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Abstract

This research investigated the synthesis of thermoplastic polyurethane (TPU) with a hard segment content (HSC) of 30%
weight. The chain extender, the polyols, and the diisocyanate utilized 1,4-butanediol (BDO), and the polycaprolactone diol
(PCL-diol) with molecular weights of 2000, 4000, and 10,000 and isophorone diisocyanate (IPDI), respectively. Differential
scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR), hydrogen nuclear magnetic resonance ('H-
NMR), and X-ray diffraction (XRD) were used to examine the chemical microstructure and physical properties of PCL diol
and thermoplastic polyurethanes (TPUs). The molecular weight of the PCL diol as soft segments affected the crystallinity
and glass transition temperature (7,) of TPUs. An increase in PCL diol molecular weight resulted in a reduction in elonga-
tion at failure and an increase in ultimate tensile strength. This study was conducted to investigate the permeability and the
permselectivity of CO, and N, gases over pressure ranges (3 to 9 atm). It was determined that the gas permeability of each
sample increased in response to an increase in the pressure of the supplying gas. An elevation in the molecular weight of
PCL-diols in TPU samples resulted in a reduction in selectivity and an increase in CO, and N, gas permeability. Although
IPDI is a non-aromatic cyclic diisocyanate with a significant impact on thermoplastic polyurethane phase morphology, the
goal of this paper is to create a change in the molecular weight of PCL-diol and investigate the effect of molecular weight
on the resulting morphology as well.

Keywords Thermoplastic polyurethane (TPU) - Membrane - Permselectivity - Mechanical properties - Polycaprolactone -
Crystallinity

Introduction

Membrane separation technology is a contemporary method
of separation technology created in the past several dec-
ades. Air pollution has emerged as a substantial obstacle,
causing detrimental effects on both human health and the
environment. Various methodologies have been employed
in research endeavors to eliminate noxious gases. One of
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the most prevalent methods for separating gases is the mem-
brane. The efficacy of the membrane relies on its compo-
nents and fabrication techniques. Most membranes utilized
in industries are composed of polymers [1, 2]. Membrane
technology is widely employed in several industrial appli-
cations, with gas separation being prominent. This tech-
nique dehumidifies air and removes organic gases from air
streams, particularly in air and natural gas treatment. Differ-
ent kinds of dense and porous membranes can be considered
as gas separators [3, 4]. Gas separation membranes work dif-
ferently depending on the type of material they are made of
(polymeric or non-polymeric) [5-9], their structure [9-14],
and shape [15-17]. Most polymers exhibit deficiencies in
characteristics such as low-temperature flexibility, air per-
meability, and fatigue resistance, which impair their perfor-
mance under varying temperature settings. Thermoplastic
polyurethane (TPU) exhibits favorable characteristics in this
domain, such as adequate temperature resistance, excellent
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erosion resistance, strong mechanical resilience, and, in cer-
tain instances, appropriate biodegradability [18-21].

Thermoplastic polyurethanes (TPU) is a polymer used in
membrane applications [22-24]. Polyurethanes have a micro-
phase-separated structure, which affects the penetration of
gases, and different gases can be dispersed across the phases.
One of the key justifications for utilizing TPU in membrane
applications is due to these stages [25-27]. TPUs, or thermo-
plastic polyurethanes, are a type of thermoplastic elastomer
commonly made using traditional methods. They are utilized
to produce thermoplastic polymers [6, 7, 17]. TPUs exhibit
a rubber-like characteristic that has been treated like ther-
moplastic materials [17, 27, 28]. TPU typically consists of
a segmented polymer structure, with hard and soft domains
arranged alternately along the polymer chain. The polyol part
of the soft segment gives the polymer its elasticity and flex-
ibility. On the other hand, the hard segment, which comprises
the urethane link between diisocyanate and diamine, or diol,
makes the polymer stronger [10, 11, 23, 26]. The effective-
ness of the TPU membrane relies on various factors, includ-
ing the hydrogen bonding index (HBI), molecular weight,
molar ratio of isocyanate and polyol, hard segment content
(HSC), degree of crystallinity, polymer chain orientation,
glass transition temperature, and degree of cross-linking.
Literature reviews state that there is a relationship between
the increase in the gas permeability and the kind of polyol
and the strength of hydrogen bond as well [8, 15, 25, 26].

The stoichiometric ratio and the NCO/OH ratio play a
crucial role in synthesizing thermoplastic polyurethane.
These ratios are essential for regulating the synthesis con-
ditions and determining the mechanical properties of the end
products. The final polymer structure can be achieved by
the specific molar ratio of -NCO and —OH, as the involved
components react with each other in a stoichiometric man-
ner with high efficiency [6, 7, 17]. TPU can be synthesized
using two methods: pre-polymerization and one-step tech-
niques. The pre-polymerization process involves the synthe-
sis of a prepolymer through the reaction between a polyol
and an isocyanate [7, 17, 29].

