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Abstract

Application of novel potassium salts (from mono- to penta-potassium) of 2,2,6,6-tetrakis(hydroxymethyl) cyclohexanol-
activated 18C6 for propylene oxide polymerization is investigated. The novelty of the research concerns utilization of the
cyclic-structured initiator with various substitution levels applied for anionic ROP of oxiranes. It results in the formation of
bimodal macropentols (Scheme 1) with molar mass values in the range of M, 2100-13200 g/mol and unsaturation, which
depends on the initial concentration of monomer and alkoxide groups. The mechanism of the studied processes is discussed.
The newly synthesized polyether-polyols (PEPOs) were used for the synthesis of new rigid polyurethanes (PURs) in one-
step process. Thermogravimetric analysis (TGA) showed that the analyzed polyurethanes based on star-shaped polyols were
characterized by two-stage thermal degradation and higher thermal stability in comparison to the linear polyols. The first
stage of thermal decomposition of the tested PURs is related to the breaking of the urethane bonds in the rigid chains, while
during the second stage, oligo-diol and oligo-pentol chains break down. A significant amount of solid degradation residue is
advantageous in terms of the flame retardation of the obtained PUR, as this is usually associated with less products released
during the degradation process. It was shown that the higher content of rigid segments in the PUR structure results in higher
thermal resistance. The thermal behavior of the PURs was also investigated by differential scanning calorimetry (DSC).

Keywords Star-shaped polyether-pentols - 2,2,6,6-Tetrakis(hydroxymethyl) cyclohexanol - Cross-linked polyurethanes -
Anionic ring-opening polymerization

Introduction

Polyether-polyols (PEPOs) are the most important mac-
romonomers for the synthesis of polyurethane elastomers,
cross-linked foams and polyurethane coatings [1, 2]. Pol-
yurethane foams with remarkable mechanical and thermal
properties have been synthesized using polyols based on
oleic acid, which is an important fatty acid [3]. Two hydro-
philic poly(ethylene oxide) (PEO) blocks attached to both
sides of a linear hydrophobic poly(propylene oxide) (PPO)
block would form a PEO-PPO-PEO block copolymer.
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These are highly surface-active compounds such as Plu-
ronics or Poloxamers [4], which properties are dependent
on the mutual hydrophilic-lipophilic interaction correlated
with utilized PEO to PPO mass ratio [5]. The usefulness of
these copolymers results from their ability to create ordered
moieties such as micelles, emulsions or liquid crystalline
phases [6, 7]. They are usually obtained through anionic
polymerization of oxiranes such as ethylene oxide (EO),
propylene oxide (PO) or 1,2-butylene oxide (BO) using
KOH (catalyst) and 1,2-propylene glycol or glycerol (start-
ers) at high temperature (> 100 °C) and pressure. Molecular
weights (M,) of polyether diols and polyether triols prepared
industrially from monomeric PO are 2000—4000 g/mol and
3000-6500 g/mol, respectively [1]. Application of several
novel initiators for PO anionic polymerization, i.e., dipotas-
sium salts of resorcinol, 4,4'-bisphenol or 4,4'-sulfonyldi-
phenol gave polyether diols with relatively low molecular
weight of 1000-3000 g/mol [8].
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Scheme 1 Synthesis OH OH
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THMC 3K-THMC

Recently, we [9] used dipotassium salts of different
glycols, for example, di- or tri-propylene glycol-activated
18-crown-6 (18C6) as initiator. It allowed to prepare bimodal
PPOs containing a fraction with two terminal OK groups (M,
~ 10 000 g/mol; yield ~30%) and other fraction with allyloxy
and OK terminal groups (M, ~ 30 000 g/mol; yield ~70%).
Both kinds of terminal groups can be easily converted to OH
groups [10]. Moreover, cyclic oligo(potassium glycidoxide)
s with three- or six-OK group-activated 18C6 were applied
as macro-initiators for the polymerization of PO, BO and
styrene oxide (SO). Star-shaped polyether-polyols with M
1200-8000 g/mol were prepared in this way. These polymers
can be used as substrates for the synthesis of new polyure-
thanes with enhanced mechanical properties [11].

