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Abstract
Two series of new sulfur-containing thermoplastic poly(carbonate-urethane)s (PCURs) were prepared by a one-step melt

polyaddition from diphenylethane derivative diol, i.e., 4,40-(ethane-1,2-diyl)bis(benzenethiohexanol) as a nonconventional

chain extender, 1,10-methanediylbis(4-isocyanatobenzene) (MDI) or 1,6-diisocyanatohexane (HDI) and 20–60 mol%

poly(hexane-1,6-diyl carbonate) diol of Mn ¼ 860 g mol-1 as a soft segment. The FTIR and XRD as well as DSC, TG, and

TG coupled with FTIR were employed to characterize the PCURs’ structure and thermal properties. Their physico-

chemical, adhesive, and tensile properties as well as Shore A/D hardness were also studied. The amorphous MDI-based

PCURs were transparent materials (transmittance at 800 nm: 83–88%), while the HDI-based ones, showing partially

crystalline structures (the degree of crystallinity: of 20–28%), were opaque. The polymers derived from HDI exhibited

lower glass-transition temperatures than those obtained from MDI (from – 29 to – 12 �C vs. from 14 to 46 �C) as well as a

higher degree of microphase separation. In turn, the PCURs based on MDI revealed higher tensile strength (up to 50.8 MPa

vs. up to 33.4 MPa) and better thermal stability (e.g., the temperature of 1% mass loss: 294–305 �C vs. 262–278 �C).

These sulfur-containing PCURs exhibited better adhesive properties to copper compared with the conventional PCURs

synthesized from butane-1,4-diol as a chain extender.

Keywords Sulfur-containing chain extender � HDI and MDI � Poly(hexane-1,6-diyl carbonate) diol � Thermal properties �
Mechanical and adhesive properties

Introduction

Thermoplastic polyurethane elastomers (TPUs) are inclu-

ded in the important family of polymeric materials. Com-

bination of such properties as high tensile strength and

hardness with large elongation at break as well as excellent

tear, abrasion, and chemical resistance results in a wide

array of their applications ranging from footwear and ski

boots to gaskets and seals. TPUs show mechanical prop-

erties which are typical of rubbers but can be processed by

the methods applied for thermoplastics, i.e., injection,

extrusion, calendaring. Moreover, they can be reshaped and

recycled without affecting their physical properties nega-

tively. This is possible owing to the absence of chemical

cross-links, which usually occur in conventional rubbers

[1–4]. The functional properties of TPUs are, in part, due to

their segmented structure. They are multiblock copolymers

formed by thermodynamically incompatible hard and soft

segments. The hard segments are built from the alternating

diisocyanate short-chain diol (chain extender) sequences,

while the soft segments are constituted by a polymer diol.

The former acts as reinforcement sites and provides

physical cross-links by molecular association through
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hydrogen bonding, performing a similar role to chemical

cross-links in rubbers. Thus, they exert strong influence on

the modulus, hardness, tear strength, and thermal stability.

In turn, the latter control the elasticity, softness, elongation

at break, and low-temperature resistance [5–7].

The selection of appropriate reacting components is

crucial for obtaining TPUs of the desired properties that

satisfy customers’ requirements. Applications of polyester

diols as soft segments enable preparation of TPUs of rel-

atively good physical properties; however, they are sus-

ceptible to hydrolytic cleavage of the ester linkages. On the

other hand, TPUs based on polyether diols exhibit a greater

hydrolysis resistance and are preferred in the uses where

hydrolytic stability is desired. Unluckily, the poly(ether-

urethane)s are prone to oxidation [6, 8]. Both these dis-

advantages can be overcome when replacing polyester or

polyether segments by oxidatively and hydrolytically

stable polycarbonate ones. The poly(carbonate-urethane)s

(PCURs) owing to their superior mechanical and biological

properties are favored as biopolymers for long-lasting

implantation [9–12]. Aromatic diisocyanates, e.g., 1,10-
methanediylbis(4-isocyanatobenzene) (MDI) and 2,4-di-

isocyanato-1-methylbenzene, as a part of the hard seg-

ments, produce TPUs of high tensile strength and modulus

as well as thermal resistance [6, 13, 14]. However, unfa-

vorable yellowing upon exposure to heat or UV–VIS light

confines their applications for outdoor usages. Aliphatic

diisocyanates, such as 1,6-diisocyanatohexane (HDI) and

1,10-methanediylbis(4-isocyanatocyclohexane), make it

possible to obtain light and coloring stable materials with a

higher degree of microphase separation and better resis-

tance to hydrolytic degradation over aromatic ones, though

mechanical properties may be deteriorated [6, 14, 15]. For

the synthesis of TPUs as chain extenders, aliphatic diols, of

which butane-1,4-diol (BD) is most frequently used, are

generally chosen [16], whereas the aromatic chain exten-

ders are preferable in the case of reactions that must be

highly controlled. Due to electron delocalization, they are

characterized by less reactivity than aliphatic ones [6, 7].

The aromatic and aliphatic–aromatic diols are also

advantageous when the aim is to prepare materials of

higher modulus of elasticity and hardness, enhanced ther-

mal stability or liquid crystalline properties [7, 17–21]. The

investigation interests of co-workers and myself include

aliphatic–aromatic diols with sulfur atoms, being the

derivatives, among others, of diphenylmethane [22–24],

diphenyl ether [25, 26], and diphenyl sulfide [25–29]. They

enable preparation of thermoplastic polyurethanes of good

thermal stability and mechanical properties and simulta-

neously of higher adhesive strength to metals and refractive

index compared with the aliphatic ones [23, 26–28].

