Original scientific papers

UDK 621.43.068.4:66.071.6.097.3
DOI 10.7251/COMEN2201037B

LOW-TEMPERATURE EQUILIBRATION REACTION AND
PROPERTIES OF TELECHELIC SILOXANE OLIGOMERS

Milica Balaban'", Silvester Bolka?, Rebeka Lorber?, Miroslav Huskié?, Vesna Anti¢?

!'University of Banja Luka, Faculty of Natural Sciences and Mathematics, Mladena Stojanovié¢a 2,

78000 Banja Luka, Bosnia and Herzegovina

2 Faculty of Polymer Technology, Ozare 19, 2380 Slovenj Gradec, Slovenia
3 University of Belgrade, Faculty of Agriculture, Nemanjina 6, Belgrade, Serbia

* Corresponding author: milica.balaban@pmf.unibl.org

Abstract: Siloxane equilibration reaction in the presence of appropriate functional disiloxanes is a
common method for the synthesis of telechelic siloxane oligomers. Due to the high reaction
temperature, the synthesis of hydroxy-terminated polysiloxane is accompanied by several side reactions.
In this paper, the synthesis of hydroxy-terminated siloxane oligomers at relatively low temperatures was
optimized. The oligomers of the controlled molecular weight were synthesized in the presence of a
heterogeneous catalyst and characterized by spectroscopic and thermal methods, as well as
thermogravimetric analysis — infrared spectroscopy (TG-FTIR) and dilute solution viscometry.
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1. INTRODUCTION

a,o-Functionalized, telechelic poly(dime-
thylsiloxane), PDMS, oligomers of relatively low
molecular weights are versatile starting materials
for the preparation of a wide variety of linear
siloxane-containing copolymers including ther-
mosplastic siloxane—urethane, siloxane-urea, silo-
xane-urethane-urea, and siloxane—ester elastomers
[1,2]. PDMS is an extremely flexible molecule with
almost complete rotation along the macromolecular
chain. Mobility of the PDMS molecule, through
rotation and segmental cooperative chain motion,
makes the inter-molecular distance larger, and
intermolecular interactions significantly lower than
for the corresponding carbon polymers, which
causes many of the unusual properties of these
materials. PDMS polymers have one of the lowest
values of the glass transition temperature
(Ty = —123 °C), and a large value of the molar
volume (75.5 cm?® mol™) [3]. Flexibility and weak

intermolecular forces also lead to low surface
tension, low value of solubility parameter, and low
dielectric constant. PDMSs are transparent to
visible and UV light, ozone resistant, and very
stable to the atomic oxygen. Permeability to
various gases, hydrophobicity, ability to build
films, surface activity, as well as excellent che-
mical and physiological inertness are other intere-
sting properties of PDMS polymers.

Telechelic PDMS oligomers are usually
synthesized by siloxane equilibration reaction at
relatively high temperatures. Previous studies
showed that hydroxypropyl and hydroxybutyl
terminated polydimethylsiloxane oligomers sho-
wed degradation upon heating, through the loss of
functional end groups [4]. Instability of the end
groups is due to the backbiting of the terminal
silicon in the PDMS by the primary hydroxyl
oxygen, leading to the formation of 5 and 6-
membered, stable, heterocyclic compounds [5].
Loss of end groups also resulted in a dramatic
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increase in the molecular weights of the oligomers
produced.

In the present paper, a series of a,w—
dihydroxybutyl-poly(dimethylsiloxane)s (PDMS)
was synthesized in the presence of a cation-
exchange resin as the heterogeneous catalyst. The
influence of the reaction temperature on the
molecular weight of the PDMS oligomers was
investigated by '"H NMR spectroscopy, thermos-
gravimetric analysis — infrared spectroscopy (TG-
FTIR), and dilute solution viscometry.

2. EXPERIMENTAL
2.1. Materials

The PDMS oligomers with the prede-
termined number-average molecular weight of
2000 g mol! were prepared by the siloxane
equilibrium reaction under different experimental
conditions. Octamethylcyclotetrasiloxane (D4) and
1,3-bis (4-hydroxybutyl) tetrame-thyldisiloxane
(DS-OH) were purchased from ABCR, Germany.
The chemical structure of D4 and DS-OH was
previously confirmed by 'H NMR spectroscopy.