The aim of the present work was the application of other
initiating systems for the preparation of new star-shaped
polyether-polyols. These are potassium hydroxyalkoxides
obtained from the reaction of KH-activated 18C6 with
2,2,6,6-tetrakis(hydroxymethyl) cyclohexanol (THMC).
PO was used as monomer for the synthesis of polymers.
All syntheses were performed in mild conditions, i.e., tet-
rahydrofuran (THF) solution at room temperature. Char-
acterization of polymers was made by use of °C NMR,
MALDI-TOF, FTIR-ATR and SEC techniques. Cross-linked
polyurethanes (PURs) were prepared using two chosen poly-
ols and polymeric methylene diphenyl diisocyanate (PMDI)
as an isocyanate source [12—14] containing 31.5 wt% free
isocyanate groups. The resultant PURs were preliminarily
characterized by thermal analysis methods, including TGA,
DTG and DSC.

Experimental
Materials

Propylene oxide (Aldrich, Poland) was dried over CaH, and
then distilled at 307 K (34 °C). Anhydrous tetrahydrofuran
(THF) (Acros Organics, Poland) was kept over CaH, and
distilled at 339 K (66 °C). Potassium hydride (KH) was puri-
fied according to the procedure described by Brown [15]. A
35 wt% dispersion of KH in mineral oil (Aldrich/Poland) was
mixed with n-pentane in a dry argon atmosphere and then
decanted. This was repeated three times followed by a three-
fold washing with dry THF. Finally, THF was evaporated in
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a vacuum. Coronand 18C6 (1,4,7,10,13,16-hexaoxacyclooc-
tadecane) (Merck, Poland), 2,2,6,6-tetrakis(hydroxymethyl)-
cyclohexanol (THMC) (Aldrich, Poland) and dipropylene
glycol (DPG) (Aldrich, Poland) were used for synthesis
without purification. Polymeric methylene diphenyl diiso-
cyanate (PMDI) was used without purification (Aldrich,
Poland).

Polymerization

Mono-, di-, tri- tetra- and penta-potassium salts of
2,2,6,6-tetrakis(hydroxymethyl) cyclohexanol (nK-THMC)-
activated 18C6 were prepared from the reaction of THMC
with appropriate amount of KH in THF at 20 °C. The initial
concentrations of the monomer were 2.0-6.0 mol/dm? and
the initial concentration of the initiator was 0.02 mol/dm>.
For example, in the synthesis of 3K-THMC-activated 18C6,
potassium hydride (0.047 g, 1.2 mmol), THF (4.0 cm?) and
18C6 (0.32 g, 1.2 mmol) were introduced into the reactor.
Then, THMC (0.088 g, 0.4 mmol) was dissolved in boiling
THF (10.0 cm®) and the obtained solution was dropped to
the system at 20 °C (Scheme 1). After mixing for 1.5 h,
hydrogen (26.8 cm®) was evolved. Finally, propylene oxide
(5.6 cm?, 4.6 g, 80 mmol) was added and the reaction mix-
ture was stirred for several days. After complete conversion
of the monomer, the reaction mixture was treated with HCl/
H,0 system (0.01 mol/dm?, 70 cm®) and transferred to the
separator containing chloroform (70 cm?®). After shaking,
within 5 min, two layers were formed, i.e., an inferior poly-
ether layer and a superior layer containing water and the
potassium salt. These layers were separated and the superior
layer was removed. After threefold washing with distilled
water, polyether was obtained by evaporating chloroform
and water. The presence of monomer during polymeriza-
tion was monitored by chromatographic method. In the
studied systems, the final conversion was 97-99% after 1-3
weeks. Polymerizations initiated with K-DPG, K-THMC
and 2K-THMC were homogeneous, while heterogeneity was
observed in the systems containing 3K-4K and SK-THMC.
Scheme 2 represents exemplary synthesis of star-shaped
PPO-pentol.