This paper deals with the synthesis and characterization

of new thermoplastic PCURs based on the diphenylethane

derivative diol. The main purpose of the research was to

determine the effect of aliphatic and aromatic diisocyanate

on the structure and physicochemical, thermal, mechanical,

and adhesive properties of new PCURs differing in soft-

segment contents. The PCURs were synthesized from HDI

or MDI, 4,40-(ethane-1,2-diyl)bis(benzenethiohexanol) and

20–60 mol% poly(hexane-1,6-diyl carbonate) diol (PHCD)

of Mn ¼ 860 g mol-1, and examined by Fourier transform

infrared (FTIR) and ultraviolet–visible (UV–VIS) spec-

troscopies, X-ray diffraction analysis (XRD), thermo-

gravimetry (TG), TG-FTIR, and differential scanning

calorimetry (DSC). The measurements of Shore hardness,

tensile properties, and lap shear strength to copper were

performed. Of significant importance was also finding out

which of the prepared polymers are characterized by

elastomeric properties.

Experimental

Materials

The diol H (m.p. = 116–117 �C) was obtained by the

condensation reaction of 4,40-(ethane-1,2-diyl)bis(ben-

zenethiol) with 6-chlorohexan-1-ol. The general procedure

was as follows: 4,40-(ethane-1,2-diyl)bis(benzenethiol)

(14.78 g, 0.06 mol) was dissolved in 250 cm3 of 10%

aqueous of sodium hydroxide, and the resulting solution

was heated to 60 �C. 6-chlorohexan-1-ol (17.97 g,

0.125 mol) in 10 cm3 of ethanol was then added dropwise

under vigorous stirring. The reaction mixture was heated

and stirred in a water boiling bath for 2 h. Then it was

cooled, and the condensation product separated as a white

precipitate was collected by filtration, washed thoroughly

with water, and dried in air. The crude compound (22.5 g,

84% yield) was recrystallized twice from benzene and

dried in vacuo to a constant mass [30]. Sodium hydroxide,

ethanol, and benzene (POCh, Poland) and 6-chlorohexan-

1-ol (Fluka, Switzerland) were analytical reagent grade and

used as received. Also the reagents such as MDI (98%)

from Sigma-Aldrich (Germany) and HDI (99%) and

dibutyltin dilaurate (DBTDL) from Merck–Schuchardt

(Germany) were used without further purification. In turn,

prior to the use, PHCD of Mn ¼ 860 g mol-1 from Aldrich

(USA) was heated at 90 �C in vacuo for 10 h (to about

0.005% water content).

Synthesis of PCURs

The PCURs, containing 20, 40, 50 or 60 mol% of the soft

segment, were synthesized according to Scheme 1 by a

one-step melt polyaddition of MDI or HDI, diol H, and
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PHCD. The syntheses were conducted at the NCO/OH

molar ratio of 1 (from MDI) or 1.05 (from HDI) in the dry

nitrogen atmosphere. In case less reactive aliphatic diiso-

cyanate was used, the syntheses were carried out in the

presence of DBTDL as a catalyst.

To synthesize the HDI-based PCURs, the diol H and

PHCD (0.01 mol together) and HDI (0.0105 mol) were

weighed out into a three-necked round-bottom flask fitted

with a mechanical stirrer, a gas inlet tube and a calcium

chloride drying tube, and placed in an oil bath of a tem-

perature 130 �C. Next to the clear and mixed melt DBTDL

(0.03 g) was added. In the case of the MDI-based PCURs,

diisocyanate (0.01 mol) was put into a flask only after

melting and mixing of dihydroxy compounds at 130 �C.

The reactions were continued until the viscosity increase

made stirring impossible. Then the formed colorless pro-

duct was conditioned at 140 �C for 2 h.

Measurements

Reduced viscosities (greds, dL g-1) of 0.5 mass% PCUR

solutions in a phenol (Ph)/1,1,2,2-tetrachloroethane

(TChE) (Ph/TChE) mixture with a mass ratio of 1:3 were

determined in an Ubbelohde viscometer (Poland) at 25 �C.

The FTIR spectra were recorded with a Bruker Tensor

27 FTIR spectrometer (Germany) using the attenuated total

reflectance (ATR) technique. All spectra were obtained

within the range of 600 and 4000 cm-1 in the absorbance

mode. The spectral resolution was 4 cm-1 with 32 scans

taken for each spectrum. The infrared carbonyl stretching

region of the polymers was resolved into the Gaussian

curves using OPUS 7.2 software.

TG was done on a Netzsch STA 449 F1 Jupiter

thermal analyzer (Germany) in helium atmosphere

(flow = 20 cm3 min-1) from room temperature up to

1000 �C at the heating rate of 10 �C min-1. The TG

analysis was conducted in Al2O3 crucibles. The mass of the

sample was * 10 mg. The composition of a gas evolved

during the decomposition process was detected and ana-

lyzed by a Bruker Tensor 27 FTIR spectrometer (Germany)

coupled online to a Netzsch STA instrument by the Teflon

transfer line with a 2 mm diameter heated to 200 �C. The

FTIR spectra were recorded in the spectral range of

600–4000 cm-1 with a 4 cm-1 resolution and 16

repetitions.

DSC was performed by means of a Netzsch 204

calorimeter (Germany). The measurements were done in

aluminum pans with pierced lid (mass of 40 ± 1 mg). As a

reference an empty aluminum crucible was used. Dry

nitrogen gas with a flow rate of 30 mL min-1 was purged

through the sample cell. Cooling was accomplished with

liquid nitrogen. About 10 mg samples (± 0.2 mg) were

cooled to – 100 �C, heated to 200 �C, cooled again to

– 100 �C and reheated to 200 �C. The heating/cooling rate

of 10 �C min-1 was applied. The reported transitions were

taken from the first and second heating cycles. The

inflection point on the curves of the heat capacity changes

has been chosen to represent the glass transition tempera-

tures (Tgs) for the polymer samples. Melting temperatures

(Tms) were read at the endothermic peak maxima.

The XRD patterns of the PCUR samples were collected

using a DRON-3 X-ray apparatus (Russia) with a copper

tube and nickel filter. The data collection was recorded in

the range of 8–50� with a step of 0.04�. The obtained

patterns were analyzed applying the WAXSFIT computer

program [31]. The program resolves a diffraction curve on

diffraction peaks and amorphous halo which allows to

estimate the degree of crystallinity.

