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Abstract
Currently, the PU industry is developing new products with enhanced physical, mechanical and
structural properties. One of the specialties that is attracting more and more attention from managers
and enterprises all over the world are the PUs based on polymer polyether polyols (graft polyols).
In this work, the synthesis of graft polyols was developed employing a non-aqueous dispersant (NAD)
based on silica gel, which contains in its chemical structure segments with a great affinity for the
solid polymeric particles and other segment having a strong affinity for the hydroxyl groups of the
liquid polyol. The combination of both polar and non-polar characteristics ensures the stability of
the resulting polymer dispersion and prevent the sedimentation and the coalescence of the polymer
particles. By using this NAD it was possible to synthesize trifunctional polymer polyether polyol
(PPP) from Styrene and containing up to 38.69 wt.% of solids. The optimal reaction conditions have
been stablished using a concentration of 1.5 wt.% NAD, 4 wt.% of initiator respect to the monomer
amount and a polymerization temperature of 80ºC. The viscosity of the optimal PPP (1930 mPa·s)
and the particle size (dv0.5 of 5.427 m and dn0.5 of 1.711 m) were in the range of graft polyols
available in the market for similar solids content, with the additional advantage of employing a lower
quantity of NAD and a softer reaction temperature than those employed in the industrial process
(110ºC).
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1. Introduction
Polyols are compounds with multiple hydroxyl functional groups employed as raw materials in the
polyurethane (PU) sector. PUs are synthesized by means of the reaction between a polyol, which
contains active hydroxyl groups, and an isocyanate; giving as result a substituted carbamic acid ester
or urethane. At present, PU is one of the most important kinds of polymers with a global production
of 17.565 million tons [1]. The diversity of polyols and isocyanates allows the synthesis of numerous
different specialties covering a huge range of applications. Depending of the kind of the polyol and
isocyanate employed in the formulation, PU can be classified in foams or in the denominated CASEs
(Coatings, Adhesives, Sealants and Elastomers). Furthermore, foams can be flexible, such as the ones
used in mattresses and automotive seats [2], and rigid, which are involved in buildings isolation [35] and commercial refrigeration [6]. On the other hand, CASEs are used in sporty shoes, electronic
products and in shipbuilding industry [7].
Nowadays, the global tendency in the PU market is the development of new products with enhanced
properties in comparison to the regular ones based on conventional polyols, either polyether or
polyesters polyols.
It is well known in the PU industry that the employment of polyols containing inorganic fillers, mainly
BaSO4 or CaCO3, improves in a substantial way the hardness and the load bearing properties of the
final synthesized PU. These inorganic loads act as nucleating agents during the foaming process and
aid in cell opening at the end of the rise process, causing changes in the average cell size of the PU
structure [8, 9]. In a general way, PU foams created by means of polyols containing inorganic fillers
present greater density values, resulting in greater hardness properties, however, in most of the cases
worsen other properties, such as remaining deformation, tensile strength and elongation.
Solid organic polymers can be also employed as PU fillers in order to enhance the density and
hardness of PU without causing an important deteriorating of the above commented mechanical
properties [8]. These polyols containing polymer microparticles are known as polymer polyether
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polyol (PPP or filled polyols) and now a days they are among the most demanded types of polyol
[10]. Taking into account the nature of the polymer solid particles, PPP can be classified in the
following categories: graft polyether polyols (vinylic polymers and copolymers); polyurea dispersion
polyols (PHD polyols); polyurethane dispersion polyols (PIPA polyols) [11] and other PPP (epoxy
or aminoplast dispersion) [8].
Graft polyether polyols are produced by polymerizing one or more ethylenically unsaturated
monomers dissolved or dispersed into a polyether polyol (PP, carrier or base polyol) in the presence
of a free radical polymerization initiator. The synthesis of these graft polyols is widely described in
literature by means of innovation patents [12-22].
Among the monomers generally used in this patents, it can be found; acrylic acid, methacrylic acid,
methylacrylate, methyl methacrylate, ethylacrylate and the acrylamides, such as acrylamide and
methacrylamide; vinyl compounds, such as vinyl chloride (VCM) and vinylidene chloride;
acrylonitrile (ACN); styrene (SM), brominated styrenes, such as dibromostyrene, tribromostyrene