Consequently, the prepolymer terminates with -NCO at
the end of its chain. Subsequently, the prepolymer reacts
with a chain extender to achieve the final polymer. This kind
of polymer can be produced through melting polymerization
or using a suitable solvent [7, 17, 29].

TPU is applicable in the fabrication of membranes for gas
separation. The penetration of gas into dense membranes
occurs in three stages: the adsorption of gas molecules on the
membrane surface, the diffusion of gas molecules through
the membrane, and the desorption of gas molecules via the
outer surface of the membrane [7, 10, 13]. Various factors
influence permeability, with gas pressure being one of them.
As mentioned earlier, the permeability of nitrogen remains
constant as pressure increases. Conversely, the permeability of

@ Springer

methane decreases as pressure increases, while an increase in
pressure results in an increase in carbon dioxide permeability.
The carbon dioxide permeability in polyurethane is increased
due to the breakdown of this gas within the polymer [13-16].

The synthesis of TPU was conducted using the pre-polymer-
ization approach, and its membranes were made by the solution
casting route. It distinguishes itself from other research by modi-
fying the duration of the reaction and the process of incorporat-
ing materials. X-Ray diffraction (XRD) patterns were utilized
to assess the crystalline structure of thermoplastic polyurethane
(TPU). The thermal properties of the samples were analyzed
using DSC analysis, while their chemical structure was studied
using 'H-NMR. The mechanical qualities were assessed using
the tensile test, while CO, and N, permeation tests evaluated the
gas permeability properties.

In previous studies, the potential of TPU for use in the
preparation of membranes was investigated [17, 19]. Polyu-
rethane/poly(vinyl alcohol) (PU/PVA) membrane was used
for gas separation [17]. In another study, poly(urethane-urea)
(PUU) membranes based on contributing hard segments in
gas separation were prepared using two bulky chain extend-
ers, polytetramethylene-glycol, isophorone, and hexameth-
ylene-diisocyanate [19].

In this study, novel poly(urethane-urea) membranes
containing polyol (polycaprolactone diol) as polyol with
different molecular weights were developed as the aim
of a structure—property relationship study to enhance gas
permeation. This research attempts to find the best range of
molecular weights by taking the relationship between different
PCL-diol molecular weights and the TPU membrane’s ability
to let gases move through it into consideration. An attempt has
also been made to establish the correlation between chemical
and physical properties, such as the hydrogen bonding index
(HBI), degree of crystallinity, glass transition temperature,
stress—strain, and gas permeability of TPU membranes. This
study has utilized underexplored raw materials and synthesized
all PCL-diols to enhance precision. Although IPDI is a non-
aromatic cyclic diisocyanate with a significant impact on
thermoplastic polyurethane phase morphology, the goal of
this paper is to change the molecular weight of PCL-diol and
investigate the effect of molecular weight on the resulting
morphology as well. This paper aimed to utilize various
molecular weights of PCL-diol in the production of TPU while
keeping the conditions the same. To achieve this, the molecular
weight of PCL-diol had to be measured more accurately.

Experimental
Materials

Isophorone diisocyanate (IPDI, My: 222.3 g/mol),
1,4-butanediol (BDO, C,H,;,0,, My: 90.122 g/mol),
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Table 1 The number of precursors for PCL-diol synthesis

Molecular Toluene (mL) Stannous BDO (g) e-Caprolactone
weight (g/ octoate (2)

mol) (€

2000 35 0.091 0.897 19.261

4000 35 0.047 0.449 19.261

10,000 35 0.0185 0.184 19.261

e-caprolactone (CL, CcH;(O,, My,: 114.14 g/mol), dibu-
tyltin dilaurate (DBTDL, C5,H¢,0,Sn, My,: 631.56 g/mol),
Tin (II) 2-ethyl hexanoate or stannous octoate (Sn (Oct),,
C,6H3004Sn, My: 405.122 g/mol), dimethylformamide
(DMF, My;: 73.09 g/mol), and toluene (C;Hg, My: 92.141 g/
mol) were purchased from Merck Co., Germany. CO, and
N, gas with a purity of 99.95 mol% were supplied by the
Barfab Co., Iran.

PCL-diol synthesis

Polycaprolactone diol (PCL-diol) was synthesized by the
ring-opening polymerization method [29-32]. As a repre-
sentative, for the synthesis of 20 g PCL-diol (My: 2000 g/
mol), toluene (35 mL) as solvent was mixed with stan-
nous octoate as catalyst (0.225 mmol, 0.091 g) and BDO
as the initiator (9.98 mmol, 0.88 mL), then poured in a
three-neck flask at 90 °C and mixed for 30 min. After that,
e-caprolactone monomer (0.175 mol, 18.6 mL) was added
and mixed at 110 °C for 24 h to complete the reaction. All
processes were done under an N, atmosphere. To precipi-
tate PCL-diol, methanol at a ratio of 10:1 (V/V) relative to
the polymer solution was used and the product was dried at
50 °C in a vacuum oven for 24 h. '"H-NMR analysis was used
to determine its molecular weight. The following recipes
(Table 1) were used to synthesize PCL-diol with various
molecular weights [29].