Press molding was carried out with a Carver hydraulic

press (USA) at 120–140 �C (for the PCURs based on HDI)

and 150–165 �C (for the PCURs based on MDI) under

10–30 MPa pressure.

The transparency of the compression-molded 1-mm-

thick plates was measured using a UV-1800 (Shimadzu,

Japan) UV–VIS spectrophotometer in the 300–900 nm

wavelength range with a sampling interval of 0.5 nm.

The hardness of the PCURs was measured by the Shore

A/D method on a Zwick 7206/H04 analog hardness testing

apparatus (Germany) at 23 �C according to ISO 828 stan-

dard; readings were taken after 15 s.

PHCD

orR = -(CH2)6-

O C N R N C O +
S

S(CH2)6OH
(CH2)6 OH

+

x y

where
nO(CH2)6OH C

O
O (CH2)6 OHPHCD =

HO OH

C
O

N
H

R N
H

C
O

O
S

S(CH2)6
(CH2)6 O C N

H
R N

H
C
OO O O

p

Scheme 1 Synthesis of PCURs
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The mechanical properties of the PCURs were deter-

mined by tensile testing on the specimens cut from the

pressed sheets (1 mm thick and 6 mm wide for the section

measured) at the head speed of 100 mm min-1 at 23 �C
using a Zwick/Roell Z010 (Germany) apparatus. The Pol-

ish Standard PN-81/C-89034 (EN ISO Standard

527-1:1996 and 527-2:1996) was applied.

The single-lap shear strength of the PCURs to the cop-

per plate sized 100 mm 9 25 mm 9 1.5 mm was mea-

sured using a Zwick/Roell Z010 (Germany) machine

following the Polish Standard PN-EN 1465:2009. The

adhesive joint, 12.5 mm 9 25 mm 9 0.2 mm, was done

by pressing the PCUR between the ends of two copper

sheets at 120–160 �C (following PN-EN-13887:2005) and

then leaving them under a pressure of 30 MPa to cool to

room temperature. Next, the plates were fixed by the ten-

sile-testing machine clips and underwent tensile testing, the

head speed of 2 mm min-1 at 23 �C.

Results and discussion

Table 1 presents the designations, gred and transmittance

data for the PCURs.

The PCURs synthesized from HDI turned out to be

opaque materials, while those from MDI exhibited good

transparency. Transmittances at 800 and 500 nm deter-

mined for the latter polymers were contained in the range

of 83.0–87.8% and 69.8–74.1%, respectively (see Table 1

and Fig. 1). The PCURs of both types exhibited high

resistance against the common organic solvents at room

temperature. All of them did not dissolve in dimethyl

sulfoxide, tetrahydrofuran, chloroform, N,N-dimethylac-

etamide, N,N-dimethylformamide, and N-methyl-2-

pyrrolidone. The MDI-derived ones were also insoluble in

TChE and partially soluble only in a Ph/TChE mixture

whereas the HDI-based ones completely dissolved in a Ph/

TChE mixture and partially in TChE. The gred values

received in this mixture point to high molar masses of all

the PCURs.

ATR-FTIR

The chemical structures of the polymers were examined by

ATR-FTIR spectroscopy. All the spectra exhibit significant

absorptions of the urethane and carbonate groups as well as

the benzene ring and methylene group as is shown below

and in Fig. 2. On the other hand, the absorption charac-

teristics of the isocyanate group at * 2270 cm-1 are not

Table 1 Designations, gred values, and transmittance data of the PCURs

PCUR Diisocyanate Soft-segment content/mol% Hard-segment content/mas% gred/dLg-1 Transmittance/%

T500
a T800

a

M-2 MDI 20 77.9 4.62b 74.1 83.0

M-4 40 60.1 3.67b 73.8 83.5

M-5 50 52.4 1.17b 71.2 83.6

M-6 60 45.4 2.57b 69.8 87.8

H-2 HDI 20 75.3 2.47 Opaque

H-4 40 55.9 1.78 Opaque

H-5 50 47.7 1.98 Opaque

H-6 60 40.2 1.42 Opaque

aTransmittance data at 500 and 800 nm, respectively
bgred values of the soluble fraction
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Fig. 1 UV–VIS spectra of the PCURs based on MDI
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displayed, which is a sign of its full conversion. In order to

investigate the hard–hard and hard–soft segments interac-

tions by H-bonding, the deconvolution of the carbonyl

stretching band was done. The studies were carried out not

only for all the PCURs, but also for the regular poly-

urethanes (RPURs) synthesized from the diol H and MDI

(M) or HDI (H) in melt, being the models of hard segments

in the PCURs, and PHCD as the representative of a soft

segment. Only on the basis of the results, which are given

in Tables 2 and 3 and Figs. 3–5, it is possible to ascribe

peaks belonging to the non- and H-bonded carbonyls

originating from the carbonate and urethane groups.

ATR-FTIR for the PCURs from MDI (cm-1):

1529–1528 (N–H bending) and 3337–3325 (N–H stretch-

ing) of the urethane group; 1736–1699 (C=O stretching of

the urethane and carbonate groups); 1249–1247 (C–O

stretching of the carbonate group); 2934–2928 and

2859–2856 (asymmetric and symmetric C–H stretching of

CH2); 1596 and 1494–1493 (C–C stretching of benzene

ring); 815–814 (C–H bending of p-disubstituted benzene

ring).

ATR-FTIR for the PCURs from HDI (cm-1):

1533–1532 (N–H bending) and 3330–3328 (N–H stretch-

ing) of the urethane group; 1741–1683 (C=O stretching of

the urethane and carbonate groups); 1253–1248 (C–O

stretching of the carbonate group); 2932–2928 and

2859–2857 (asymmetric and symmetric C–H stretching of

CH2); 1494–1493 (C–C stretching of benzene ring);

815–814 (C–H bending of p-disubstituted benzene ring).