and mixtures of these: α-methylstyrene and p-methylstyrene [23]. Nevertheless, some of the
monomers most employed for the synthesis of graft polyether polyols are: ACN, SM, α-methyl
styrene methylmethacrylate, hydroxyalkyl acrylates and methacrylates and VCM [8], being the ACN
and SM the most demanded for industrial production [8]. In most cases, the monomer was added
together with a chain transferitor to reduce the viscosity and the polymerization initiator to a mixer,
preparing this way the initiator solution. Thus, independently of the monomers used in the synthesis
of PPP, this usually contains a solid concentration between 55-60%. The difficulty lies in obtaining
economically profitable systems by synthesizing stable polymer polyols with high solids content and
low viscosity [23].
On the other hand, the most used methods for stabilizing graft polyols consist of the generation in
situ of the non-aqueous dispersant (NAD) by grafting reactions, producing macromers with or without
polymerisable double bonds.
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The reactive NAD is formed by means of chain transfer reactions during the radical polymerization
of vinylic monomers in the liquid polyether media whereas non-reactive NADs do not contain
polymerisable double bonds. The non-reactive NAD is constituted by two parts of different nature;
an organic section that presents great affinity for the polymeric particles and a high molecular weight
polyether chain, which has high affinity for the continuous liquid polyether polyol (PP). According
to the latest publications, the use of macromers as NAD with terminal double bonds, capable of
copolymerizing with vinyl monomers and forming graft species during radical copolymerization is
widespread. The most used reagent to generate double bonds, by the reaction with hydroxyl groups,
is maleic anhydride. But generally, the use of this type of macromers originates PPP with high
viscosities. [23-25].
At present, the efforts in the graft polyether polyols industry are focused in enhancing the stability of
the polymeric dispersions to get high solids content values and moderate viscosity, since high
viscosity values make difficult their processing. Consequently, the research in new kind of NADs is
a high priority topic for the polyols industry.
Hence, this paper focusses its attention in the synthesis of graft polymer polyether polyols employing
a novel NAD based on silica gel as stabilizing polymer. This NAD contains in the same structure a
segment with a great affinity for the solid polymeric particles and a second segment containing
hydroxyl groups with a strong affinity for the PP, ensuring the stability of the resulting polymer
dispersion and preventing the sedimentation and the coalescence of the vinylic polymer particles.
For producing a stable trifunctional PPP containing a huge concentration of solid particles and the
proper viscosity, styrene and NAD concentrations within 30-40 and 1.5-5 wt.%, respectively,
initiator/monomer mass ratios between 0.833 to 4.0 wt.% and a polymerization temperature from
70ºC to 110ºC were studied. The characteristics of the PPP were analysed by Master Sizer, GPC,
SEM, FTIR, TGA and 1H MNR.
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2. Materials and methods.
2.1. Materials.
The reagents employed for the synthesis of the PPP were a trifunctional polyol with an average
molecular weight of 3500 g/mol and a hydroxyl number of 48 mgKOH/g supplied by Repsol, called
F4811, the chain transfer agent 1-Dodecanothiol 98% (NDDM) and Styrene monomer 98% from
Sigma Aldrich, the initiator 2-2'-Azobis (2-methylpropionitrile) (AIBN) from Fluka Analytical.
Tetraethylorthosilicate 98% (TEOS), Vinyltriethoxysilane 97% (VTES) and Sodium Hydroxide (1M,
NaOH) supplied by Sigma Aldrich, Clorhidric acid (HCl, 2N) from VWR and Mili-Q water were
used as reagents for the NAD synthesis.
2.2 Polymer polyether polyol synthesis.
2.2.1 Monomer treatment.
Three extraction operations were carried out for removing the commercial SM inhibitor. A solution
of NaOH 1M was used. For each extraction the same SM/NaOH mass ratio was employed. Finally,
two extractions with milli-Q water were carried out at equal mass proportions. The styrene resulting
from these extraction processes was stored in a sealed vessel, containing desiccant sieves for
removing the remaining water.
2.2.2 Polymerization reaction.
The synthesis of PPP was carried out under atmospheric pressure at laboratory scale in a reaction
equipment designed for that purpose. The installation consists of a glass-lined reaction vessel with a
capacity of 0.25 L, thermostated within -20-200ºC with polyethylene glycol 400 using a circulator
Ultraterm 200 from Selecta. In the upper part the reactor is connected to a reflux condenser,
circulating dried N2 to maintain an inert atmosphere, a temperature indicator and a digital agitation
head Heidolph RZR 2041 ranged from 40 to 2000 rpm. The agitation system was isolated using
silicone seal.