TPU synthesis
To investigate the effects of the PCL-diol soft segment’s

molecular weight on TPU final properties, polyurethanes
were synthesized with different molecular weights of

PCL-diol. However, in all the synthesized samples, the
NCO/OH ratio was kept at one by changing the molar ratio
of raw materials. For the synthesis of TPU with 30wt.%
hard segment content (HSC), three types of PCL-diols
with molecular weights of 2000, 4000, and 10,000 g/mol
were used as a polyol, IPDI as diisocyanate, BDO as chain
extender, and DBTDL as the catalyst [14, 15, 21]. The pre-
polymerization method was used for TPU synthesis. In this
method, the desired amount of PCL-diol and DBTDL was
mixed with toluene as a solvent with a mass ratio of 1 to
2, and IPDI was added to the mixture in a three-neck flask
immersed in an oil bath at a temperature range of 80 to 90 °C
and stirring speed of 300 rpm for 24 h. Since IPDI has the
lowest chemical reaction rate among other isocyanates, the
synthesis of TPU based on IPDI takes longer. For this rea-
son, more time must be considered for TPU synthesis [6, 7,
18]. The desired amount of BDO was added to the solution
as a chain extender to complete the polymerization process.
After 4 h, the resultant polymer was placed in a vacuum
oven at 110 °C for 48 h. The molar ratio of the precursors
is presented in Table 2. The reaction scheme to synthesize
TPUs is demonstrated in Fig. 1.

The solution casting method for the preparation
of TPU membranes

The solution casting approach was used to create the mem-
brane. In this method, the polymer solution is poured into a
mold, and a membrane is formed after the evaporation of the
solvent. The utilization of a hot press for membrane prepa-
ration results in the formation of minute bubbles, uneven
thickness, and the inability to achieve the necessary thick-
ness [18-21].

Membranes were prepared with a thickness of 150 to
200 pm and a diameter of 8 cm. The membrane was pre-
pared by dissolving 1 g of TPU in 10 mL of DMF at 80 to
90 °C for 24 h while churning at 300 rpm. After pouring the
solution into a Teflon mold, it was left at room temperature
to settle for 2 days to reach temperature stability, remove
small bubbles caused by rapid evaporation of solvents, and
achieve film uniformity [19, 20, 22]. Finally, the membrane
was placed in the vacuum oven with a fan at 60 °C to evapo-
rate the solvent for 24 h. Then, the membrane was removed

Table 2 The molar ratio of TPU

Sample IPDI PCL diol BDO HSC (%)
precursors
Molar ratio  Mass (g) Molarratio Mass (g) Molarratio  Mass (g)
TPU 2000 3.445 1.665 1 5 2.445 0.480 30
TPU 4000 6.485 1.602 1 5 5.485 0.549 30
TPU 10000  15.150 1.981 1 5 14.150 0.750 30

Catalyst: 2.3 107 mol/cm®

@ Springer



1084

Colloid and Polymer Science (2024) 302:1081-1095

Fig. 1 Schematic synthesis
route for the preparation of TPU
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from the mold. To ensure the absence of solvent and stabi-
lize the membrane, it was placed in a vacuum oven with a
fan at a temperature of 60 °C for 24 h [19, 20, 22].

Characterization methods

The chemical structure of synthesized PCL-diols with vari-
ous molecular weights and TPUs was characterized via 'H-
NMR spectroscopy. '"H-NMR analyses were recorded at
25 °C with a Bruker 400 MHz spectrometer (Ultra Shield
400, Germany). As a solvent, deuterated chloroform (CDCl,)
was utilized, and chemical shifts were measured using tetra-
methyl silane (TMS) as the internal standard. The molecu-
lar weight of the produced PCL-diols was calculated using
Eq. (1) [29, 33-35]:

A(dp)

X =2 X s
5 A(Sg)

M, = (Xgs % 114.14) + 262 (1
where Xgq is the ratio of the areas corresponding to the peaks
at the resonances of dj, and dg, and M,, is the number average
molecular weight of PCL-diol.