From the deconvolution of carbonyl stretching region

for the HDI series PCURs (see Table 2 and Fig. 3), it

results that it is composed of six bands. Taking into

account the deconvolution of semicrystalline RPUR H [30]

and PHCD, presented in Fig. 5, the band at the highest

wavenumber, i.e., 1743–1740 cm-1, should correspond to

the non-H-bonded carbonate carbonyl groups and the next

at 1721–1717 cm-1 should be attributed to the H-bonded

carbonate and non-H-bonded urethane ones. In turn, the

remaining bands are connected with the H-bonded urethane

carbonyl groups in the amorphous (at 1712–1705 cm-1) or

crystalline (at 1693–1645 cm-1) hard-segment domains

[9]. As can be seen, an increase in the soft-segment content

was accompanied by an increase in the fraction of the non-

H-bonded carbonate carbonyl groups (from 20.7 to 50.4%),

indicating a drop in the extent of urethane–carbonate

interactions. The consequence is a growth of the degree of

microphase separation. Furthermore, it can be noticed that

the fraction of the H-bonded urethane carbonyl groups in

the amorphous hard-segment domains (in the range of

3.3–11.8% for the samples H-4–H-6 and not detected for

the sample H-2) was significantly lower in comparison with

that in the crystalline ones (35.3–59.6%), and this points

out that all polymers of this series were characterized by a

high degree of crystallinity. These inter-urethane interac-

tions were also dependent on the PCUR composition. Thus,

with the increase in the content of PHCD soft segment, the

share of the latter fraction decreased indicating a decrease

3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600

Wavenumber/cm –1

A
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ba
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Fig. 2 ATR–FTIR spectra of

selected PCURs
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in hard-segment ordering. These results are in accordance

with the DSC and XRD data presented further in the paper.

The deconvolution of carbonyl stretching region per-

formed for the MDI series PCURs (see Table 3 and Fig. 4)

revealed that this region is built from three or four bands: I

at 1742–1738 cm-1, II 1724–1721 cm-1, III 1705–

1696 cm-1 and IV 1680–1662 cm-1 (except for the sam-

ple M-6). Band I can be related to the non-H-bonded

carbonate carbonyl groups, band II to the H-bonded car-

bonate carbonyl groups and the non-H-bonded urethane

carbonyl groups, while bands III and IV to the H-bonded

urethane ones. Considering the DSC curves shown in

Fig. 6, which present very low endothermic peaks and only

for polymers M-2, M-4 and M-5, band III should be

associated with the presence of completely amorphous

hard-segment domains, and band IV of low-ordered one.

However, in the other papers concerning MDI-derived

polyurethanes, the band at 1705–1695 cm-1 was attributed

to the H-bonded urethane carbonyls in the ordered crys-

talline phase [32, 33]. Similarly to the PCURs of HDI

series, with the increase in the soft-segment content the

share of band I increased, pointing to the rise of the degree

of microphase separation. The biggest difference was

observed between the M-2 polymer (9.7%) and M-4

(39.0%). This suggests that these polymers differ most in

the degree of microphase separation as confirmed by the

DSC analysis.

From the above analysis, it follows that the HDI-based

PCURs are more prone to hydrogen bonding within the

hard segments than the MDI-based counterparts. Linear

aliphatic nature of HDI favors the urethane groups in the

same plane resulting in the creation of highly ordered hard-

segment domains. In turn, the aromatic nature of MDI

introduces steric hindrances and restricts the formation of

highly ordered structures.

DSC

The numerical data [definite Tg, Tm and heat of melting

(DHm) values] obtained for all the PCURs after one-month

conditioning at room temperature are summarized in

Table 4, whereas the DSC curves are presented in Figs. 6

and 7. To facilitate the interpretation of the results Table 4

and Figs. 6 and 7 contain the earlier presented data

determined for both the RPURs [30] and PHCD [34].

The curves received for the PCURs based on MDI

(Fig. 6) in the first heating scans exhibit a small

endothermic peak (except for the M-6) with the maximum

ranging from 106 to 124 �C, connected with the melting of

hard-segment domains, which disappears in the second

heating scans. This points to a low tendency to form

ordered structures by these polymers. Moreover, the curves

display a glass transition in the range of 14–46 �C (ITa
bl
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heating scan) and 12–37 �C (II heating scan). In the case of

polymer M-2, just as it was observed for the RPUR M [30],

a sharp relaxation peak superimposed on this transition can

be seen in the first heating cycle. In turn, the second heating

cycle of this polymer shows the glass transition in the

normal shape. Such endothermic peak results from the

relaxation of the enthalpy occurring during the storage of

the amorphous polymers at a temperature not much lower

than that of the glass-transition region. Unfortunately, the

Tg values limit the applicability of the MDI-based PCURs

as elastomers at room temperature. Similar or somewhat

higher Tg values were discovered for the analogous poly-

mers produced from the other aliphatic–aromatic chain

extenders [22, 26].

The curves obtained for the PCURs based on HDI

(Fig. 7) in the first heating scans show two or three

Table 3 Characteristics of the carbonyl stretching region of the PCURs based on MDI

PCUR H-bonded urethane C=O band H-bonded carbonate and non-H-bonded urethane C=O

bands

Non-H-bonded carbonate C=O

band

t/cm-1 Area/% t/cm-1 Area/% t/cm-1 Area/% t/cm-1 Area/%

M-2 1662 1.5 1696 45.3 1724 43.5 1742 9.7

M-4 1670 2.8 1701 42.2 1721 16.0 1738 39.0

M-5 1680 3.3 1702 36.6 1721 15.6 1738 44.5

M-6 1705 39.4 1721 10.5 1738 48.1
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Fig. 3 Deconvolution of the carbonyl stretching region of the PCURs based on HDI (dashed line: recorded spectra, solid line: resolved peaks)
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endothermic peaks with the maxima in the range of