5

Firstly, the polyol is added to the reactor and immediately the nitrogen stream is fed to generate an
inert environment, connecting the reflux condenser, the agitation rate at 900 rpm and fixing the
temperature set-point at 70, 80 or 110ºC. When the temperature of the system reached the set point
value, the NAD was added to the reactor, maintaining the mixture under agitation for 10 min.
Otherwise, the SM, the initiator (AIBN) and the chain transfer agent (NDDM) were weighed, mixed
and put into an oven at a pre-reaction temperature of 50 °C for 40-50 minutes, depending on the
monomer percentage.
Finally, the above mixture was added to the reactor. The addition time was function of PPP solids
content, for 30 or 40 wt.%, 6 or 13 minutes, respectively. The dispersion polymerization reaction was
stopped after 5 hours.
2.2.3 Determination of PPP solids content.
Once the PPP has been synthesized, the solid concentration was quantified by 1H NMR. The
technique employed using 1H NMR is described by Bharti et al. According to them, NMR spectra is
directly proportional to the number of nuclei responsible of that particular resonance [26]. The molar
ratio between two compounds, can be calculated by means of the following expression (Ec.1):
𝑀𝑃𝑆 𝐼𝑃𝑆 𝑁𝑃𝑃
=
∙
(1)
𝑀𝑃𝑃 𝐼𝑃𝑃 𝑁𝑃𝑆
where PS and PP are the polystyrene and the polyether polyol, respectively, I, N and M are the area
of the resonance peak, the number of nuclei and the corresponding molar mass.
The polystyrene area was obtained by subtracting from the whole spectrum area, the polyol and the
styrene areas. In this case, the styrene area was quantified by considering the resonance of the
hydrogen in the alpha position, which is characteristic of the unreacted double bonds of styrene
monomer. From these areas, it was possible to determine the mass ratios PS/PPP and SM/PPP for
PPPs. By using these mass ratios and the initial monomer, it is also possible to determine the SM loss
during the reaction process as function of the obtained PPP (SMloss/PPP), as follow (Ec. 2):
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𝑆𝑀𝐿𝑜𝑠𝑠 0.4 − (𝑃𝑆/𝑃𝑃𝑃 + 𝑆𝑀/𝑃𝑃𝑃)
=
(2)
𝑃𝑃𝑃
0.6
Once the three mass ratios have been obtained, the initial monomer amount was split into converted
monomer or polystyrene (PS), unreacted monomer (SM) and the monomer loss (SMloss).
2.3 Non-aqueous dispersant synthesis. Interaction with PS and PP.
2.3.1 NAD reaction.
NAD synthesis has been carried out by means of the Stöber process, in which the hydrolysis and
condensation reactions of the alcoxilane precursors take place [27-31].
Two different mixtures from each alcoxilane (TEOS or VTES) containing EtOH, milli-Q water and
HCl, were prepared. Molar ratios of TEOS/VTES, H2O/TEOS-VTES and EtOH/TEOS-VTES of 0.5,
2.5 and 4, respectively, were used to synthesize the stabilizer. The mixtures were maintained under
agitation at 300 rpm, during 60 minutes for promoting the hydrolysis reactions of TEOS and VTES.
Further, these solutions were mixed at a stirring rate of 500 rpm, keeping the reaction for 60 minutes.
Finally, the mixture was neutralized with an alkaline solution of sodium hydroxide (pH 9).
2.3.2 Bulk polymerization of PS, NAD-PS and NAD-PP.
The study of the NAD interaction with the PP and SM were performed in a reactor of 50 ml under
inert atmosphere.
The synthesis of bulk polymerization of SM was carried out at 80ºC, employing 8 gr of SM and 0.2
gr of initiator (2.5 wt.% respect to the SM content). The NAD-PS copolymerization was prepared at
the same temperature and employing 8, 0.2 and 1.8 gr of SM, AIBN and NAD, respectively. The
polymerization reaction of both experiments was accomplished at 400 rpm for 1 hour.
Finally, the linkage between PP and NAD was studied at 80ºC, at a stirring rate of 400rpm and during
10 minutes of reaction, employing 10 and 1.5 gr, respectively.
2.4 Sample characterization
2.4.1 Viscosity.
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The viscosity of the PPP was obtained by using a Bohlin Gemini rheometer. The rheological
measurements at a fixed temperature of 25ºC were carried out at a continuous oscillation of 96 Hz,
an equilibrium time of 60s and a controlled stress of 250 N / m2. The cone and plate measuring
systems was used, utilizing a cone angle of 4º, 40 mm of diameter and 0.15 mm of gap.
2.4.2 GPC.
Gel Permeation Chromatography, GPC, was used to determine the molecular weight (MW)
distribution of the PPP and its polydispersity by using polyether polyols standards with reported MW
remaining from 100 to 20000.
The different measurements are made with a Viscotek TDAmax chromatograph with two columns
(Styragel HR2 and Styragel HR0.5) at 35 ° C with a flow of 1 ml / min and tetrahydrofuran (THF) as
eluent.
2.4.3 Particle Size Distribution.
The Malvern Mastersizer 2000 equipment was used to determine the particle size of the dispersed
polymers polyols. The equipment was capable of measuring in the range of 0.02 to 2000 μm. The
dispersion of the samples was done with the accessory 2000 SM Hydro using ethanol as a dispersing
agent.
2.4.4 Infrared spectroscopy.
The chemical structure of the NAD and the chemical interaction of each synthesized polyol were
confirmed by Fourier transform infrared spectrometer. Infrared spectra were obtained with a
spectrophotometer Varian 640-IR type FT-IR in the range 4000 to 600cm-1, 8 cm-1 resolution and 16
scans, with the program Varian Resolutions Pro Software, version 5.0.
2.4.5 SEM Analysis.
The internal morphology structure of the polyols was obtained by means of Scanning Electron
Microscopy (SEM) by using a FEI QUANTA 200.
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2.4.6 Thermogravimetric analysis.
Thermal degradation properties of the polymer polyether polyols were obtained by TGA, using a TA
Instrument equipment model SDT Q600. The used conditions for each analysis were a heating rate
of 10 ºC/min from room temperature to 700 ºC under nitrogen atmosphere.
2.4.7 Nuclear Magnetic Resonance (NMR)
The 1H NMR spectra were recorded on Bruker Ascend TM-500/400 spectrometer and referenced to
the residual deuterated solvent.
3. Results and discussion
3.1. Trifunctional polymer polyether polyols.
As it has been previously commented, the most demanded monomers for industrial production of
graft polyols are ACN and SM [8]. The higher the proportion of ACN, the higher the amount of
generated in situ NAD species, because of the greater reactivity and polarity of this monomer in
comparison to SM. In consequence, in the present study, it was decided to synthesize PPP exclusively
based in SM (monomer with very high stability) with the aim of ensuring that the NAD proposed is
able to provide a proper stabilization, regardless the employment of ACN in the synthesis of the graft
polyols.
It is a well-known fact that polyols can form hydrogen bonds with the hydroxyl groups of the silicon
[32, 33]. On the other hand, Agudelo et al, reported the formation of polystyrene-graft-silica particles
using copolymers based on SM and VTES and confirmed by 1H NMR, FTIR and TGA [34].
The described NAD ensures a proper stabilization of the vinylic polymer particles into the polyol
media by a conjunction of two effects, hydrogen bonds formation between the ether oxygen atoms or
the hydroxyl groups of the polyol with the NAD hydroxyl groups [33, 35], and the reactivity of the
vinyl groups of the NAD with SM [34].
A scheme showing the stabilization and growing up of the dispersed polyether polyol phase is
presented in Fig. 1.
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Fig. 1. Partial condensation of the hydrolyzed alcoxilanes with the trifunctional base polyol and
steric effect of the generated NAD.
3.1.1. Non-Aqueous Dispersant: NAD-PP and NAD-PS interaction.
The use of silica-based compounds having hydroxyl and double bonds as groups which are able to
stabilize a polymeric dispersion based on the alcoxilanes Tetraorthosilicate (TEOS) and
Vinyltriethoxysilane (VTES) has not been reported in literature.
The proposed chemical structure of the synthesized NAD is shown in Fig. 2. This NAD presents,
hydroxyl groups with high affinity for the base polyether polyol, and vinyl groups that are attached
to the particles of polystyrene. In this way, a proper stabilization is achieved and at the same time the
flocculation is avoided.
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Fig. 2. Chemical structure and physical aspect of NAD a) chemical mechanism and b) gel
product.
To know the interaction of NAD with the polyol and PS, the products NAD-PP and NAD-PS were
obtained by bulk polymerization and characterized by TGA, FTIR and 1H NMR.
•