Table 1. The composition of the reaction mixture for the

pages: 37-44

As a catalyst, the commercial-grade ma-
croporous cation-exchange resin Lewatit® Mono-
Plus SP 12 Na" form, from Fluka (Germany), was
used, which was previously activated by eluting the
hydro-chloric acid solution and overnight drying at
50 °C in a vacuum dryer.

2.2. Synthesis of PDMS oligomers

The hydroxybutyl-terminated PDMS oligo-
mers were synthesized by siloxane equilibration
reaction from the cyclic D4 monomer and the DS-
OH in the presence of cation-exchange resin as a
catalyst. The reaction was carried out in a two-
necked round bottom flask equipped with a
magnetic stirrer, dry nitrogen inlet, and a reflux
condenser during 24-48 h at a temperature range of
30-95° C in a silicone oil bath. The composition of
the reaction mixture for the synthesis of PDMS
prepolymer is shown in Table 1. To remove resi-
dual cyclic siloxanes, the synthesized hydroxy-
terminated PDMS oligomers were distilled at
200 °C in a vacuum. The chemical structure and
number-average molecular weight of PDMS oligo-
mers were confirmed by 'H NMR spectroscopy.

synthesis of PDMS oligomers

Sample Mass of D4, g Mass of DS-OH, g Mass of catalyst, g
PDMS-30 10.36 1,56 0.53
PDMS-65 5.16 0,76 0.26
PDMS-95 10.37 1,51 0.54

2.3. Measurements

'"H NMR spectra of synthesized PDMS
samples were obtained on a Varian Gemini-200
instrument in CDCl; solutions and with tetra-
methylsilane (TMS) as the internal standard.

Thermogravimetric analyses (TGA) were
performed on a Perkin Elmer TGA 4000 thermal
analysis instrument. For the evaluation of results,
the Pyris software, Version 10.02.0468, was used.
The first analyses were carried out in a nitrogen
atmosphere from 40 to 700 °C with a heating rate
of 10 °C min "' using an Al,Os crucible without a
lid. The second analysis was carried out in an
oxygen atmosphere from 40 to 700 °C with a
heating rate of 10 °C min™' using an AL,O; crucible
without a lid. All measurements were done with

coupled FT-IR. Spectra were recorded on a Perkin
Elmer Spectrum 65 FT-IR spectrometer with a
spectral resolution of 4 cm™ and a measuring range
from 450 cm™ to 4000 cm!. For the evaluation of
the results, the Spectrum software, Version
10.03.09.0139, was used.

The intrinsic viscosities, [7], of the PDMS
oligomer samples were calculated based on the
flow time, ¢, in toluene at 25 °C, determined by an
Ubbelohde viscometer. The three different con-
centrations of the samples were in the range of 0.2-
2.0 g dL'. The mean value of at least four
measurements of ¢ was taken to calculate the
relative viscosity, 7. = t/ty, where 1y is the flow time
of the pure solvent. The specific viscosity (7s,) was
calculated based on the #; values as #s, = #:— 1. The
reduced, #rd, and inherent, #inn, Viscosities were
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calculated as #:ea = #sp/c and #inn = In /¢, where ¢
is concentration, expressed in g dL-!. The values
were obtained by extrapolation of the straight lines
of #ra and #inn, as functions of solution concen-
tration to zero concentration given.

3. RESULTS AND DISCUSSION

The general synthesis route of the hydro-
xybutyl-terminated PDMS oligomers from the

c|:H3 CH,
HOCH,CH,CH,CH,—— Si—0
CH, CH,
n

Si——CH,CH,CH,CH,0H  +
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cyclic D4 monomer and the DS-OH disiloxane, in
the presence of cation-exchange resin, is shown in
Figure 1. The ratio of reactants was chosen to
achieve a degree of polymerization of ~ 23 in all
syntheses, i.¢., to obtain prepolymers with a mole-
cular weight of 2000 g mol™! (Table 1). The masses
of the required reactants were obtained on the
assumption that, at equilibrium, the proportion of
siloxane cycles in the equilibrates is about 10% and
that 90% of the siloxane units derived from D4 are
incorporated into the linear polymer [1,6].