47–129 �C. Considering the data received for PHCD and

RPUR H, it can be stated that these peaks are associated

with the melting of hard-segment domains. However, the

lower-temperature peaks at 47–53 �C could be ascribed to

the melting of the short-range-ordered structures, whereas

those at 112–129 �C correspond to the melting of the more

ordered structures, including long-range-ordered ones. The

maxima of the higher-temperature endothermic peaks shift

toward lower values, and the DHm values decrease with the

increasing soft-segment content, which indicates a decrease

in the ordering degree. Nevertheless, these relatively sharp

and high peaks are a sign that all the HDI-derived PCURs

possessed a high degree of ordering within the hard-seg-

ment domains. The presence of these peaks also in the

second heating scans (with the maxima at 109–133 �C)

confirms the high tendency of these PCURs to form

ordered structures. In order to detect the presence of the

crystalline phase in these polymers, XRD studies are

necessary. Apart from the above-mentioned peaks, steps

connected with a glass transition appear on the DSC

curves. In the first heating cycle, Tgs were contained in the

range of – 29 to – 12 �C, while in the second heating one,

they generally moved to somewhat higher values (– 26 to

– 9 �C) as a result of the mutual miscibility of the soft and

hard segments during the first heating. The lower Tgs and

closer to that of pure oligomerol used as a soft segment (–

69 �C) indicate that the PCURs synthesized from HDI

showed a higher degree of microphase separation in com-

parison with those obtained from MDI. The higher degree

of microphase separation is caused by weaker interactions

of the N–H urethane groups of the hard segments with the

carbonate C=O groups of soft-segment chains and stronger

interactions between the hard segments, resulting in the

higher degree of ordering of the hard-segment domains.
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Fig. 4 Deconvolution of the carbonyl stretching region of the PCURs based on MDI (dashed line: recorded spectra, solid line: resolved peaks)
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XRD

Considering the DSC data, the XRD analysis was made

only for the PCURs obtained from HDI. The received

patterns are presented in Fig. 8, while the results of the

analysis of these patterns by the WAXFIT program are

given in Table 5 and on the sample plot in Fig. 9. From

these data, it follows that all the examined polymers

exhibited semicrystalline structures. Namely, on all XRD

patterns crystalline peaks were found. As these peaks were

assumed those whose full width at half-maximum

(FWHM) was contained in the range of 0.4–1.8�. The

degree of crystallinity calculated for the polymers, as the

ratio of the sum of crystalline to the total sum of crystalline

and amorphous peaks areas, decreased as the soft-segment

content grew from 27.6 to 19.9%. This is consistent with

the results obtained using the DSC method.

Taking into account the obtained results, it can be said

that the studied PCURs were characterized by more

ordered structures than the earlier synthesized PCURs from

the diol containing diphenylmethane unit, i.e., 6,60-
[methylenebis(1,4-phenylenemethylenethio)]dihexan-1-ol,

which exhibited the crystallinity degree in the range of

0.8–5.1% [35]. In view of the possibility of rotation around

the central –C–C– bond, the diphenylethane units allow

more compact packing and crystallization between the hard

segments in comparison with the diphenylmethane ones

[6].

TG

The TG method was used to determine the thermal stability

of both the PCURs and RPURs under the inert conditions.

Based on the course of TG curves, the temperatures of 1, 5,

10 and 50% mass loss (T1, T5, T10, T50) were designated,

whereas the temperature of the maximum rate of mass loss

(Tmax) for particular decomposition stages was designed on

the basis of differential TG (DTG) curves. Table 6 gives all

the determined values, while Figs. 10–13 display the

obtained curves. Moreover, for the RPURs and PCURs

with 50 mol% PHCD content (M-5 and H-5) an analysis of

volatile decomposition products was conducted by the TG

coupled with FTIR spectroscopy (TG-FTIR). Figure 14

presents the 3D FTIR plots for PCURs M-5 and H-5,

whereas Figs. 15–17 show the FTIR spectra obtained at the

maximum rate of the thermal decomposition of all exam-

ined polymers. In order to make the interpretation of the

results easier, the TG-FTIR studies were also carried out

for diol H. The data obtained are presented in Fig. 18.

The DTG curves obtained for both RPURs (Fig. 10)

show two overlapping peaks indicating a two-stage

decomposition process. In the case of polymer based on

MDI these peaks, with the maxima at 378 and 419 �C, have

almost the same intensity, although they relate to * 65 and

32% mass losses, respectively. In turn, on the curves of the

HDI-based polymer the peaks of significantly different

intensity are observed with the maxima at 343 and 421 �C.
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They correspond to * 26 and 72% mass losses. The peaks

with the maxima in the range of 343–378 �C can relate to

the decomposition of urethane and sulfide bonds [22],

while those with the maxima in the range of 419–421 �C
are probably associated with the decomposition of aliphatic

chains and aromatic units [34, 36]. These assumptions

require the analysis of volatile decomposition products.

From the analysis of TG data (Table 6), it follows that

RPUR M was characterized by higher T1 (307 vs. 290 �C),

T5 (334 vs. 316 �C), T10 (348 vs. 330 �C) but lower T50

(387 vs. 409 �C) than RPUR H.