Characterization NAD-PP

In Fig. 3 are shown the TGA and FTIR analyses of the NAD-PP produced by bulk polymerization to
know the interaction between NAD and PP.
Thermogravimetric analyses of pure NAD, PP and NAD-PP are presented in Fig. 3a). It can be clearly
seen how the degradation temperature of the pure NAD is almost complete at 80ºC being the inorganic
silica remained as a residue at 700ºC. This weight loss is due to the presence of ethanol and water in
the structure of the NAD synthesized. On the other hand, the degradation temperature of the polyether
polyol base can be seen at 370 ºC, which is largely displaced to the right when the degradation of
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NAD-PP is observed, owing to the presence of the inorganic silica and the polyol linkage. This
behaviour can be due to the linkage between silanol groups and PP through hydrogen bonding, where
ethereal oxygen atom of the polyol acts as the hydrogen bond acceptor [32].
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Fig. 3. Thermogravimetric a) and FTIR b) analysis of NAD-PP interaction.
In Fig. 3b) shows FTIR spectra for pure NAD, PP and NAD-PP. In the first one is observed the typical
peaks of the functional groups of NAD. The signal 3419 cm-1 (Peak I) corresponds to the hydrogen
bond formed by the silanol groups of NAD while the Peaks II, III and VI are representative signals
for vinyl groups (Si-CH2=CH2), 1600, 1410 and 960 cm-1, respectively [36]. Vibrations of Si-O-Si
bonds correspond to Peak V. The hydrogen bonds between the polyol and the non-aqueous dispersant
can be observed in Peak I, whereas the vinyl groups of the dispersant (Peak II) are observed in the
NAD-PP spectrum, respectively. While, one of the characteristics peaks of Si-CH2=CH2 (Peak VI,
960 cm-1) can be weakly detected, Peak II may have overlapped with PP vibrations. Finally, a
combination of Peak IV, characteristic of PP, and Peak V, characteristic of NAD, can be seen in the
NAD-PP spectra.
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Fig. 4 shows the interactions between PP and NAD, where it can be easily observed the formed
hydrogen bonds between the hydroxyl groups of NAD with either hydroxyl groups or ethereal oxygen
atoms of the polyol.

Fig. 4. Structure of NAD-PP interaction.
Fig. 5 shows the 1H NMR spectra of PP and NAD-PP obtained by bulk polymerization. In PP
spectrum, the signals located between 1.3-1 ppm are assigned to CH3-CH2-, and they can be observed
as multiplets owing to tactic/isotactic orientation of these groups [37, 38]. The resonances between
3.6-3.2 ppm are assigned to the ethylene signals of the polyether polyol and to the -CH- connected to
OH [37]. Consequently, a new resonance is observed at 3.9 ppm (peak f), assigned to -CH2-O, due to
the interaction between the terminated hydroxyl groups of the PP and the NAD [39]. Therefore, the
resonances between 3.7-3.1 and 1.3-1 ppm in PP-NAD spectrum are broader and more intense
compare with PP 1H NMR, indicating a stronger interaction between hydrogen species [40]. Then,
the higher intensity of the previous resonances and the presence of a new peak at 3.9 ppm (peak f),
confirm the interaction between NAD and PP.
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Fig. 5. 1H NMR spectra for pure polyol (PP) and NAD-PP obtained by bulk polymerization.
•

Characterization NAD-PS.

TGA and FTIR of the graft reaction between the NAD and PS are presented in Fig. 6. TGA of the
products NAD, PS and NAD-PS produced by bulk polymerization are presented in Fig. 6a). In the
spectra PS and NAD-PS can be seen two different weight losses; the first one corresponds to
unreacted SM, and the second one is due to the degradation of both polymers, PS and NAD-PS
copolymer. It can be clearly seen how the degradation temperature of the NAD-PS polymer is shifted
to the right, confirming the grafting reaction between the SM and vinyl group of the NAD. At the
same time, the residue of this copolymer increased by the inorganic silica presence.
Fig. 6b) shows the FTIR analyses of the products previously commented. It can be checked within
1369-1264 cm−1 (Peak II) the presence of Si-CH2- band, characteristic for being weaker indeed [36].
Vibrations originated by the rupture of the NAD double bonds in the graft polymerization reaction
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between the dispersant and the SM. This peak could not be seen in Fig. 6b) because it might be
overlapped with the characteristic wavelengths of the polyether polyol. Finally, the intense peak
observed in region IV corresponds to the typical strong C-H bends of PS.
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Fig. 6. Thermogravimetric a) and FTIR b) analysis of NAD-PS graft polymerization.
The structure of the NAD-PS copolymer can be observed in Fig. 7.