Fourier-transform infrared spectroscopy (FTIR) spectra
were recorded using a Bruker FTIR spectrometer (Tensor
27, Germany) measuring 600 to 4000 cm™"'. The pellets of
PCL-diol samples were recorded in FTIR mode, and the
film of TPU samples was recorded in ATR-FTIR mode. The
hydrogen bonding index (HBI) was calculated using the ratio
of the area under the peaks and Eq. (2) [29]:

Ac=0 bonded

HBI (%)= x 100 )

Ac:o bonded + Ac:o free
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where HBI (%) is the number of hydrogen-bonded carbonyl
groups, Ac—o ponded 18 the surface area under the peak corre-
sponding to hydrogen-bonded carbonyl groups, and A_¢ fee
is the surface area under the peak corresponding to free car-
bonyl groups.

DSC (Netzsch DSC-200 F3, Germany) thermal analysis
was used to characterize and determine the transition tem-
peratures of PCL-diols and TPUs. For this purpose, 5 mg of
the synthesized materials was heated using a DSC device
in the temperature range of — 100 to 250 °C with a heating
rate of 10 °C/min. The samples’ crystallinity (% X_) was
calculated using the heat of fusion of PCL-diol of 100%
crystalline PCL-diol (136 J/g). Equations (3) and (4) are
used to calculate the degree of crystallinity of PCL-diol and
TPUs, respectively [32-35].

AHg
Xy(%) = =2 x 100 3)
XS(%) = & x 100 4)
AHg % (1 — HS)

Here, AHgg is the soft segment’s heat of fusion (J/g) and
Hj is the normalized mass of the hard segments. AHgg in
Eq. (3) is the heat of fusion calculated by Fig. 2a. It is the
surface area on the melting point peak of PCL-diol crystals
calculated from the DSC diagram. AHgg in Eq. (4) is the
heat of fusion calculated by Fig. 2b. It is the surface area on
the melting point peak of TPU crystals calculated from the
DSC diagram, where AH- is calculated by the DSC thermo-
gram from the melting point peak of TPU crystals. That HS
is the amount of the hard part, which is fixed at 30 wt.% for
all TPUs. For TPU in Fig. 2b, any transition has not been
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Fig.2 The DSC thermograms (a)
of synthesized PCL-diols (a)
and TPUs (b) and melting point J\
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seen for the hard phase at a temperature until 200 °C. For
this reason, Eqgs. (3) and (4) focused more on the soft part
[32-35].

X-Ray diffraction (XRD) patterns of samples were
acquired by an X-ray diffractometer (Siemens D5000, Ger-
many) using a copper anode with an accelerating voltage of
35 kV and a current of 20 mA. Samples were scanned in the
range 260 =(10-50)° at ambient temperature and a rate of
0.01 s/step. Equation (5) was used to calculate the samples’
crystallinity degree and the High Score Plus software was
applied to analyze to XRD’s peaks [33-35].

Apg+ A1+ Ay
Ao+ A + Ay + Ay,

X (%) = x 100 3)
Here, A, is the area of the crystal plates (hkl) in XRD
patterns, and A,;, corresponds to the amorphous halo. Equa-
tion (6) is used to measure 110, 111, and 200 crystal plate
sizes [33-35]. It should be noted that the area was measured
under the XRD patterns diagram using PeakFit software.

Kx A

Ly = —2X4
Bkl
Bhia X €050,

(6)

Here, L, is the size of the crystal plate (hkl), K is the
Scherer constant (K=0.9), f is the full-width diffraction at
half maximum (FWHM), and 4 and 4 is the X-ray wavelengths
(equal to 0.01540 nm) and Bragg’s angle, respectively [33-35].

Temprature (°C) Temprature (°C)

The mechanical properties of TPU membranes were
determined by the Zwick/Roell machine (Z010, Germany).
In this analysis, the pre-load value was 0.5 N, and the tensile
rate was 10 mm/min according to the ASTM D 882 standard.
At least three specimens of each sample were tested.

The hard segment content of synthesized TPUs was cal-
culated by Eq. (7). As written, in the structure of TPUs,
PCL-diol is the soft segment, and the remaining parts of
IPDI and BDO are known as the hard segment. As stated, the
quantity of HSC in each sample is assumed to be 30% and
remains constant; Eq. (7) is used accordingly. Indeed, it is
presumed that the molar ratio of PCL-diol remains constant
at one and that its mass is 5 g. The other substances’ molar
ratio and mass are estimated using molecular weight and the
provided equation [29, 33-35].

HSC(%)
_ (ypp; X Mipp) + (Ngpo X Mgpo)

(0ppr X Mippp) + (nBDO X MBDO) + (nPCL—DIOL X MPCL—DIOL)

(N

Here, M is the My, of the precursors and » is the molar
ratio of the precursors. Table 2 displays the molar ratio and
the weight amount of the precursors. The molecular weight
of PCL-diols calculated by 'H-NMR (Eq. 1), which is given
in Table 3, has been used in Eq. (7).