The FTIR spectrum of RPUR H (Fig. 15) from the first

decomposition step (Tmax at 343 �C) shows significant

absorption of carbon dioxide (bands at 2359–2310 cm-1

associated with the asymmetric stretching vibrations and at

669 cm-1 with the degenerate bending vibrations) and very

small of water (at * 4000–3500 and * 1800–1300 cm-1,

connected with the stretching and bending vibrations,

correspondingly). In turn, the spectrum recorded during the

second decomposition step (Tmax at 421 �C) does not

exhibit the bands typical of carbon dioxide, and shows

those characteristic of carbonyl sulfide and aliphatic

unsaturated compounds. The creation of the former product

is evidenced by the bands at 2072 and 2047 cm-1, char-

acteristic of asymmetric and symmetric C=O stretching

vibrations, respectively. The formation of the latter prod-

ucts is manifested by the bands at 930 and 965 cm-1 as

well as at 3086 cm-1 (the C–H out-of-plane deformation

and stretching vibrations, respectively, of –CH=CH2

group), at 2935 and 2877 cm-1 (the asymmetric and

symmetric C–H stretching vibrations of –CH3 and =CH2

groups, correspondingly), at 1642 cm-1 (the C=C stretch-

ing vibrations of –CH=CH2 group) and at 1452 and

1390 cm-1 (the C–H bending vibrations of –CH3 and

=CH2 groups). Thus it can be assumed that in the first step

only urethane linkages decomposed, whereas in the second

one, the sulfide linkages and aliphatic fragments of poly-

mer chains were susceptible to decomposition. In addition,

the absence of bands coming from the aliphatic unsaturated

alcohols (probably 5-hexen-1-ol [37], being the product of

diol H decomposition (see Fig. 18) and amines points to

the fact that the urethane linkage degradation was not
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Fig. 6 DSC curves of the MDI-

based PCURs

Table 4 DSC data of the polymers

Polymer Tg/�C Tm/�C DHm/J g-1

Ia IIa Ia IIa Ia IIa

M 55 57 137 8.8

M-2 46 37 124 1.6

M-4 22 23 111 7.8

M-5 18 17 106 2.1

M-6 14 12

H 20 17 151 146, 158 63.2 71.9

H-2 – 12 – 9 49; 128 133 2.0; 35.0 37.5

H-4 – 21 – 21 49; 129 126 3.5; 33.3 37.8

H-5 – 29 – 24 53; 112, 123 120 3.2; 27.1 27.0

H-6 – 29 – 26 47; 115 109 5.4; 23.8 23.1

PHCD – 69 – 63 10, 30 31 55.5 37.2

aI and II, first and second heating scans, respectively

1058 M. Rogulska et al.

123



attached to its dissociation as well as did not proceed

according to the mechanism, as a result of which volatile

primary amines, alkenes and carbon dioxide were gener-

ated. This suggests, however, that nonvolatile secondary

amines and carbon dioxide were formed according to the

following way [38, 39]:

RNHCOOAr ! RNHAr þ CO2

The spectrum of RPUR M (Fig. 15) from the first

decomposition step (Tmax at 378 �C) besides the bands

typical of carbon dioxide (also of high intensity), displays

the bands of low intensity which indicate formation of

carbonyl sulfide (at 2072 and 2047 cm-1), unsaturated

aliphatic compounds (at 3086, 2937, 2872, 996 and

915 cm-1) and alcohols (at 1045 cm-1, connected with the

C–OH stretching vibrations). Here, the band at * 3700–

3550 cm-1 can originate from both alcohols (the O–H

stretching vibrations) and carbon dioxide. The spectrum

collected during the second decomposition step exhibits the

same bands as that from the first step. Nevertheless, the

bands coming from carbon dioxide and carbonyl sulfide

have lower intensities whereas those of unsaturated alco-

hols are of higher intensities. Moreover, the spectrum

exhibits additionally the bands confirming the evolution of

unsaturated compounds (at 1641, 1452 and 1379 cm-1). In

the spectrum there are also bands visible at 2181 and

2110 cm-1 which are a sign of the presence of carbon

monoxide. Taking into account these results it can be stated

that urethane and sulfide linkages decomposed in both

stages, however, the main decomposition of urethane

linkages occurred in the first one. Subsequently, the pres-

ence of the bands characteristic of aliphatic unsaturated

alcohols indicates that the decomposition of urethane

bonds was connected with their dissociation to MDI and

diol H followed by the carbodiimization of isocyanate and

accompanied by the emission of carbon dioxide [38, 39]:

ArNHCOOR ! ArNCO þ ROH

2ArNCO ! Ar-N=C=N-Ar + CO2
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Fig. 7 DSC curves of the HDI-

based PCURs as well as of

PHCD
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All the PCURs being the derivatives of MDI, just as

RPUR M, decomposed in two stages. The DTG curves

show two overlapping peaks with the maxima at

359–366 �C and 402–414 �C. The increase in the PHCD

content caused an increase in the peak intensity at a lower

temperature, and a decrease at a higher temperature (as is

illustrated in Fig. 12). Thus, mass loss from * 73 (for

M-2) to * 93% (for M-6) was observed in the first

decomposition stage, whereas in the second decomposition

stage the range was from * 16 (for M-2) to * 5% (for

M-6). The comparison of the DTG data obtained for the

PCURs, RPUR M and PHCD reveals that the first step of

the decomposition of hard segments was simultaneous with

that of soft segments. In turn, the PCURs synthesized from

HDI decomposed in three stages. The DTG curves exhibit

three peaks, also partially overlapped, with the maxima at

330–339, 363–383 and 403–406 �C (see Fig. 13). The peak

at 363–383 �C, not visible on the curve obtained for

RPUR H, should therefore be ascribed to the decomposi-

tion of PHCD soft segments. Due to the fact that the peak

at 330–339 �C has higher intensity than that at

403–406 �C, contrary to the situation of RPUR H decom-

position, it can be assumed that the decomposition of the

hard segments built into the structure of PCURs took place

following a different mechanism than that of the isolated

hard segment. The differences in peak intensities increased

with the growth of the soft-segment content. The mass loss

of the first step was in the range of * 41–64% whereas of

the third one: * 8–26%.