H2 H
C C

H2 H
C C

H2
C CH2

Si

Si
Si
o

o*

Si

Si

OH

n

o

o

r
H2 H
C C

H2
C CH2

o
o

o
o

o

H2
C CH2

p

o
o

x

Si
o
o

s

Fig. 7. Structure of the NAD-PS copolymer
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Lastly, in Fig. 8 is presented the PS and NAD-PS 1H NMR spectra.

Fig. 8. Spectra of 1H NMR for PS and NAD-PS.
The characteristic resonance peaks for aromatic protons can be seen in both spectra between 6 and
7.5 ppm (c, d, e). The signals between 6 and 5 ppm correspond to the alpha hydrogens of the unreacted
SM (a, b). The unlinked Si-CH2=CH2 can be detected at 6 ppm (y) [41]. Likewise, peaks due to
aliphatic chains can be found between 0.9 and 2.2 ppm (g,h), whereas the signal of silanol groups (x),
only detectable in NAD-PS spectrum, were observed between 4 and 3.4 ppm. Hence, the new signals
within 1.4-0.9 ppm indicate the presence of Si-CH2-CH2- groups, which confirms the graft
polymerization [41]. Besides, this grafting can be also confirmed by the weak proton resonance of
hydrogen in the alpha position to the silicon atom that appears at a signal within 0.2-0.1 ppm. This
resonance was also reported by other authors using VTES as a monomer [42]. The above results
confirm that NAD can react with SM, leading grafting polymers.
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3.1.2. Synthesis of the polymer polyether polyols.
Once the NAD synthesis and characterization were defined, a study about the NAD and AIBN
concentration was carried out, taking as starting point the PPP recipe described in literature. Table 1
shows the PPP formulation, in terms of weight percentage with respect to the total reaction mass.
Table 1. Polymer polyether polyol recipe.
Reactive

Concentration (wt.%)

Monomer (M): Styrene (SM)

30-40

Non-aqueous dispersant (NAD)

1.5-5

Polyol: Alcupol F4811 (PP)

66-57

Chain transferitor: NDDM

0.5

Initiator: IM*

0.625-4

*(/M) Weight percentage relative to the monomer content.

Table 2 shows the experiments that were performed for obtaining the PPP varying the content of
NAD, IM and SM, keeping constant the temperature at 110ºC and employing an agitation rate of 900
rpm [43].
Each PPP was defined as PPPX being X the corresponding experiment, and it will be refer as PAIBNC
as follows; the first character P, represent the PPP, and A is indicative of the amount of monomer
(%.wt), the second character, I, represents the initiator, being B the IM multiplied by thousand, and
finally, the third character, N, represents the NAD, being C its weight percentage multiplied by ten.
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Table 2. Set of experiment.

Experiment

Nomenclature

Reaction
temperature
(°C)

Monomer, M
(wt.%)

IM
(wt.%)

NAD
(wt.%)

0.833

5

PPP1

P30I833N50

PPP2

P30I833N30

PPP3

P40I625N30

PPP4

P40I625N20

PPP5

P40I625N15

PPP6

P40I1250N15

PPP7

P40I2500N15

2.5

PPP8

P40I4000N15

4

30
3
0.625

110
40

2

1.25

1.5

With the aim of determining the best condition for obtaining a stable PPP with the lower viscosity
and highest solid content, some parameters as viscosity, morphology, particle size, molecular weight
distribution, thermogravimetric analysis and 1H NMR have been studied. Fig. 9 shows as example
the physical aspect of the synthesized graft polyols (P40I4000N15), and its stability after aging or
centrifugation.

a)

b)

c)

Fig. 9. Graft polyol P40I4000N15 a) Recently-created b) after aging and c) under centrifugation
In this figure can be observed that this product was completely stable after aging (5 months) or under
applying centrifugal force field during 20 min at 3800 rpm.
In order to confirm the presence of the typical groups present in the graft polyols some FTIR analyses
are showed in Fig. 10.
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It can be observed three peaks in the PPP spectra. Peak I is located at 1495 cm-1 and corresponds with
double bonds C=C of the unreacted monomer adsorbed on the polystyrene particles, while Peaks II
and III (780 and 700 cm-1, respectively) are typical ones of polystyrene [44-47]. It must be noted that
the higher the amount of monomer employed, the greater the intensity of these bands. It is also crucial
to remark that these peaks are not present in the base polyether polyol (Alcupol F-4811) FTIR,
indicating the presence of polystyrene particles in the polyol media.
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Fig. 10. Comparison of the FTIR spectra of the base polyether polyol with the synthesized graft
polyols.
The influence of SM, NAD and IM could be seen by studying the viscosity of the obtained products
in Fig. 11.
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Fig. 11. Dynamic viscosity of the obtained products.
As it can be appreciated, all products have much higher viscosity than exhibited by the PP, except
PPP5 and PPP6. This indicates clearly that a proper combination between IM and NAD concentrations
is required. Observing that for a minimum NAD (1.5 wt.%), a value of IM much higher than 1.25
wt.% must be used, in order to achieve a larger polymer production. On the other hand, the higher
the NAD concentration, the higher the viscosity of the PPP, when the IM weight percentage is kept
constant (PPP1>PPP2 and PPP3>PPP4>PPP5), indicating a lower amount of unreacted
monomer. These results are in agreement with Ionescu M [8] and Málaga M [43]. Thus, the NAD
reactivity has a great influence on the polymerization nucleation process, either by improving the
monomer conversion or leading products of high particle size.
Regarding the viscosity it could be increased by using larger concentrations of NAD or initiator.
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Fig. 12 shows the SEM micrographs for the different PPP products and in Fig. 12 is shown the particle
size distribution (PSD) of these products as function of the NAD and IM concentrations.

