydrogen bond-
ing in hard segment, contributed to the phase mixing and im-
proved the chemical stability of silicon-containing TPUs.

As FDO could weaken the strong hydrogen bond interac-
tion between hard segments, we are inspired to explore the
possibility that whether it can be utilized as internal plasti-
cizer in TPU to decrease the melt viscosity as well as improve
the processability. In this work, we synthesized FPEUs with
gradient fluorocarbon side chain content. The correlation
between microphase structures, mechanical properties, and
rheological behaviors of PEU were founded by both experi-
mental and computer simulation methods.

EXPERIMENTAL

Materials

Polyoxytetramethylene (PTMO, M,,=1000) was supplied by PTG,
Korea, and Degussa, Germany, 44 -methylenediphenyl
diisocyanate (MDI) was purchased from Wanhua Chemical
Group, Yantai, China, and 1,4-butanediol (BDO) was from Flaka
Chemika, Switzerland. MDI and BDO were both dewatered by
vacuum distillation before use. Fluorinated diol (FDO, M,,=306)
was obtained from our laboratory and also purified.?%!

Synthesis of FPEUs

With PTMO-1000 as the soft segment and MDI, BDO and FDO as
the hard segment, FPEUs were prepared by a two-step bulk
polymerization method which included pre-polymerization and
chain extension.

Firstly, PTMO was dewatered and heated to 105 °C for 2 h.
Then the system was cooled down to 60—-65 °C and proper
amount of FDO was added. After fully mixed, calculated
amount of MDI was added and reacted for 40 min for pre-
polymerization under 75 °C. After that, another chain ex-
tender BDO was added and fully mixed by stirring at a rate of
1200 r/min for 2 min. The product was poured into a Teflon
tray and an air-circulating at 100 °C for 6 h was applied. The
specimens were prepared by compression molding at 195 °C
and cut into dog-bone shape with 20.0 mm (length), 2.0 mm
(width) and 0.3—0.4 mm (thickness).

Characterization

Gel permeation chromatography (GPC)

Waters-1515, USA with two columns was used in a flow rate of
1.0 mL/min at 40 °C. The mobile phase was DMF with 0.05 mol/L
LiBr. The concentration of the solution was 3 mg/mL.
Polymethyl methacrylate (PMMA) standard was applied to
calibrate and determine the molecular weights.

Proton nuclear magnetic resonance ('H-NMR)
"H-NMR spectra of samples were carried out on a Bruker AV Il

HD 400 MHz at 25 °C for 64 scans. Deuterated N,N-
dimethylformamide (DMF) was used as solvents.

Differential scanning calorimetry (DSC)

With TA instruments DSC250, differential scanning calorimetry
(DSC) was performed. The response was detected in the
temperature range from 60 °C to 210 °C under N, atmosphere.
Samples were first cooled from ambient temperature to —60 °C
and equilibrated for 5 min, then a ramp 20 °C/min heat to 210 °C
was performed followed with an isothermal for 5 mins and
finally cooled to —60 °C at 20 °C/min.

Dynamic mechanical analysis (DMA)

TA instrument (Q800) was used to perform dynamic
thermomechanical analysis (DMA). Measurements were
conducted from —110 °C to 120 °C at 1 Hz and 100 Hz with a
heating rate of 3 °C/min.

Dissipative particle dynamics (DPD) simulation

The dissipative particle dynamics (DPD) simulation was
performed by Accelrys Material Studio 7.0 in a cubic box with
3D periodic boundary conditions, containing 1.92x10° beads at
=3 to avoid the finite size effect. The box size was set as 28.46
nm x 28.46 nm X 28.46 nm. The spring constant C=4. The total
number of steps was 1x10° and the time step was set as 0.05 ns.
The equilibrium states were confirmed through monitoring the
pressure, temperature, and morphologies. More detailed
information is available in the electronic supplementary
information (ESI).[27.281