CHs CH,
catalyst

+  HOCH,CH,CH,CH,—— Si— O——Si——CH,CH,CH,CH,0H —————

CH, CH,

Figure 1. Synthesis of the hydroxybutyl-terminated PDMS oligomers by siloxane equilibration reaction

The chemical structure of the synthesized
oligomers was confirmed by 'H NMR spectro-
scopy. The 'H spectra of the PDMS-30 sample are
shown in Figure 2. In the '"H NMR spectrum the
following characteristic signals were observed:
intensive signal at § = 0.04 of Si—CH; protons;
signal of CH» protons from the terminal PDMS

butylene groups residue bonded to Si atom at
0 = 0.54; signals of protons from two internal CH»
groups at 1.35 and 1.55 ppm; signal of protons from
terminal CH, group bonded to oxygen atom at
3.64 ppm; and weak signal of hydroxyl OH protons
appeared at 0 = 1.25 ppm.
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Figure 2. 'H NMR spectrum of the PDMS-30 sample.

The molecular weights of the synthesized
PDMS oligomers were determined by comparing
the signal intensities of the proton groups attached
to the silicon atom and the protons of the terminal

methylene groups of the prepolymers attached to
the hydroxyl group. Reaction conditions, viscosity,
and molecular weight of the PDMS-OH samples
are shown in Table 2.

Table 2. The reaction conditions, inherent viscosities, and the number-average molecular weight of the PDMS
oligomers

Sample Reaction toeénperature, Reactlﬁn time, ], dL g M, (NMR) g mol!
PDMS-95 95 24 0.411 10490
PLLA-65 65 24 0.160 4950
PLLA-30 30 48 0.075 2090

A standard synthetic route at a relatively
high temperature of 95 °C yielded a polymer whose
molecular weight was significantly higher than that
previously determined by the composition of the
reaction mixture (10490 g mol™! in comparison with
a predetermined value of 2000 g mol™). At a later
stage of the reaction, the reaction mixture was so
viscous that its mixing was prevented. It is assumed
that long exposure to high temperatures has led to
condensation reactions of hydroxyl groups and a
significant increase in molecular weight. By
reducing the temperature to 65 °C, the effect of
condensation of hydroxyl groups was reduced, but

the molecular weight of the obtained oligomer was
more than twice as high as previously determined
(4950 g mol™). The results showed that the reaction
was possible at a temperature of 30 °C and during
prolonged reaction time, which enabled complete
control of the molecular weight of the synthesized
oligomers.

A significant increase in the molecular
weight of the synthesized polymers with increasing
reaction temperatures was also reflected in the
values of the inherent viscosities of the synthesized
PDMS. The values of the inherent viscosities of
PDMS oligomers of a predetermined weight of
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2000 g mol™! differ significantly and range from
0.075t0 0.411 cm?® g''. The oligomer synthesized at
a temperature of 30 °C, with a molecular weight of
2090 g mol!, has the lowest value of inherent
viscosity of 0.075 cm® g!, while samples synthe-
sized at higher temperatures have significantly
higher viscosities as well as higher molecular
weights.

Table 3. TGA analysis of PDMS samples in O> atmosphere

The thermal and thermooxidative stability of
PDMS prepolymers depended on the molecular
weight of the oligomer. The initial degradation
temperature, expressed as a mass loss of 5%,
decreased as the chain length decreased. Based on
the obtained results (Tables 3 and 4), it can be
concluded that all PDMS samples were more stable
in an inert atmosphere.