a) P30I833N50

c) P40I625N30

f) P40I1250N15

b) P30I833N30

d) P40I625N20

e) P40I625N15

g) P40I25005N15

h) P40I40005N15

Fig. 12. SEM micrographs with x6000 magnification and particle size distribution of the
synthesized PPPs.
Fig.13 shows the particle size distribution of the all synthesized PPPs.
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Fig. 13. Influence of the particle size distribution by changing the initiator concentration, a) 0.833
wt.%, b) 0.625 wt.% and c) at a fixed NAD concentration of 1.5 wt.%.
In Fig. 12 is observed that PPPs obtained from monomers and initiator concentrations of 30 and 0.833
wt.% are constituted by spherical particles of polystyrene, exhibiting a wide particle size distribution
in volume (dpv0.5) ranged between 5 to 700 m (Fig. 13a). Micrographs c), d) and e) from Fig. 12
confirm that the NAD concentration is an important variable in the production of PPP. The best
morphology (spherical particles) of the product was obtained when a 2 wt.% of NAD was used, given
the narrowest PSD within 1.27-278 m, whereas the other two products present a broad PSD similar
to those of PPP1 and PPP2. Finally, micrographs f), g) and h) show the effect of the initiator
concentration on the morphology. Fig. 12h) displays a terminated polystyrene product perfectly
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formed by single particles completely spherical, having a smooth surface and a particle size in the
m range, but leading a polydisperse PPP. This behaviour was also observed by Málaga M. He found
that, increasing the IM concentration would cause a large nucleation process, producing a polymeric
product having higher solid content and lower unreacted monomer, but with higher polydispersity
that can be diminished with temperature. On the other hand, the particles obtained by using an
initiator concentration lower than 4.0 wt.% seem to be cover by a non-terminated polymer, indicating
that a higher amount of indicator is required for completing the polymerization reaction. Hence,
attending to the above results, combining the effects of initiator and non-aqueous dispersant, it is
possible to obtain the proper conditions for synthesizing a PPP. According to the maximum viscosity
exhibited by the PPP8 (Fig. 11) and the identity point of the particles (Fig. 12h) obtained by using IM
and NAD concentrations of 4 and 1.5 wt.%, respectively, it is possible to infer that a proper monomer
conversion was achieved at these conditions.
Attending to the above results and in order to find the effect of the NAD on the PPP production, the
highest IM concentration was selected for further considerations. In that way, the obtained PPP5 to
PPP8 were analysed. Fig. 14 shows the GPC chromatograms with the aim of confirming the SM
polymerization in the polyether polyol media.
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Fig. 14. Characterization by GPC of the base polyether polyol and graft polyols Peak I: PS; Peak II:
PP. Peak III: Unreacted SM.
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In all the chromatograms presented above it can be observed three different peaks; Peak I, correspond
to the polystyrene particles (PS) in the polyether polyol (PP) media, Peak II, correspond to the proper
polyether polyol, and Peak III is related to the unreacted SM. All the experiments present a significant
concentration of polystyrene particles (Peak I) dispersed in the polyether polyol (Peak II). The
molecular weight of PS and PP and their polydispersities (DPS and DPP) are gathered in Table 3.
Table 3. Average molecular weights of PS and PP and their polydispersities for each product.
PS
Polymer polyether Polyol MW (g/mol)
PP
--PPP5
P40I625N15
14788
PPP6
P40I1250N15
14450
PPP7
P40I2500N15
13912
PPP8
P40I4000N15
13288

DPS
--1.09
1.09
1.08
1.09

PP
MW (g/mol)
3533
3578
3550
3592
3567

DPP
1.06
1.17
1.13
1.25
1.32

According to the previous data, the average PS molecular weight tends to decrease with the increase
of the initiator concentration, observing the GPC chromatograms, the narrower the Peak I, the lower
the retention time, which defines the molecular weight. The wide of the peak is related to the
molecular weight polydispersity and the compound concentration can be estimated from the area
under the peak. PS polymers present similar polydispersity although the molecular weight decreases
with the initiator concentration. From the area under the peak III can be obtained that a higher SM
conversion can be reached at high initiator concentration. The minimum area was obtained for the
P40I4000N15. On the other hand, Peak II has a wide-ranging tendency when higher concentrations
of initiator are employed, and with a slightly shifting to the left of its maximum peak signal respect
to the PP peak.
It can be clearly observed that the lower the IM concentration the higher the unreacted SM (Peak III),
which agrees to the viscosity values previously obtained (PPP5 <PPP6<PPP7<PPP8).
Additionally, the thermogravimetric analysis technique allows us to detect the presence of unreacted
SM. Then, thermogravimetric analyses of the PPP changing the IM concentration were studied with
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the aim of obtaining the thermal stability. In Fig. 15, it can be observed the TGA changing the initiator
concentration.
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Fig. 15. Thermogravimetric analysis of the PPP varying the amount of IM.
It can be appreciated two different weight of losses, the first one (145ºC) corresponds to the unreacted
SM, and the second one refers to the degradation of PS particles and the PP. From the first weight
loss, the percentage of unreacted monomer for each PPP can be estimated, obtaining 14.99, 11.58,
9.45 and 0.0 wt.% for PPP5, PPP6, PPP7 and PPP8, respectively. Then, by TGA could be confirmed
that the higher the IM concentration, the lower the quantity of unreacted monomer in the final product,
achieving the highest SM conversion by using 4 wt.% of AIBN respect to the monomer. This
behaviour confirms the above observations taken out from the GPC chromatograms, where it was
easily observed that the higher the AIBN concentration the lower the area of unreacted monomer
peak. Attending to the highest unreacted monomer of the PPP5 respect to the others, this product was
discarded for further considerations.
Regarding to the solid quantification, the 1H NMR spectra of PP, PPP6, PPP7 and PPP8, are shown in
Fig 16.