Temperature-controlled FTIR spectroscopy analysis
Temperature-controlled FTIR spectroscopy was carried out
using a Nicolet-iS50 FTIR. Samples were scanned 32 times from
650 cm™ to 4000 cm™' at a resolution of 4 cm. The
temperature was ranging from 40 °C to 220 °C and was
controlled at a rate of 10 °C/min by Variable Temperature Cell
Holders. The spectra of C=0 bonds (1660-1780 cm™") and
N—H bonds (3200-3500 cm™") were fitted by PeakFit 4.2 with
Gaussian-Lorentzian functions. The peak area of isocyanate
(2220-2300 cm™") was normalized with the absorption band of
benzene (1414 cm™).

Rheological analysis

A TA instrument of Discovery HR 30 was used to measure
rheological properties. 2 mm thickness samples were used and
the storage modulus (G') and loss modulus (G") were measured
within a frequency ranging from 0.01 Hz to 100 Hz. The
measurement was respectively conducted at 200, 210, 220 and
230°C.

All-atom molecular dynamics simulation

An all-atom molecular dynamics (AAMD) simulation was
performed by Accelrys Material Studio 7.0. The box was
constructed using Amouphous Cells and each box contained 5
polymer chains. The AAMD was carried out in a 1 fs equilibration
step followed by 400 ps NPT ensemble with COMPASS force
field.?? The mean square displacement (MSD) and diffusion
coefficient (D) was obtained and more specific description can
be found in ESI.B

Tensile measurements

Tensile measurements were conducted on Dongguan Lixian
Instrument, China. All specimen were tested at a crosshead
speed of 50 mm/min after placed at 23 °C for 48 h. The
measurements were repeated for three times and averaged.

https://doi.org/10.1007/s10118-022-2865-3
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RESULTS AND DISSCUSSION

Analysis of Chemical Structure of PEUs

The molar ratio, mass fraction in total and molar mass
determined by GPC are shown in Table 1. The content of hard
segment was fixed as 60 wt%. The molar ratios of
FDO/(FDO+BDO) were controlled as 0%, 3%, 5%, 8% and 10%,
the mass fractions in total were 0%, 1.39%, 2.21%, 3.29% and
4.35% and the samples were denoted as PEU, FPEU-3, FPEU-5,
FPEU-8 and FPEU-10, respectively. As shown in Fig. 1, the FPEUs
are constituted of MDI, BDO, FDO and PTMO according to the
"H-NMR results. 6=9.79 (Ar-NH-(CO)—O—CH,—CH—O0-, g),
6=9.73 (Ar-NH-(CO)—O—CH—CH,—O0-, h), 6=9.48 (Ar-NH-
(CO)—O0—CH,—CH,—CH,—CH,-, b), 6=7.51 (ArH, i), 6=7.22
(ArH, j), 6=4.13 (Ar-NH-(CO)—O—CH,—CH,-, e), 6=3.83 (Ar-CH,-
Ar, a), 6=3.36 (-O—CH,—CH,—CH,—CH,—O0-, d), 6=1.72 (Ar-

935

NH-(CO)—O—CH,—CH,, f) and c=157 (-O—CH,—CH,—
CH,—CH,—0-, ).

Analysis of DSC

Fig. 2(a) represents the DSC curves of first consecutive heating.
There observed one glass transition and two endothermic
peaks. As summarized in Table 2, T, was correlated with the
segmental motions of the phase that PTMO mixed with some of
the hard segment. With the addition of FDO, T shifted gradually
to lower value which illustrated that the presence of
fluorocarbon side chain promoted the hard segment separate
from the PTMO groups. The endotherms at around 120 and 180
°C represented the melting behaviour of hard segment of
crystallites with short-range order structures and with long
range order, respectively.?'3? Both of these two endotherms
exhibited a trend of shifting to lower temperature and long

Table1 Chemical composition and molecular weights of PEUs.