In this study, the hard segment content is fixed for all
TPU samples, which leads to changes in the molar ratio

@ Springer
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Table 3 Calculation of the number-average molecular weights of syn-
thesized PCL-diols

Sample A (0p) A (6p) X M, calculated
by '"H-NMR

PCL 2000 1.00 8.98 1796 2312

PCL 4000 1.00 18.58 37.16 4503

PCL 10000 1.00 46.23 9246 10,815

and weight of the precursor. An increase in My, for PCL-
diol leads to an increase in the molar ratio of precursors.
The increase in the number of moles of IPDI and BDO
indicates the increase in the molecular weight of the
resultant TPU polymer.

Gas permeability measurements

A gas permeation device measured the permeability of CO,
and N, gas. Figure 3 is a schematic of this device. This
device performs the permeability test at variable pressures
at a constant volume. This measurement was performed at
pressures of 3, 6, and 9 atm and ambient temperature. Each
experiment was repeated at least three times.

One method for evaluating the membrane performance
is to measure pure gas permeates and calculate selectivity.
Thus, a circular membrane with a diameter of 2.5 cm is
placed in the membrane modulus; pure gas is passed under
a certain pressure. A graduated bubble cylinder calculates
the volumetric gas flow through the membrane. To achieve a
steady-state flow and compute the permeability (Eq. 8), the
membranes are exposed to the gas flow for around 0.5—4 h.
The samples are exposed to the gas flow for around 0.5—4 h.
Giving more time and different filters in the gas path led to
a stable state [18-21].

p= vl
AX(Pfeed_P

permeate

) ®)

Graduated
Cylinder

Membrane

* Permeation Cell

Fig.3 Schematic view of gas permeation device
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Here, P according to Barrer (1x107!° cm? (STP)-cm/
cm?-s-cmHg) indicates the permeability of gas through
the membrane, P4 (cmHg) is the relative feed pressure,
P permeare (cmHg) is the relative flow pressure, v (cm¥/s) is
the volumetric flow rate, A (cm?) is the effective membrane
surface area, and [ (cm) is the thickness of the membrane.

Furthermore, the selectivity () of CO, relative to N, is
defined as the ratio between the permeability of the two

gases (Eq. 9) [22-25].

P
o = o ©)
Py,

Results and discussion
TH-NMR analysis of synthesized PCL-diols and TPUs

'H-NMR analysis confirms the chemical structure of synthe-
sized PCL-diols and TPUs. The chemical structures associ-
ated with the different protons are demonstrated in Figs. 4
and 5. Intensifications in PCL-diol at 5, =1.38-1.42 ppm
(-CH,-CH,—CH,-), 65 =1.59-1.69 ppm (-CH,—CH,-0),
0c=2.29-2.32 ppm (-CH,COO), 6;=4.04-4.10 ppm
(CH,OCO) appear in repeating groups. The terminal group
of PCL-diols is identified in 6 =3.62-3.66 ppm (CH,OH).
The results of the "H-NMR spectra showed that PCL-diol
was successfully synthesized and followed the proposed
structure of Fig. 4 for PCL-diol. The results for PCL-diols
are given in Table 3. The peaks appeared in 6=7-7.3 ppm
for CDCL; as a solvent and in 6 =0.04-0.09 ppm for the
TMS marker [29, 33-35].

For TPUs, the methyl (CH;) and methylene (CH,) groups
of IPDI and PCL-diol are found in 6=0.88-1.85 ppm. The
methylene and methine groups attached to the nitrogen atom
are found in §=2.13-3.01 ppm. Methine and methylene
groups attached to the urethane oxygen atom were identi-
fied at about 6 =4.2-4.6 ppm, respectively [8]. Successful
synthesizing of the TPUs was evaluated by the 'H-NMR
spectrum (Fig. 5).

FTIR analysis of synthesized PCL-diols and TPUs

FTIR spectra were used to study the chemical struc-
ture of PCL diols and TPUs. As discussed, the PCL-diol
structure (Fig. 6) has three important functional groups.
The peak (broad absorption) at the wave number range
(3300-3600 cm™") corresponds to O—H stretching, and the
peaks in the range (28003200 cm™!) are related to C—H
stretching. A sharp peak (strong absorption) in the range
(1680-1750 cm™!) is attributed to the carbonyl group
(-C=0). Two peaks, one stronger than the other in the wave
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Fig.4 'H-NMR spectra of syn-
thesized PCL-diols with various

molecular weights B B
OH
C A D
E C B
A
D
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—PCL 4000 J \ J\\J\h i
—PCL 2000 J ‘ ” A
8 7 6 5 4 3 2 1 0 -1

number range (1100-1300 cm™), are related to C—O groups.
The peaks at the wave number range (600-800 cm™!) are
related to the long chain band. Peaks in the wave number
range (1368-1370 cm™") are related to —CH,; bending. Peaks
in the wave number range (1470-1472 cm™') with medium
intensity are related to CH, bending [29, 33-35].