25

PP

P40I1250N15
SM

PST

5.75 5.25

P40I2500N15

P40I4000N15

8

7

6

5

4

3

2

1

0

ppm

Fig. 16. 1H NMR spectra of the PP and PPP varying the IM from 1.25 to 4 wt.%.
As can be seen, the proton resonance of the polyether polyol is found within 3-4 and 1.1-1.2 ppm, the
signals assigned to aromatic protons in the styrene units can be ranged between 6.5 and 7 ppm, and
peaks of hydrogen in alpha position representative of the unreacted styrene monomer at 5.75 and 5.25
ppm, can be perfectly identified without any signal overlapping. Hence, it can be easily observed how
the intensity due to the unreacted SM (hydrogen in alpha position) diminishes when the IM varies
from 1.25 to 4 wt.%.
In that way, by means of 1H NMR, the weight ratios PS/PPP and SM/PPP of the polyols PPP6 to PPP8
were quantified. Besides, the SM loss was determined by mass balance. Table 4 summarizes the solid
content (PS/PPP), the content of unreacted monomer in the PPPs (SM/PPP), the converted monomer
(PS), unreacted monomer (SM) and the monomer loss (SMloss) as function of the initial monomer.
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Table 4. Solid content and unreacted monomer of PPPs and the PS, the SM and the SMloss as
function of the initial monomer.
PPPs

PS/PPP

SM/PPP

(wt.%)

(wt.%)

Splitting the initial SM
PS

SM

SMloss

(wt.%)

(wt.%)

(wt.%)

P40I1250N15

16.84

12.40

35.71

26.29

38.00

P40I25005N15

23.20

8.63

51.08

19.00

29.92

P40I40005N15

33.38

0.98

76.29

2.24

21.46

It is observed that the amount of unreacted SM for the different PPPs from 1H NMR is very close to
those obtained by TGA. Besides, it is confirmed that the product from the higher amount of initiator
has the higher solid content. Hence, increasing the IM from 1.25 to 4.0 wt.%, it was possible to
enhance the solid content from 16.84 to 33.38 wt.%, respectively, for the same content of SM in the
recipe and obtaining lower viscosity values than the commercial ones. It is worthy to mention that,
the presence of unreacted SM had a big influence on the PPP viscosity, and its amount in the final
PPP explains perfectly the previous viscosity trend PPP6<PPP7<PPP8. In this table, it is also
observed that the larger the initiator concentration, the lower the SM loss. This behaviour confirms
that a high initiator concentration enlarges the nucleation process, favouring the fast reactivity and
avoiding longer reaction times, which also promote the initiator deactivation and evidently the light
monomer sweep away by the inert carrier gas. Besides, at this temperature a large amount of SM
could be lost by vaporization. From these data is also possible to say that only a 76.3 wt.% of the
initial monomer was transformed into solid particles.
To sum up, as result of the viscosity, morphology, particle size distribution, FTIR, TGA, GPC and
1

H NMR characterization it can be concluded that: the higher the AIBN concentration, the higher the

monomer conversion and as consequence the viscosity of the PPP. On the other hand, the use of high
initiator concentrations lead to a polydisperse product having big particles. According to these results,
it has been found that the PPP synthesized at 110ºC, employing 1.5 wt.% of NAD, 40 wt.% of SM
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and 4 wt.% of IM, presented the higher solids content, a great viscosity value (2590 mPa.s), a
polydisperse product with a great morphology and a particles size with a dv0.5 of 42.92µm and a dn0.5
of 4.65µm. As commented above and in order to improve the PPP polydispersity, increase the
conversion of the SM to PS and reduce the SM loss, this polymer polyether polyol production was
studied at lower reaction temperatures.
3.1.3. Influence of the reaction temperature.
Once, the conditions to obtain the best PPP has been selected, two new experiments at 70 and 80 ºC
have been carried out. It has been used the same nomenclature as before including an additional term
T at the end, which refers to the reaction temperature in each experiment.
In Fig. 17 is shown the temperature influence on the particles size distribution, viscosity and
morphology of the PPP.
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Fig. 17. Temperature influence in the particle size, viscosity and morphology of the PPP.
As it can be seen, the particle size of the P40I40005N15-T80 goes forward respect to the
P40I40005N15-T110, indicating that with this temperature is possible to reduce the particle size
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polydispersity and leading spherical particles having similar dv0.5 (5.427 m) and dn0.5 (1.711 m).
This particle size distribution is in concordance with the PPP from SAN, employing macromers of
maleic anhydride as NAD [25].
Additionally, the viscosities of P40I40005N15-T70 (1120 mPa.s) and P40I40005N15-T80 (1930
mPa.s) are lower than that of P40I40005N15-T110 (2590 mPa.s), which can be related, as commented
above, with the lower monomer conversion or the lower particle size distribution in the case of the
P40I40005N15-T80.
Fig. 18 shows the TGA, GPC and the 1H NMR analyses of synthesized PPPs at 70, 80 and 110 ºC.
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Fig. 18. Characterization of PPPs at temperature function a) TGA analyses, b) GPC chromatograms
and c) 1H NMR spectra.
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From Fig. 18 a), the unreacted SM values in the PPP were undetected except at 70ºC, which present
a weight loss of 5.934 wt.%. Fig. 18b) also indicates that P40I40005N15-T70 has a high presence of
this unreacted monomer. In the same way, analysing the Fig. 18c), the mass ratio SM/PPP of 2.41
wt.% obtained from 1H NMR spectrum of P40I40005N15-T70 is in concordance with the value
estimated from TGA. Additionally, by this technique, weak proton resonances in the signals of the
alpha hydrogens were observed for the P40I40005N15-T80 1H NMR spectrum, indicating that the
SM conversion is almost complete at 80ºC, but a mass ratio SM/PPP of 0.383 wt.% is obtained. This
small quantity is also in agreement with the minimum area of the Peak III observed in the GPC
chromatogram of this PPP.
Table 5 shows the solid content and the unreacted SM of the PPPs, the PS and PP molecular weights
and the PS, SM and SMloss as function of the initial monomer obtained from the above analyses.
Table 5. Solid content and unreacted SM of PPP, molecular weights of PS and PP and the PS, the
SM and the SMloss as function of the initial monomer.
PPPs