Molar ratio Mass fraction in total (%) Molar mass (g/mol)
Sample
MDI BDO FDO PTMO-1000 FDO PTMO-1000 M, D
PEU 2.04 1.56 0 0.44 0 40 42924 1.72
FPEU-3 2.04 1.51 0.05 0.44 1.39 40 59159 1.99
FPEU-5 2.04 148 0.08 0.44 2.21 40 42938 1.91
FPEU-8 2.04 1.44 0.12 0.44 3.29 39 48658 1.81
FPEU-10 2.04 1.40 0.16 0.44 4.35 39 42921 1.83
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Fig. 2 (a) DSC thermograms of rise in temperature; (b) DSC thermograms of drop in temperature; (c) Isothermal crystallization curves

and (d) relative crystallinity of samples.

Table2 Thermal properties of PEUs from DSC.

Sample Ty (°Q) T (°C) AH, (J/9) Tz (°C) AH, (J/9)
PEU 74 127.0 4.5 174.0 4.2
FPEU-3 6.5 123.0 53 171.2 24
FPEU-5 3.4 125.3 54 171.5 2.9
FPEU-8 3.2 121.7 4.7 170.1 2.7
FPEU-10 -2.7 120.9 5.2 169.5 2.2

range order structures experienced a decrease in melting
enthalpy, which indicated that the close packing of hard
segment was reduced by fluorocarbon side chain. According to
the result of non-isothermal crystallization (Fig. 2b), a crystalline
peak appeared at 120 °C with the absence of FDO and gradually
shifts to lower temperature accompanied with widening of peak
shape. The isothermal crystallization kinetics (Figs. 2c and 2d)
also exhibited that the crystallization rate decreased with the
increase of FDO content. The results proved that the
fluorocarbon side chain could function as plasticizer to inhibit
the crystallinity of hard segment domain.

Dynamic Mechanical Analysis (DMA) and DPD
Simulation

The curves of storage modulus and tané obtained by DMA with
different FDO contents are demonstrated in Figs. 3(a)-3(c).
Sample PEU, FPEU-5 and FPEU-10 were selected to analysis for
their similar molecular weight. As shown in Fig. 3(a), a sharp
decline of storage modulus was observed at around 20 °C and
the storage modulus declined obviously with the addition of

FDO which showed the significant plasticization. There were
several glass transitions as summarized in Table 3. Tg; and T,
were tested at 1 Hz and represented PTMO segments and hard
domains respectively. T, decreased with the addition of FDO
which indicated the hard segment gradually separated from the
soft segment. Since the hysteresis loss of the segment mobility
increases at higher frequency, the detection sensitivity will also
be improved.®¥ T, showed not much difference when tested at
1 Hz. But it was split into two different transitions (T, and Tgyp)
when the frequency was raised to 100 Hz, as illustrated in Fig.
3(c). Tgaq was related to loosely packed hard domain originated
from those dissolved in soft segment or containing FDO and
Tq2p represented pure hard domain. The split of Ty, was not
observed at 1 Hz because the little content of hard domain with
fluorinated side chain and can only be detected at higher
frequency. Ty, grew higher with the addition of FDO which
indicated more hard segments segregated from the soft
segments and formed into loosely packed phase in FPEUs. Due
to the low cohesive energy density of fluorinated side chain,

https://doi.org/10.1007/510118-022-2865-3
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Fig.3 DMA results of PEUs. (a) Storage modulus-temperature curves at 1 Hz from —100 °C to 120 °C; (b) Loss factor-temperature curves
at 1 Hz from =100 °C to 120 °C; (c) Loss factor-temperature curves at 100 Hz from —20 °C to 120 °C; DPD simulated microphase

morphologies of (d) PEU, (e) PEU-5 and (f) PEU-10.

Table3 Thermal properties of PEUs from DMA.