As it is evident from the data contained in Table 6, the

PCURs based on MDI showed higher T1, T5, T10, T50 than

those based on HDI, as already found for RPURs (with the

exception of T50). In both series, these temperature indi-

cators decreased as the PHCD content increased, due to the

worse thermal stability of the polycarbonate soft segments

than that of the hard segments. Nevertheless, the thermal

stability of the newly obtained PCURs is similar (in the

case of HDI series) [27] or better (in the case of MDI
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Fig. 8 XRD patterns of the PCURs based on HDI

Table 5 XRD data of the PCURs based on HDI

PCUR Degree of

crystallinity/%

2h/� FWHM/� Area of diffraction

peak/arbitrary units

H-2 27.6 10.5 6.6 10

18.7a 1.3a 19a

20.9 7.4 100

22.2a 1.1a 12a

24.1a 1.1a 11a

44.1 5.6 3

H-4 27.3 11.1a 1.5a 4a

17.9a 0.5a 3a

18.7a 0.9a 5a

20.2 5.5 100

21.2a 0.9a 4a

22.1a 0.8a 4a

24.1a 1.6a 19a

42.3 5.5 4

H-5 24.5 11.2a 1.8a 9a

13.8 2.3 2

18.1a 0.4a 2a

18.9a 0.8a 4a

20.3 5.6 100

21.7a 1.5a 8a

24.2a 1.7a 21a

42.5 5.1 3

H-6 19.9 11.2 2.6 10

13.9a 1.7a 2a

18.6a 1.7a 8a

19.7 4.9 100

21.5 2.4 50

24.1a 1.8a 31a

42.5 5.5 5

aCrystalline peak
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series) [26, 29] than that of PCURs prepared from the other

sulfur-containing aliphatic–aromatic chain extenders.

The FTIR spectrum from the first stage of PCUR M-5

decomposition (Fig. 16, Tmax at 360 �C) is very similar to

the spectrum received in the first step of RPUR M

decomposition, i.e., there are absorption bands typical of

carbon dioxide, carbonyl sulfide and aliphatic unsaturated

alcohols. Additionally, only the bands at 1745 and

2185 cm-1 appear, indicating the formation of carbonyl

compounds (C=O stretching vibrations) and carbon

monoxide, respectively. Thus, it can be supposed that

carbon monoxide and carbonyl compounds are the products

of the PHCD soft-segment decomposition. Moreover, a

greater intensity of the bands characteristic of carbon

dioxide indicates that carbon dioxide originates from the

decomposition of soft segments, which is confirmed by the

spectrum obtained for the PHCD [28]. In the second

decomposition stage of this polymer (Fig. 16, Tmax at

414 �C) bands characteristic of the above-mentioned
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Fig. 9 XRD curves (points) of PCUR H-2 resolved into crystalline and amorphous peaks (solid lines)

Table 6 TG data of the polymers

Polymer T1
a/�C T5

b/�C T10
c /�C T50

d /�C Tmax
e /�C

M 307 334 348 387 378, 419

M-2 305 325 337 375 366, 402

M-4 295 319 330 363 359, 414

M-5 294 317 330 364 360, 414

M-6 294 317 330 362 362, 412

H 290 316 330 409 343, 421

H-2 278 307 320 365 339, 383, 403

H-4 274 298 310 354 330, 363, 403

H-5 273 296 307 346 337, 375, 400

H-6 262 293 306 346 338, 372, 406

PHCD 209 264 290 352 364

a,b,c,dThe temperature of 1, 5, 10 and 50% mass loss from the TG

curve, respectively
eThe temperature of the maximum rate of mass loss from the DTG

curve

New thermoplastic poly(carbonate-urethane)s based on diphenylethane derivative chain extender 1061

123



compounds can be also seen but they are of higher inten-

sity. There is also a band suggesting the formation of

aldehydes (at 2720 cm-1) which was not seen in the

decomposition products of RPUR M. Summing up, alde-

hydes originate from the decomposition of only polycar-

bonate chains, whereas carbon dioxide, carbon monoxide,

and aliphatic unsaturated alcohols can come from the

decomposition of both polycarbonate chains and hard

segments.

The FTIR spectra from the three stages of PCUR H-5

decomposition (Fig. 17) show the bands characteristic of

carbon dioxide, carbon monoxide, aromatic compounds (at

1508–1501 cm-1, the C–C stretching vibrations), carbonyl

compounds, including aldehydes (at * 1800–1700 cm-1,

the C=O stretching vibrations, at 2822 and 2720 cm-1, C–

H stretching vibrations), ethers (at 1139–1134 cm-1, the

C–O stretching vibrations), alcohols (at 1040 cm-1, the C–

OH stretching vibrations), aliphatic products (at 2937 and

2864 cm-1, the asymmetric and symmetric C–H stretching

vibrations of –CH3 and =CH2 groups, at 1456 and

1379 cm-1, the C–H bending vibrations of –CH3 and =CH2

groups). In the first two stages, the peaks typical of carbon

dioxide have almost the same intensity and significantly

higher than in the third one. Taking into account the spectra

obtained for the RPUR H and PHCD it can be supposed

that the first step of PCUR H-5 decomposition included

mainly the decomposition of urethane bonds and the sec-

ond was related mainly to the decomposition of polycar-

bonate chains. The analysis of the results does not give a

unequivocal reply to the question whether hard segments in

this polymer decomposed in a different way from that of

the RPUR H. The decomposition stages overlap and the

decomposition of polycarbonate soft segments proceeds

partly together with the decomposition of hard segments.

Moreover, unsaturated aliphatic alcohols are the products

of both the diol H and PHCD decomposition. The spectra

do not show bands pointing to the presence of volatile

amines.
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Mechanical properties

The Shore A/D hardness and tensile tests were performed

for all the PCURs, except for H-2, which was a brittle

material. The numerical data are shown in Table 7.

Based on these results, it is possible to conclude that the

kind of diisocyanate used had important influence on the

modulus of elasticity, tensile strength, and elongation at

break of the PCURs. The PCURs derived from MDI

showed a significantly higher tensile strength (41.2–50.8

vs. 23.5–33.4 MPa), but much lower elongation at break

(130–360 vs. 340–680%) than those derived from HDI.

The latter polymers showing semicrystalline structures

exhibited higher values of the modulus of elasticity.
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Moreover, it can be noticed that the increased PHCD soft-

segment content resulted in decreased tensile strength (only

in the HDI series), whereas elongation at break increased.