Monopotassium salt of dipropylene glycol (K-DPG) was
obtained from the reaction of potassium hydride with an
appropriate amount of glycol dissolved in THF at 20 °C
(Scheme 3).
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The initial concentration of propylene oxide was
4.0 mol/dm? and the initial concentration of the initiator
and 18C6 was 0.1 mol/dm>. Potassium hydride (0.08 g,
2.0 mmol), 18C6 (0.53 g, 2.0 mmol) and THF (8.5 cm3)
were introduced into a 50-cm? reactor equipped with mag-
netic stirrer and a Teflon valve enabling substrate delivery
and sampling under argon atmosphere. Then, dipropylene
glycol (2.0 mmol) was added to the THF solution (0.5 mol/
dm?®, 4.0 cm®) by use of a syringe. The reaction mixture
was stirred for 1.5 h until all hydrogen (44.7 cm®) was
evolved. It resulted in a solution of pure anhydrous mono-
potassium salt of dipropylene glycol activated by 18C6
in THF. That system was used as the initiator, when pro-
pylene oxide (5.6 cm,, 4.6 g, 80 mmol) was introduced
into the reactor (Scheme 4). The reaction mixture was
then stirred for several days. After complete conversion
of the monomer, the system was neutralized with HCI/H,O
(0.1 mol/dm?, 70 cm?) and transferred to the separator con-
taining chloroform (70 cm®). After shaking for 5 min, two
layers were formed, i.e., inferior polyether layer and supe-
rior layer containing water and the potassium salt. These
layers were separated and the superior layer was removed.
After three washings with distilled water, polyether was
obtained by evaporating chloroform and water under vac-
uum. The presence of monomer during polymerization was

Scheme 2 Exemplary synthesis
of star-shaped PPO-pentol
initiated with potassium salt of

THMC
PO

+

1 n
3K-THMC —

Scheme 3 Synthesis of mono-

potassium salt of dipropylene HOC;H,O C;HOH -
glycol as an initiator of PO
polymerization DPG

monitored by chromatographic method and controlled by
1,4-dioxane method. The final monomer conversion was
99%.

During the PUR production, the polyols and PMDI were
mixed by a mechanical stirrer at 1000 rpm for 20 min. PMDI
(M, = 371.8 g/mol; functionality (f) =2.7; LNCO=30.5%
mass; RNCO=137.7 g/mol) was added to polyol to main-
tain the NCO/OH ratio at 2.0 for polydiol (M, = 3200 g/
mol; functionality (f) =2; hydroxyl number—LOH =33.66
mgKOH/g; equivalent of OH-ROH groups=1667 g/
mol) and at 5.0 for polypentol (M, = 3200 g/mol; f=35;
LOH =22.44 mgKOH/g; ROH=2500 g/mol). n-Pentane
was used as a physical blowing agent (foaming agent). The
reaction (one-step polycondensation) took place at room
temperature and a cooling system was applied to keep the
temperature of the system at 40 °C. The relative humidity
was kept below 30%. The proposed scheme of the reaction of
the synthesized polyols and PMDI is presented in Scheme 5.

Measurements
100 MHz '*C NMR spectra were recorded in CDCl,
at 25 °C on a Bruker Avance 400 pulsed spectrometer

equipped with a 5-mm broad-band probe and apply-
ing Waltz16 decoupling sequence. Chemical shifts were
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Scheme 4 Preparation of
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Scheme 5 Proposed scheme of the reaction of the synthesized polyols and PMDI

referenced to tetramethylsilane serving as an internal
standard. To obtain good spectrum of the polymer main
chain exhibiting its microstructural details, about 3000
scans were satisfactory, but to observe the signals of
the polymer chain ends, more than 10,000 scans were
necessary.

Molar masses and dispersities of polymers were obtained
by means of size-exclusion chromatography (SEC) on a Shi-
madzu Prominence UFLC instrument at 40 °C on a Shodex
300 mm X 8-mm OHpac column using tetrahydrofuran as a
solvent. Poly(propylene glycol)s were used as calibration
standards.
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Matrix-assisted laser desorption/ionization-time of
flight MALDI-TOF) spectra were recorded on a Shimadzu
AXIMA Performance instrument. Dithranol was used as a
matrix. Infrared (IR) spectra of samples were recorded on a
Shimadzu IR Prestige spectrometer with an attenuated total
reflectance (ATR) accessory. The diamond ATR crystal was
purified prior to each measurement with isopropanol. Data
were analyzed using LabSolutions program. Each sample
was scanned at a resolution of 2 cm™!