PS/PPP SM/PPP
(wt.%) (wt.%)

PS
PP
Splitting the initial SM
Mw
Mw
PS
SM
SMloss
(g/mol) (g/mol) (wt.%) (wt.%) (wt.%)

P40I40005N15-T110

33.38

0.98

13288

3567

76.29

2.24

21.46

P40I40005N15-T80

38.69

0.38

14788

3598

95.28

0.94

3.78

P40I40005N15-T70

29.15

2.41

15044

3572

63.90

5.29

30.80

As can be seen, the solid content (38.69 wt.%) is maximum and close to the theoretical one (40 wt.%)
when the reaction is performed at a temperature of 80 ºC. It is also observed in this table that the
maximum styrene conversion is achieved at this temperature, being a 19.93% higher than the SM
conversion reached at 110ºC. This maximum conversion could explain the highest Peak I that is
observed in the GPC for P40I40005N15-T80. Indicating that PS polymers of high molecular weight
tends to be produced while the MW of PP remains practically constant. On the other hand, the high
SMloss obtained at 70ºC, indicates that this polymerization temperature is not enough to convert
entirely the monomer and the light monomer is easily removed from the bulk by the carrier gas,
promoting its loss (30.80 wt.%). Hence, the lowest viscosity of the P40I40005N15-T70 is mainly
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related with the high SM content whereas the highest viscosity exhibited by the product of 110 ºC
could be attributed to the biggest particle size of the PS polymer in the PPP. Thus, when a reaction
temperature of 80ºC is employed, the monomer condensation performance of the experimental setup
is favoured, the initiator acts properly being possible to minimize the monomer losses, obtaining a
high solids content in the final product and reducing the energetic costs are reduced.
To sum up, the optimal PPP containing 38.69 wt.% of PS with a dv0.5 of 5.427 m and dn0.5 of
1.711m, perfectly stabilized by hydrogen-bonding interaction between NAD and PP and reactivity
of vinyl groups, from NAD and SM, has been developed. This PPP has been achieved at 80ºC,
employing NAD and SM concentrations of 1.5 and 40 wt.%, respectively, and a mass ratio of
AIBN/monomer of 4 wt.%. The viscosity of this PPP was 1930 mPa·s, which is within those of
commercial ones, having SAN solids content of 25 and 42 wt.%, 1400 and 4500 mPa·s, respectively
[48].
Conclusions
For the first time in literature, a series of trifunctional PPP were obtained by means of employing a
novel non-aqueous dispersant (NAD) based on a silica gel, which ensured a proper stabilization by a
conjunction of two effects. On the one hand by means of hydrogen bonds between either hydroxyl
groups or ether oxygen atoms of the trifunctional polyether polyol, and the hydroxyl groups contained
in the NAD structure itself, and, on the other hand, the linkage between NAD and styrene monomer
through their reactive vinyl groups, providing as result a segment with strong affinity to the dispersed
polystyrene particles. This way, a proper stabilization was achieved and at the same time flocculation
was avoided. The mass ratios PS and unreacted SM respect to the PPP and the molecular weights of
PS and PP for the polymer polyether polyols were perfectly determined by 1H NMR, TGA and GPC.
It was found that the higher the NAD and the initiator concentrations, the higher the PPP viscosity.
The viscosity of the PPP was directly affected by the particle size and inversely influenced by the
undesirable unreacted monomer. In that way, the optimal PPP with the minimum unreacted SM was
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achieved by using the minimum NAD concentration (1.5 wt.%), the maximum mass ratio
initiator/monomer (4.0 wt.%) and a temperature of 80 ºC for leading the minimum SM loss and PS
particles of smaller size. The synthesized PPP presented a 38.69 wt.% of PS, a dv0.5 of 5.427 m, a
dn0.5 of 1.711 m and a viscosity value of 1930 mPa.s. The viscosity and particle size of this PPP
were in the range of the commercial ones.
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