In the MDI series, the polymer containing 50 mol% PHCD

turned out to possess the best tensile strength. The stress–

strain curve obtained for this polymer at 23 �C had the

appearance typical of elastomers as it is presented in

Fig. 19. PCUR M-6 also displayed a typical elastomeric

stress–strain curve, whereas the remaining polymers of this

series, with Tgs equaling to or higher than room tempera-

ture, showed yield stress, characteristic of plastics (see

Fig. 19).
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The type of diisocyanate also had an effect on Shore

hardness. Lower hardness, in both A and D scales, was

shown by the polymers of MDI series possessing a small

degree of ordering. In this series, the differences in hard-

ness in the A scale were noticeably larger (where for

measurements the indenter with a truncated cone was used

and lower load was applied), which may be due to the fact

that along with the increase in the PHCD content there was

a transition from plastomers to elastomers. However, all

polymers of the HDI series were typical elastomers with a

similar degree of crystallinity. In turn, the differences in

hardness in the D scale (where a sharp-ended indenter and

higher load were used) were almost the same as in the HDI

series.

These newly synthesized polymers revealed much

higher tensile strength than the analogous materials

obtained from diol H, PTMO with a similar Mn and MDI

(21.2–32.5 MPa [40]) or HDI (11.7–17.0 MPa [41]). This

can be a result of higher polarity of the carbonate groups

than of the ether ones which contributes to stronger

hydrogen bonding between the hard segments and the

polycarbonate soft segments in comparison with those

between the hard segments and the polyether ones [6, 42].

The studied PCURs also exhibited a higher tensile strength

compared to the corresponding PCURs based on diol with

the diphenylmethane unit, i.e., 6,60-[methylenebis(1,4-

phenylenemethylenethio)]dihexan-1-ol [22, 35]. In the case

of polymers derived from HDI, this can be caused by better

ordering of hard-segment domains.

Adhesive properties

The influence of sulfur-containing chain extender on the

lap shear strength to copper (adhesion) of the obtained

PCURs was investigated for the samples with 50 mol%

PHCD content, i.e., H-5 and M-5 and their conventional

counterparts synthesized under the same conditions from

BD as a chain extender. The obtained results are presented

in Fig. 20. They reveal that polymers H-5 and M-5 con-

taining more polar groups showed about twice higher
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Table 7 Mechanical properties of the PCURs

PCUR Hardness/�Sh Modulus of elasticity/MPa Tensile strength/MPa Elongation at break/%

A D

M-2 88 ± 0.94 64 ± 0.71 933 ± 35 45.8 ± 1.1 130 ± 17

M-4 82 ± 1.1 37 ± 0.43 86.1 ± 2.2 41.2 ± 0.77 180 ± 8.8

M-5 68 ± 0.87 32 ± 1.6 3.87 ± 0.29 50.8 ± 0.59 280 ± 11

M-6 62 ± 1.5 28 ± 1.3 1.55 ± 0.10 42.1 ± 0.81 360 ± 16

H-2 –a –a –a –a –a

H-4 89 ± 1.1 43 ± 0.43 90.3 ± 4.5 33.4 ± 0.88 340 ± 15

H-5 87 ± 0.61 37 ± 1.0 99.5 ± 2.5 30.9 ± 0.53 550 ± 10

H-6 86 ± 0.41 33 ± 0.41 86.8 ± 1.1 23.5 ± 0.61 680 ± 23

aBrittle material
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adhesive strength than those from BD (10.0 ± 0.32 and

16.0 ± 0.37 MPa vs. 4.6 ± 0.25 and 7.0 ± 0.30 MPa). In

addition, it is evident that the polymers derived from MDI

exhibited a higher value of this parameter.

Conclusions

New thermoplastic MDI- and HDI-based PCURs were

synthesized via a simple one-step melt polyaddition from

diphenylethane derivative diol as a nonconventional chain

extender. Their physicochemical, thermal, mechanical, and

adhesive properties were determined. The results show that

the diisocyanate structure has a significant influence on the

properties of the obtained materials. The polymers being

the derivatives of a symmetrical and linear aliphatic diiso-

cyanate possessed semi crystalline structures, connected with

the hard-segment crystallization, and thus they were opaque

materials. The degrees of crystallinity calculated for these

polymers ranged from 19.9 to 27.6%. On the contrary, the

PCURs obtained from bulky aromatic diisocyanate with an

angled structure were amorphous and transparent (transmit-

tance at 800 nm: 83–88%). All the HDI series PCURs and

two of the MDI one turned out to be TPUs. The DSC results

show that the former polymers revealed lower Tgs (from – 29

to – 12 �C vs. from 14 to 46 �C) and better microphase

separation. On the other hand, according to the mechanical

properties analysis, the latter polymers possessed very good

tensile strengths (42.2–50.8 vs. 23.5–33.4 MPa). They also

showed lower moduli of elasticity, hardnesses, and smaller

elongations at break. As is clear from the TG study of the

PCURs, they all were characterized by a relatively good

thermal stability, though dependent on both the kind of

diisocyanate and the soft-segment content. The MDI series

polymers exhibited higher T1, T5, T10, and T50 than their

analogs of the HDI series (294–305 vs. 262–278 �C, 317–325

vs. 293–307 �C, 330–337 vs. 306–320 �C, 362–375 vs.

346–365 �C, respectively). These temperature indicators

decreased as the PHCD content increased. From this study it

also follows that the PCURs decomposed in two (from MDI)

or three (from HDI) partially overlapped stages. Their

decomposition was associated with the evolution of the fol-

lowing volatile products: carbon dioxide, carbon monoxide,

carbonyl sulfide, aliphatic aldehydes and unsaturated alcohols

as well as in the case of PCUR H-5 also aromatic compounds

and ethers. Considering the adhesive properties to metals, it

can be stated that the use of diol H was beneficial for the

values of the lap shear strength to copper of the PCURs.

These sulfur-containing PCURs exhibited about twice higher

adhesive strength than those synthesized from BD.
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