Sample Ty Q) (1 H2) Ty2 (°0) (1 Hz) Ty2a (°C) (100 Hz) Tyap (°C) (100 Hz)
PEU =772 479 378 66.2

FPEU-5 -774 476 40.1 68.6

FPEU-10 -79.1 46.4 465 68.4

those hard segments with FDO chain extender become more
difficult to dissolve in soft segments and form hydrogen
bonding inside. Therefore, they showed a tendency to
aggregate by itself to create an independent hard domain with
weakened interaction.

Since DPD simulation can be of great convenience to illus-
trate the mesostructure of the materials, we utilized it to in-
vestigate whether this mixed hard segment phase was
formed. The process of coarse graining of DPD is shown in
Fig. S1 (in ESI) and calculated bead-bead repulsion paramet-
ers (a;) are summarized in Table S2 (in ESI). As exhibited in
Figs. 3(d)-3(f), the FDO side chain did present obvious ag-
gregation and formed a new domain (black beads) beside the
hard segment (red beads) which proved the conclusion of
thermal analysis. The area of fluorinated hard domain in-
creased gradually with the increasing addition of FDO and
this newly formed domain tended to collect the separated
hard segment from soft segment (yellow beads).

Temperature Dependent FTIR Experiment

Degree of microphase separation of polyurethane is closely tied
up with hydrogen bonding between hard and soft
segment.343% Generally speaking, the separation increases
with the reinforcement of the hydrogen bonding. For PEU,
N—H in urethane group functions as the donor and C=0 along
with ether bond (—O—) play as receptors of hydrogen
bonding. The formation of H-bond will make the stretching

vibration of N—H and the positions of absorption band of
carbonyl and ether bond shift to lower wavenumber in FTIR.

In this study, temperature dependent FTIR spectroscopy
was applied to monitor the variation of hydrogen bonding in
polyurethane with the temperature. According to the differ-
ent locations of FTIR bands, which can be divided into
strongly hydrogen-bonded C=0 and at 1701 cm~! and non-
hydrogen bonded carbonyls at 1730 cm~'. The fraction of
these two different carbonyl groups (P;) can be quantitatively
described by the corresponding peaks’ area (S;), which can be
illustrate as:i371

Si
Fi= $1701em™ + S1730em™

However, the peak area of N—H varies with the changing
temperature so it is hard to quantitatively described like car-
bonyl groups.381 The N—H bond spectra will shift to higher
wavenumber (from 3320 cm~! to 3360 cm~") when H-bond is
formed. The spectra of carbonyls (1660—1780 cm~') and N—H
group (3200-3500 cm~') were fitted by PeakFit 4.2 with
Gaussian-Lorentzian functions. As is shown on the Figs.
4(a)—4(c), with the increase of the temperature, the absorb-
ance intensity of carbonyls at 1701 cm~' gradually declined
and the growth of bands at 1730 cm~' was observed, which
indicated the occurrence of the transformation from strongly
hydrogen-bonded carbonyls to free carbonyls. In Figs.
4(d)—4(f), these two types of carbonyls experienced a drastic

m
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change in ratio for each sample calculated from the fitting
curve of FTIR. For PEU, the change occurred at about 165 °C
and decreased to around 140 °C in FPEU-5. When FDO con-
tent further increased as FPEU-10, the change happened at
around 110 °C. In Fig. 5, the shifts of N—H groups exhibited a
similar trend: the transformation from hydrogen bonded
N—H to free N—H gradually dropped at lower temperature
with the increasing ratio of the FDO. This indicated that the
fluorocarbon side chain weakened the hydrogen bond
between C=0 and N—H groups and contributed to the dis-
sociation of urethane linkages in hard segments when
heated.