Fig.5 '"H-NMR spectra of

TPU structure was confirmed by the three main regions
in FTIR spectroscopy (Fig. 7). Peaks in the wave numbers
(3200-3400 cm™!) belong to the —NH stretching contain-
ing hydrogen bonding and non-bonding. Wave numbers
(28002950 cm™!) belong to the -C-H (sp3 hybridization)
symmetric (2900 cm™!) and asymmetric (2950 cm™!). Two
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Fig.6 FTIR spectra of synthe-

CH stretch
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sharp peaks in wave numbers (16801730 cm™!) are attrib-
uted to the free carbonyl groups (C=0) and hydrogen-
bonded carbonyl groups. The peak corresponds to the free
carbonyl group observed at 1720-1725 cm™!, and the peak
related to the hydrogen-bonded carbonyl group is observed
at 1680-1690 cm™"'. The area below the free carbonyl and
the hydrogen bond carbonyl peaks were deconvoluted using
peak fit software. The values of HBI were investigated as

T

2600 2200 1800 1400 1000 600
Wavenumber (cm™)

an indicator of the amount of C =0 with hydrogen bonds
[29, 33-36].

Table 4 summarizes the HBI for various TPUs. The rest
of the peaks that can be seen in Fig. 7. The peaks in the wave
number range (1160—1165 cm™) are related to C—N bending.
The peaks in the wavenumber range (1360-1365 cm™!) are
related to —-CH; bending. The peaks in the range of wave-
number (1463-1466 cm™") are related to —CH, bending.

Fig.7 FTIR spectra of synthe-
sized TPUs
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Table 4, I__IBL degree of . Sample A —5 bonded Az free HBI (%) Lo (nm) L, (nm) Degree of
crystallinity, and crystal size for crystallinity
f:rys.tal plates of (1'10) and (200) (%)
in different PCL-diol and TPU
samples were calculated by PCL2000 N.O.* N.O.2 N.O.2 2738+1.78 2291+121 51.85+1.39
FTIR and XRD experiments PCL4000 N.O:2 N.O.2 N.O.2 31504143  2499+1.01 49.19+1.24
PCL 10000 N.O.2 N.O.2 N.O.2 39.12+1.83  32.91+0.87 42.74+1.17
TPU 2000  5.12+046 8.63+049 17.55+0.04 N.O. N.O. N.O.P
TPU 4000  6.32+0.51 8.75+045 3724404  1955+0.88 17.18+0.56 10.82+1.44
TPU 10000  7.35+0.53 8.83+047 4543+0.05 1683+1.01 1625+0.55 20.16+1.66

N.O.* all of them are free carbonyl

N.O.P: due to the low crystallinity, no pattern was observed

The peaks in the wavenumber range (1530-1533 cm™})
are related to C—N stretching and -NH bending vibrations.
The peaks in the wavenumbers range (1100-1104 cm™')
are related to C-O stretching. The peaks in wavenumbers
(1234-1300 cm™") are related to O=C-O stretching vibra-
tions of the ester group [29, 33-36].

As mentioned, TPUs comprise soft and hard segments
and two types of hydrogen bonds between these segments.
The hydrogen bonds are conducted between the hard seg-
ments (NH and CO of urethane) and between the hard and
soft segments (NH and CO of ester). The first hydrogen
bonding creates phase separation between hard and soft
domains, and the second leads to phase mixing. Hydrogen
bonds exist because of the structure of TPUs. The urethane
carbonyl groups (in the hard segment) and the PCL-diol

Fig.8 XRD patterns of syn-

carbonyl groups (in the soft segment) act as proton acceptor
groups and have hydrogen bonded with the NH groups in
the hard segment, which act as proton donors [29, 33-36].

The increase in the molecular weight of PCL-diol
leads to an increase in HBI. The hydrogen bonding of
urethane—urethane is increased, which causes less phase
mixing between hard and soft phases [29, 33-35].

XRD analysis of samples

X-Ray diffraction (XRD) analysis was used to examine the
crystalline structure of the samples. For PCL-diols, three
index peaks are observed in 26: (21, 22, 24)°, which corre-
sponds to the crystal plates 110, 111, and 200, respectively
(Figs. 8 and 9). The findings align with previous research
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Fig. 9 XRD patterns of all samples, crystals with (110), (200) orientations, and amorphous halo of different samples

that verifies the crystalline nature of PCL-diol [29, 33-35].
Comparing the patterns of PCL-diol and TPU, some peaks
have disappeared. The two significant peaks are observed as
the two main reflections in TPUs (Figs. 8 and 9). To measure
the impact of altering the molecular weight of PCL-diol on
the crystalline structure of the samples, the degree of crys-
tallinity and the size of the crystals in the soft part of TPUs
were determined [33-35].