Thermogravimetric thermal stability analysis (TGA)
was performed in an air atmosphere using Mettler Toledo
TGA/SDTA 851e. The heating rate was 10 °C/min. Star 8.1
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software was used to analyze the measurement data. Differ-
ential scanning calorimetry (DSC) was performed using the
Mettler Toledo apparatus. Samples were heated, cooled and
reheated with a speed of 10°C/min, in the temperature range
—100 to 120 °C. The DSC curves taken for the analysis were
obtained from the second run. Temperature calibration was
performed with indium (melting temperature =156.6 °C,
heat of fusion (AH;) =28.5 J/g).

Results and discussion

Synthesis of star-shaped polypentols using
potassium salts of 2,2,6,6-tetrakis(hydroxymethyl)
cyclohexanol (THMC)-activated 18C6

In the series of experiments, the potassium salts (from
mono- to penta-potassium) of THMC were prepared in the
reaction with KH suspension in THF (Scheme 1). Solubility
of the pristine pentol in THF is relatively low, i.e., 0.04 mol/
dm?®. In the presence of 18C6, it was possible to obtain
mentioned salts of the pentol, which appeared to be active
initiators of oxirane polymerization (Scheme 2). They are
marked as K-THMC, 2K-THMC, 3K-THMC, 4K-THMC and
SK-THMC, respectively. Data concerning molar masses (M)
and dispersities (M,,/M,) of prepared star-shaped PEPOs are
shown in Table 1.

Generally, two polymer fractions were formed with dif-
ferent yields and molar masses depending on the initial
monomer and alkoxide group concentrations. Fractions
(a) were obtained with 73-85% yield and M, in the range
2100-13,200 g/mol, whereas for fractions (b), M, values
were in the range 900-5000 g/mol. The highest M, values
were detected for polymers obtained by the use of 2K- and
3K-THMC. Figure 1 shows exemplary SEC chromatogram
of PPO (2).

Figure 2 presents a comparison of M values for PPOs
synthesized with multiple substituted potassium salts of
THMC initiator. Upon the results of the SEC study, one may
indicate that the triple-substituted system seems to be most
effective to obtain high-mass PEPOs. It may be caused by
steric hindrance that occurs as the substitution level of initia-
tor increases. In this case, growing of the macromolecules
chains may also be handicapped by slower monomer diffu-
sion and changes of the heterogeneity of the system.

MALDI-TOF technique was used for the determination
of chemical structure of the prepared polymers. Figure 3
shows, as an example, MALDI-TOF spectrum of sample (4)
obtained after quenching with CH;I. The spectrum of sam-
ple (4) reveals at broad range of m/z from 1000 to 7000 two
series of signals (spectrum presented in 1300-2900 mass
range). The signals of the main series, for example, at m/z
1488.9, 1836.9 and 2300.5 represent macromolecules with

Table 1 Characterization of PPOs synthesized with potassium salts
of 2,2,6,6-tetrakis-(hydroxymethyl)cyclohexanol (nK-THMC)-acti-
vated 18C6 as initiators and quenched with water; [/], = 0.02 and
[18C6], = 0.02-0.10 mol/dm?

No. Initiator [Monomer], Polymer M, (g/mol) M, /M,
(mol/dm?) fractions
(%)
K-THMC 2.0 - 2100 1.02
2 K-THMC 4.0 a(78) 8500 1.02
b(22) 3000 1.10
3 K-THMC 6.0 a(74) 10,200 1.02
b(26) 4000 1.04
4 2K-THMC 2.0 a(80) 4300 1.08
b(20) 2000 1.10
5 2K-THMC 4.0 a(85) 11,000 1.03
b(15) 4400 1.06
6 2K-THMC 6.0 a(79) 12,400 1.05
b(21) 4600 1.14
7 3K-THMC 2.0 a(77) 8000 1.11
b(23) 2500 1.13
8 3K-THMC 4.0 a(83) 12,000 1.03
b(17) 4500 1.09
9 3K-THMC 6.0 a(76) 13,200 1.04
b(24) 5000 1.15
10 4K-THMC 2.0 a(73) 7600 1.13
b(27) 3600 1.15
11 4K-THMC 4.0 a(82) 11,000 1.05
b(18) 3500 1.11
12 4K-THMC 6.0 a(75) 10,500 1.08
b(25) 4300 1.16
13 5K-THMC 2.0 a(74) 6500 1.14
b(26) 3000 1.17
14 5K-THMC 4.0 a(78) 10,000 1.11
b(22) 3300 1.18
15 S5K-THMC 6.0 a(81) 8500 1.09
b(19) 4000 1.20