Sample T'so,, °C T's0%, °C Tnax, °C Residue at 700 °C, wt. %
PDMS-95 407 545 390/428/539 37

PLLA-65 368 538 360/462/548 31

PLLA-30 315 544 335/555 32

Table 4. TGA analysis of PDMS samples in O atmosphere

Sample Tso, °C Ts0%, °C Tmax, °C Residue at 700 °C, wt. %
PDMS-95 450 580 510/620 0

PLLA-65 402 562 473/612 0

PLLA-30 340 502 458/537 0

Also, based on the shape of the differential
TGA curve and the number of maxima, it can be
concluded that the degradation process was more
complex and took place in several phases in an

oxygen atmosphere, which is consistent with the
results of other authors [6]. The thermogravimetric
curves of the PDMS-30 sample in a nitrogen and
oxygen atmosphere are shown in Figures 3 and 4.
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Figure 3. TGA curves of PDMS-30 sample in O, atmosphere
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Figure 4. TGA curves of PDMS-30 sample in N> atmosphere

Under oxidative conditions of thermal
degradation of PDMS, free radicals are formed in
the side groups and free radical reactions take place
in which gaseous compounds of carbon, carbon
monoxide, carbon dioxide, formaldehyde, methane
acid, hydrogen, and water are formed, and silicon
dioxide remains. Degradation of PDMS by deploy-
merization reactions in an inert atmosphere takes
place practically without residue, thanks to the
increased thermal stability of cyclic monomers
compared to linear polymers. As siloxane degra-
dation takes place by different mechanisms in an

inert and oxidative medium, the residue of poly
(ester-siloxane) copolymers in an oxidative
medium increase, and decreases in an inert
atmosphere with increasing content of PDMS
blocks [6,7].

Figure 5 shows a comparative TG-FTIR
analysis of degradation products of all synthesized
PDMS samples. As can be seen, TG-FTIR analysis
showed that the degradation of all PDMS samples
proceeds by similar mechanisms independent of the
length of the PDMS segments.
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Figure 5. FTIR spectra of PDMS samples during TGA in the N> atmosphere
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4. CONCLUSION

A series of hydroxybutyl-terminated PDMS
oligomers were synthesized by siloxane equili-
bration reaction at various temperatures. The
conventional synthetic route at a relatively high
temperature of 95 °C gave a polymer whose
molecular weight was unexpectedly higher than the
one predetermined by the composition of the
reaction mixture. The results showed that it was
possible to perform the reaction at a low
temperature of 30 °C and prolonged the time of
reaction, which allowed complete control of the
molecular weight of the synthesized oligomers.
The thermal and thermooxidative stability of the
PDMS oligomers was dependent on molecular
weight. The temperature of onset of the degra-
dation, expressed as 5% of the weight loss,
decreased with the decrease in the polymer chain
length. Generally, the PDMS samples were more
stable in an inert atmosphere. TG-FTIR analysis
showed a similar mechanism of the degradation for
all examined samples regardless of the polymer
chain length.
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CBOJCTBA TEJIEXEJINYHUX CHJIOKCAHA CUHTETUCAHUMX PEAKIIMJOM
EKBUWINBPAIIMJE HA HUCKUM TEMIIEPATYPAMA

Caskerak: CHIoKCaHCKa eKBIJIHOpanyja y MPUCYCTBY oAroBapajyhux QyHKIMOHATHIX JUCHIOKCaHA
yoOHn4ajeHa je MeTo/ia 3a CHHTE3Y TeJIEXEIMYHIX CHIIOKCAHCKHUX OJIroMepa. 300T BUCOKE PEaKINOHE
TeMIepaType CHHTE3a XHIPOKCH-TEPMHUHUpPAHMX NOJHCHIOKcaHa mpaheHa je BemukuM OpojeM
CIIOpENHUX peakiuja. Y OBOM pajy ONTHMH30BaHA j€ CHHTE3a XHAPOKCH-TEPMUHUPAHUX CHIIOK-
CaHCKHX OJIMTOMEpa Ha PENATHBHO HUCKHM TeMmieparypama. OIuroMepu KOHTPOJICAHE MOJIEKYJICKE
Mace JOOWjeHH Cy Y IPUCYCTBY XETEPOr€HOT KaTalk3aTopa M KapaKTEePHCAHU Cy CIIEKTPOCKOIICKHM H
TEPMUYKUM MeToJiaMa, Kao 1 uHppanpsenoM ananu3oM (TG-FTIR) u Buckozumerpujom pa3omnaxeHux
pacTBopa.

Kibyune pujeun: xunpokcu-repmuaupann PDMS, peakuuja cunokcancke expunubpanuje, 'H NMR
CHEKTPOCKOIH]a.
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