Figure 8 shows the XRD patterns of the samples. In the
TPU2000 sample, no significant XRD pattern is observed
due to this polymer sample’s very low crystallinity (amor-
phous) [33-35].

@ Springer

Calculations were performed for all samples (Egs. 5 and
6). Note that the degree of crystallinity calculated by this
method is volumetric, and the results may be different from
the DSC method calculations. The data is different, but the
method is the same. According to the results in Table 4,
with increasing molecular weight of PCL-diols, the degree
of crystallinity decreases due to the inhibition of hard seg-
ments against crystallization of PCL-diol in TPU chains,
especially using soft-to-hard hydrogen bonding [29, 33, 34].
However, in TPUs, the situation is quite the opposite, so as
the polymer chain increases, crystallinity increases due to
the increase in phase separation [29, 33, 34]. As previously
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Table5 Degree of crystallinity (Xg), melting point (T,), glass tran-
sition temperature (Tg), and heat of fusion (AHgg) of PCL-diols and
TPUs determined by DSC

Sample T,(°C) T,(°C) AHg(lg) X, (%)

PCLdiol PCL2000 —58.63 50.56 8201 60.30
PCL4000 —57.12 5535  79.13 58.18
PCL 10000 —5647 5798 7857 57.77

TPU TPU2000 —37.12 3091  0.46 1.58
TPU4000 —3731 3444 563 19.62
TPU 10000 —39.75 4191 1121 31.17

mentioned, from TPU2000 to TPU10000, the degree of
phase separation is increased. The more phase separa-
tion, the less prevention imposed by hard segments on soft
segments, resulting in a higher degree of crystallinity and
increased crystal size.

DSC analysis

DSC analysis technique was used to investigate the ther-
mophysical properties of the samples, and the results are
given in Table 5 and Fig. 2. The DSC thermogram of
PCL-diols has displayed two sharp peaks at temperature
ranges of 48-57 °C and 19-28 °C, which can be assigned
to the melting and crystallization of PCL-diol crystallites,
respectively (Fig. 2a). For TPUs, it can be seen in the
temperature range 30—41 °C corresponding to the melting
point of polymer crystals. Also, the glass transition tem-
perature (T},) can be seen in the temperature range of — 37
to— 39 °C. For TPU in Fig. 2b, no transition has been seen
for the hard phase at a temperature until 200 °C. It can be
observed that the melting temperature is shifted to higher
temperatures with increasing PCL-diol molecular weight
[29, 33-35]. It can be observed that PCL-diol has higher
T, and % X_. Constraints in the crystalline structure of
the soft segments in the polymer chains have led to lower
transition temperatures of TPU samples than PCL-diol.
Hard domains in TPUs have prevented the crystallization
of PCL-diols. Also, the interaction of hydrogen bonding
between the carbonyl groups of PCL-diol from the soft
part with the urethane groups (—-NH) from the hard part

has hindered the crystallization of PCL-diol in TPU. It
can be assumed by comparing the relative crystallinity of
the soft parts, a criterion for the microphase separation of
TPUs. More microphase mixing between the hard and soft
parts has imposed more restrictions on PCL-diol crystal-
lization. Increasing the molecular weight of PCL-diol has
led to less interphase mixing and more phase separation,
resulting in increasing crystallinity in TPU [29, 33-35].

DSC analysis results confirm XRD calculations. DSC’s
calculated degree of crystallinity is the volumetric crystal-
linity, while XRD calculates mass crystallinity. The com-
parison results of Table 4 with Table 5 show that increasing
and decreasing trends are the same. The heat of the fusion
of soft parts was determined using the DSC test and Eq. (4)
[29, 33-35].

According to the results of Table 6, the increase in the
molecular weight of the soft segment (PCL-diol) leads to
a decrease in the glass transition temperature (7,) of TPUs.
In the TPU structure, the PCL-diol chains are located
between the hard segments, so their longer length leads to
greater mobility. Therefore, the glass transition tempera-
ture for TPU shifts to higher temperatures as the molecular
weight of PCL-diol increases [29, 33-35].

Mechanical properties

A tensile test was performed to evaluate the mechani-
cal behavior of TPU membrane samples. As shown in
Fig. 10 and Table 6, as the molecular weight of PCL-diol
increases, the tensile strain decreases, and the tensile
strength increases. It is observed that Young’s modulus
increases with the increasing molecular weight of PCL-
diol (Table 6). As previously mentioned, increasing the
molecular weight of PCL-diol increases HBI and the crys-
tallinity of the soft segments. The most important factor
in the mechanical properties of TPUs is HBI. Due to the
increase in hydrogen bonding between the PU chains, an
increase in tensile strength is observed. With increasing
HBI, the phase separation between hard and soft segments
is conducted, and the hydrogen bonds only occur between
the hard domains, leading to an increment in Young’s
modulus. However, in this study, the HSC was kept con-
stant by changing the molar ratio of precursors. It is found