central part derived from the initiator as well as five PPO
arms with three -OH and two —OCHj; end-groups. These
macromolecules contain 21-, 27- and 35-mers of propylene
oxide, respectively, and form adducts with one sodium ion
(M4 = 1491.0, 1839.5 and 2304.1 g/mol, respectively).
The second series of the signals, for example, at m/z 1357.1,
1936.8 and 2399.7 represents macromolecules with the five
PO arms containing 19-, 29- and 37-mers of propylene
oxide, respectively, as well as four -OH and one —OCHj,
end-groups. They form adducts with sodium ion (M, =
1360.8, 1940.6 and 2405.4 g/mol, respectively). The source
of the sodium cation can be the glass vials used for preparing
and storing of the polyol samples.

Unsaturation of polymers was examined by '°C NMR.

Polymer samples prepared with K-THMC and 2K-THMC

gslppl @ Springer
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Fig. 1 SEC chromatogram of PPO-pentol (2)

at [PO], = 2.0-6.0 mol/dm? revealed very low unsaturation
(< 1%). Higher unsaturation was found for polymers synthe-
sized using 3K-THMC, 4K-THMC (1-3%) and SK-THMC
(5%), especially at [PO], = 6.0 mol/dm?. It is represented
exclusively by starting allyloxy groups (Fig. 4) formed in
the side chain transfer reaction with monomer. In general,
the monol percentage in the final product was relatively low.
13C NMR analysis confirmed the presence of end-groups in
five arms of star-shaped polymers, i.e., -CH(CH;)OH (at
65.6 ppm) and —OCHj groups (56.5 ppm) after methylation.

Preparation of cross-linked polyurethanes

Synthesized star-shaped polyethers neutralized by HCI/H,0,
after purification, i.e., removing of alkali metal cations and
traces of water, were used for fabrication of polyurethanes.
The reaction was performed with polydiisocyanate (PMDI)
resulting in cross-linked polyurethanes. For the synthesis of
cross-linked polyurethane (named as PUR_2), one polyether-
pentol was chosen due to its high molecular weight (sample

no. 8, Table 1). Moreover, in this case, THMC tripotassium
salt was used for the synthesis, in which the two OH groups
limited the formation of double bonds in the polymer. For
comparison purposes, second PUR (named as PUR_1) was
also obtained. As a hydroxylic component, polyether-diol,
synthesized by the use of monopotassium salt of dipropyl-
ene glycol as initiator, was used (Scheme 4). In this case,
the molecular weight of polyether-diol corresponded to the
molecular weight of one arm in star-shaped polyether-pentol
(PEPOs).

The syntheses produced rigid polyurethanes of a porous
nature, with PUR_2 being more stiff than PUR_1, which
was more flexible. One of the most important tools used to
investigate the PUR chemical structure and phase separa-
tion process is infrared spectroscopy (IR) [16]. A qualitative
description of the chemical structure of cross-linked PURs
makes it easy to compare the characteristic absorption bands
of the materials.

The FTIR spectra obtained for cross-linked polyurethanes
based on polyether-diol (PUR_1) and polyether-pentol
(PUR_2) are shown in Fig. 5. The FTIR spectrum of cross-
linked polyurethane PUR_I reveals peaks at 3340 cm™ !,
which confirm the stretching vibration of N-H II-order
groups of urethane bond [17]. Wide peak at 3550-3100 cm ™!
indicates the presence of hydrogen bonding between chains.
Stretching band for free NH, not involved in hydrogen bond-
ing, is located at 3420 cm~! [18] and is overlapped with
shoulder band at 3250 cm™!. It reflects stretching bands
of hydrogen bonding for NH---O- couple below T, of soft
segments [19]. For PUR_2 (pentol based) sample, the band
at 3200-3500 cm™~' is more intense and complex, which
can be attributed to more intense inter-molecular inter-
action of hydrogen bonding occurring in urethane bond
—NH---0=C-[19, 20].