Figs. S2(a)—-S2(c) (in ESI) exhibit the absorbance intensity of
isocyanate at around 2260 cm~! of different temperatures in
each sample. Isocyanate is the thermal decomposition
product of carbamate and the relative amount reflects the
thermal stability of hard segment. The intensity of the spec-
tra of isocyanate grew with the increasing temperature and
shifted to the high wavenumber region which indicated that
the probability of decomposition was improved. In Fig. S2(d)
(in ESI), for FPEU-5, a decline of the relative amount of isocy-
anate at higher temperature appeared compared with PEU,

nevertheless the release of isocyanate grew heavier when the
FDO content was further increased as FPEU-10. It was as-
sumed that this thermal decomposition could be inhibited
due to the steric effect of side chain at lower ratio. When the
addition of FDO was increased to a greater extent, the in-
tramolecular hydrogen bonding among crystalline region
was further destroyed and the thermal stability of polyureth-
ane sustained more losses. The isocyanate, as a decomposi-
tion product, was consequently released.

Rheological Analysis and Mechanical Properties
The flow behavior and the flow activation energies (E,) of
polymer melts were investigated as well. Other than chemical
structures, molecular weight also have profound influence on
rheological properties of TPU.3! By using logarithm of viscosity
as vertical and 1000/T as abscissa, the E, can be calculated from
the slope of linear fitting curve.*?! In this work, it was calculated
according to the zero shear viscosities at temperatures of each
sample fitted with Carreau-Yasuda model which was universally
applied in describing rheological behaviour of non-Newtonian
viscous fluid 4143

As shown in Figs. 6(a) and 6(b), both E, and complex visco-
sity appear downtrends following the increase of FDO con-

https://doi.org/10.1007/510118-022-2865-3
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Table4 Summary of mechanical properties of PEUs.

Sample Young’s modulus

Ultimate tensile Elongation at

(MPa) strength (MPa) break (%)
PEU 58.6+2.0 60.9+6.9 211.9+19.0
FPEU-5 53.8+3.2 56.8+10.7 186.4+14.4
FPEU-10 53.3+4.9 54.4+5.1 176.9£12.2

tent. Since E, reflects the polymer’s sensitivity to temperature
and molecular segmental mobility, this kind of downtrends
indicated that the fluorocarbon side chain promoted the mo-
bility of hard segment and endowed the polymer with more
flexibility while heated. This was attributed to the low cohe-
sive energy density of fluorine and the decrease of polymer
chain friction caused by short side chain of FDO.

An all-atom molecular dynamics (AAMD) simulation was
applied to investigate the mobility of samples. The model
molecule structures are shown at Table S1 (in ESI). MSD de-
termines the displacement of molecules followed with time
and the diffusion coefficient (D) was calculated from the
slope. They both reflected the molecular segmental mobility.
According to the result of AAMD (Figs. 6¢ and 6d), both MSD
and diffusion coefficient increased with the growth of FDO
content. It indicated that the PEU with fluorinated carbon side
chain possesses higher chain mobility which validated the
result of rheological analysis.

Mechanical properties of PEUs are all summarized in Table

4. Although the hydrogen bond inside the hard domain was
declined by FDO, the aggregation of fluorinated hard domain
inhibited the dissolution of hard segment in soft segment.
The increased microphase separation compensated for the
loss of mechanical properties caused by weakened inter-
molecular interactions. Therefore, the addition of FDO had
little impact on mechanical properties.

CONCLUSIONS

By introducing fluorinated diols into hard segment of polyether
urethanes, the crystallinity of hard domain was reduced and the
hydrogen bonding was weakened. This aggregation of
fluorinated hard domain may inhibit the dissolution of hard
segment in soft segment and more loosely packed hard
segment domain with FDO was formed. The increased
microphase separation compensated for the loss of mechanical
properties caused by weakened intermolecular interactions. The
presence of fluorinated carbon side chain could improve
molecular segmental mobility and flexibility in FPEUs. With

https://doi.org/10.1007/s10118-022-2865-3
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proper addition of FDO as FPEU-5 (2.21 wt%), both inhibition of
isocyanate release and internal plasticization can be achieved
with little impact on mechanical properties.
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