Table 6 Young’s modulus,

. Sample Young’s modulus Elongation at ~ Tensile Yield strain (%) Yield
elhongatlon at the break, and (MPa) break (%) strength (MPa) stress
yield stress of TPU membranes

(MPa)
TPU 2000 24.47 512.86 2.54 5.51 0.77
TPU 4000 496.68 449.65 15.49 3.26 6.82
TPU 10000 661.50 325.61 26.09 6.33 10.50
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Fig. 10 Tensile stress—strain 30
curves of prepared TPU mem-
branes
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that the mechanical properties of the TPU membrane are
improved by increasing the molecular weight of PCL-diol
[7, 17,33, 34].

Gas permeation properties

The permeability of the membranes at a temperature of
25 °C and pressures of 3, 6, and 9 atm for CO, and N,

Fig. 11 Variation of perme- 350

200 300 400 500 600
Strain in %

gas were measured independently. In Fig. 11, the perme-
ability of the gas through the membrane can be seen. It is
observed that the permeation of CO, is higher than N, in
all membranes. As mentioned in the “Introduction” sec-
tion, the gas permeation mechanism occurs in three stages:
the adsorption of gas molecules, the diffusion of gas mol-
ecules, and the desorption of gas molecules through the
membrane’s outer surface. The permeation content of gas

ability in TPU membranes with

pressure for CO, and N, gases.
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Table 7 Permeability of TPU samples

Permeability (Barrer)

Gas Sample Pressure (atm)
3 6 9

Co, TPU 2000 7.33 8.12 9.54
TPU 4000 34.97 67.64 81.28
TPU 10000 101.50 181.26 302.48

N, TPU 2000 0.01 0.02 0.03
TPU 4000 2.56 6.35 10.76
TPU 10000 9.86 17.93 42.24

such as CO, through the polymeric membrane relates to its
dissolution behavior in polymers. In the polymer structure,
the presence of carbonyl groups causes further dissolu-
tion of CO, gas in the TPU membrane. It is observed that
with increasing PCL-diol molecular weight, this dissolu-
tion and, consequently, permeability is increased. CO, is a
weak electrophile that tends to receive electrons. Increased
molecular weight and, consequently, hydrogen bonding in
TPUs can be determining factors in increasing CO, dis-
solution in TPU membranes [7, 10, 13].

The permeability and selectivity of gas are given in Table 7
and 8. For TPU2000, it is observed that it has less permeability
for both gases. Less phase separation, low polymer chain mobil-
ity, and low HBI have resulted in less gas permeability. However,
the selectivity of CO, gas is higher than N,. At a certain pres-
sure, increasing the polymer chain lengths (due to the increase
in the molecular weight of PCL-diols) has improved the gas
permeability but reduced the selectivity [4, 16, 24-26].

In addition, increasing the gas pressure caused enhance-
ment of the permeability and decline of the selectivity due to
the improvement of the solubility of N, and CO, gas in TPU
membranes. However, the change in the rate of dissolution
of CO, in TPU with pressure variations is higher than N,
due to the higher affinity of CO, to urethane and carbonyl
groups of TPU compared to N, gas [4, 14, 16, 17, 24-26].

Table 8 Selectivity of TPU samples

Selectivity (acoyng)

Sample Pressure (atm)

3 6 9
TPU 2000 45.33 36.36 27.14
TPU 4000 13.65 10.65 7.55
TPU 10000 10.29 10.11 7.16

Conclusions

Thermoplastic polyurethanes containing 30 wt.% HSCs
were synthesized using IPDI as diisocyanate, BDO as the
chain extender, and PCL-diol with different molecular
weights as a polyol. PCL-diols by different My, (2000,
4000, and 10,000 g/mol) were adjusted and used in TPU
synthesis. The 'H-NMR and FTIR spectra showed that
PCL-diol and TPU were successfully synthesized. In
addition, FTIR spectra manifested that the increasing
molecular weight of PCL-diol caused an enhancement of
the hydrogen bonding index (HBI) in TPU, which led to
an increase in phase separation. XRD analysis showed a
decrease in the crystallinity of the samples with PCL-diol
molecular weight increment, confirmed by the DSC ther-
mograms. The tensile tests revealed that the increase in
the My, of the PCL-diol soft segments and in the HBI of
TPU led to an increment in tensile strength and Young’s
modulus of TPU samples. In the gas permeability test, it
was noticed that, at all pressures, the increase in My, of
PCL-diol due to the enhanced polymer chain length in
TPUs led to the enhancement in permeability of CO, and
N, gas. However, due to the saturation of CO, in the TPU
membrane, the increase in molecular weight caused the
selectivity to be decreased.
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