Furthermore, the results of the Fourier deconvolu-
tion of spectra for the carbonyl stretching region support
the conclusion about hydrogen bond formation within the
material’s structure. In this range (1780-1660 cm™ 1), the
bands at 1732 and 1739 cm™! represent the band of the free,

Fig.2 Comparison of M, values 14000
for PPOs synthesized with mul-

tiple substituted potassium salts 12000

of THMC as initiator
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unbounded carbonyl group C=0 from urethane bond [19].
The shift of further peaks to lower wave number (bands
below 1700 cm™!) corresponds to the associated hydrogen
bonding of a carbonyl group in the disordered (1700 cm™")
or ordered (1695 cm™ ") phase [19-22]. For PUR_1, the car-
bonyl range region reveals four bands (Fig. 5a, insert) with
dominant intensity coming from mid-range bands (located
at 1711-1710 cm™ 1). For PUR_2, the system is much more
complex with eight bands (Fig. 5b, insert) reflecting greater
variety of formed structures.

The transmittance of measured signals is more equally
expanded with greater content of the bands located at the
lowest wave number which indicates its higher content of
hydrogen-bonded structures. At 2278 cm™!, there is a band
corresponding to absorption of isocyanate group represent-
ing unreacted NCO group. Their presence in the final PUR
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material reflects side reactions concurring with polyaddition
main reaction leading to consumption of hydroxyl groups.
Additionally, the steric hindrance can be responsible for
leaving these groups unreacted. For PUR_2 (pentol based),
the peak of -NCO group is less intense in comparison to that
for PUR_1 (diol based), which reflects lower amounts of
free, unreacted isocyanate groups in the material’s structure.
Further bands at 2855 and 2930 cm™ ! reflect the symmetric
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Fig.6 TG and DTG curves for cross-linked polyurethane a PUR_1
(polyurethane based on polyether-diol) and b PUR_2 (polyurethane
based on polyether-pentol)

Table2 Thermal characteristic of cross-linked polyurethane a
PUR_1 (polyurethane based on polyether-diol) and b PUR_2 (pol-
yurethane based on polyether-pentol), where T, is the onset tem-

and non-symmetric vibrations of C-H and CH,. More
intense signal of CH, at 2930 cm~! for PUR_2 proves the
incorporation of cyclohexane ring into this structure. The
presence of ether moiety is confirmed by peak at 1100 cm™".

For perspective application of the obtained material, PUR
thermal resistance is important and TGA technique allows
its evaluation. Figure 6 shows the TG and DTG curves of
the analyzed polyurethanes: (a) PUR_1 (polyurethane based
on polyether-diol) and (b) PUR_2 (polyurethane based on
polyether-pentol).

Based on the literature, it is known that the thermal deg-
radation of polyurethanes can take two or three stages [23,
24]. The first step is the decomposition of the rigid seg-
ments by the disintegration of urethane bonds in the poly-
mer resulting in the formation of isocyanate, alcohol, I- and
II-order amine, olefins and carbon dioxide. The rate of the
first degradation step decreases as the content of the flexible
segments increases. The second and third stages correspond
to the thermal decomposition of the flexible segments which
is slower and depends on their chemical structure. At the
third stage, the contained solid residue and the compounds
are oxidized [25]. The TGA results show that the analyzed
polyurethanes are characterized by two-stage thermal degra-
dation. The temperature of 5% of weight loss is considered
as the onset of degradation for polyurethane. It was deter-
mined as 255 °C for PUR_1 and about 310 °C for PUR_2
(Table 2). Sample weights did not change up to 225 °C for
PUR_1 and up to 240 °C for PUR_2. The 50% weight loss
was recorded at approximately 390 °C (for PUR_1) and
392 °C (for PUR_2), while the solid residue was 9 and 13%
(PUR_1 and PUR_2), respectively (Fig. 6a, b). The maxi-
mum weight loss rate was recorded at approximately 390 °C
for both samples. To determine the thermal stability of the
PUREs, the onset temperatures for degradation process (7', c;)
(Table 2) were determined. The calculated values are com-
parable to the ones derived for polyurethanes obtained in the
polyethylene glycol synthesis with MDI by the Liang-Siong
group [26]. Also, the maximum mass loss rate (Tppgmayx) and
the amount of solid residue (Table 2) were denoted. The first
stage of thermal decomposition of the tested PURSs is in the
temperature range 350-360 °C and is related to the break-
ing of the urethane bonds in the rigid polyurethane chains.

perature for thermal degradation and Tpgmas 1S the temperature for
maximum rate of mass loss

Sample Mass loss 5% (°C)  Mass loss 10% (°C) Mass loss 50% (°C) T (°C) To1Gmaks (CC) Solid
residue
(%)

PUR_1 255 318 390 339 399 9

PUR_2 310 338 392 340 400 13
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During the second stage of degradation, starting at around
400 °C, oligo-diol and oligo-pentol chains break down.

From the shape of DTG curve of PUR_2 it is clearly vis-
ible that the intensity of lower temperature peak is much
higher. According to the study of Ryszkowska et al. [27],
this indicates on higher phase separation in this system.
This conclusion is supported by results of the FTIR analy-
sis described previously, where we noted large diversity in
the PUR_2’s structure, which can be responsible for more
intense phase separation tendency. A significant amount of
solid degradation residue (9 and 13%) may be advantageous
in terms of the flame retardation of the obtained PUR, as this
is usually associated with less degradation products released
during the degradation process, which burns rapidly causing
fire to propagate [28, 29].

Another technique for analyzing thermal behavior of
polyurethanes is differential scanning calorimetry (DSC).
It enables to describe the PUR structure by determining the
temperature and effects associated with physical changes in
these materials [30-32]. Figure 7 shows the thermograms of
the obtained polyurethanes.

The increase in the glass transition temperature in PUR_2
(—50.09 °C) is due to the limitation of mobility of the flex-
ible segments in comparison to PUR_1 (- 60.21 °C). For
PUR_2 flexible segments, higher energy is required to move
the chains. This suggests the presence of some additional
interaction of intra-/inter-molecular nature. We think that it
could be the effect of hydrogen bonding interaction as well
as m—m interaction of aromatic rings in the isocyanate seg-
ments. For star-shaped PUR_2, the structure favors hydro-
gen bond formation, which in turn, enables the mutual n—=

2
PUR_2
-50.09°C(H)
=) -58.76°C
< -41.44°C
3 1
© PUR_1
(]
T -60.21°C(H) 0.62°C(H)
0316°C g5 36°c  -1.63°C 2.74°C.
0 T - - -
-80 -40 0 40 80

Temperature (°C)

Fig.7 Thermograms for PUR_1 (polyurethane based on polyether-
diol) and PUR_2 (polyurethane based on polyether-pentol PEPOs)

interaction. In this case, the possibility of close interaction
between aromatic rings is higher, and as a result higher 7, is
observed for PUR_2. For PUR_1, aromatic ring interaction
seems to be less plausible as linear structure imparts more
flexibility for the segments of the macromolecules.

The presence of aromatic rings in the isocyanate structure
also affects the stiffening of the foams by increasing their
thermal stability. The obtained rigid polyurethane foams
were characterized by increased thermal resistance com-
pared to the resistance of conventional rigid polyurethane
foams (90-200 °C - 5% weight loss) [11] and with other
rigid foams obtained with oligoether-triols (190-215 °C
— 5% weight loss) [33] or polyether-diol (130 °C —15%
weight loss) [34].

Conclusion

Mono-, di-, tri- tetra- and penta-potassium salts of
2,2,6,6-tetrakis(hydroxymethyl) cyclohexanol (THMC)-
activated 18-crown-6 are effective initiators of the polym-
erization of propylene oxide. The processes were carried out
at mild conditions, i.e., in THF solution at room temperature.
The main characteristic features of the studied processes
were

e Application of K-, 2K-, 3K- 4K- and 5K-THMC-acti-
vated 18C6 gave bimodal PPO-pentols with M, =2100—
13,200 g/mol.

e Unsaturation of PPO-pentols was dependent on the initial
concentration of monomer and alkoxide groups; the low-
est unsaturation was observed for K-THMC and [PO], =
2.0 mol/dm’.

e The results of the SEC study indicated that triple-substi-
tuted system was the most effective to obtain high-mass
PEPOs.

e Polyether-polyols prepared in this work could be used for
the synthesis of new polyurethanes.

¢ Rigid polyurethane prepared with new polyether-polyols
was porous in nature being stiffer than the one produced
with linear one polyether-diol.

e TGA analysis showed that the analyzed polyurethanes
were characterized by two-stage thermal degradation,
with the temperature of 5% weight loss higher for the
newly synthesized PUR_2 (310 °C) in comparison to the
linear PUR_1 (255 °C).
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