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Abstract 

 

Nanosilicas with different silanol contents were obtained by treatment of hydrophilic fumed 

silica with dimethyldichlorosilane. This treatment reduced the silanol content and produced 

the particle agglomeration of the nanosilicas. Thermoplastic polyurethane (TPU) adhesives 

containing nanosilicas were prepared and characterized by FTIR spectroscopy, differential 

scanning calorimetry (DSC), plate–plate rheology, dynamic mechanical thermal analysis 

(DMTA) and transmission electron microscopy (TEM).  

 

It was demonstrated that addition of hydrophilic nanosilicas favored the degree of phase 

separation between the hard (i.e. isocyanate + chain extender) and soft (i.e. polyol) 

segments in the TPUs; the higher the silanol content on the surface of silica, the higher the 

degree of phase separation, and the crystallinity of the polyurethane (due to the soft 

segments) was also increased. Hydrogen bonds between the ester carbonyl groups in the 

TPU and the silanol groups on the silica surface were created and more favored by 

increasing the silanol content.  
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Introduction 

 

Thermoplastic polyurethanes (TPUs) are multi-phase segmented polymers that exhibit a 

two-phase microstructure (phase separation), which arises from the incompatibility between 

the soft and the hard segments. The hard rigid segment segregates into a glassy or 

semicrystalline domain, and the polyol soft segments form amorphous or rubbery matrices 

in which the hard segments are dispersed [1]. 

 

Fumed silicas (nanosilicas) are fillers commonly added to improve the thermal, rheological 

and mechanical properties of TPU´s [2–7]. This improvement in properties has been 

previously ascribed to the creation of hydrogen bonds between the hydroxyl groups on the 

nanosilica surface and the soft segments of the polyurethane, favoring the degree of phase 

separation [8–11]. Previous experimental evidence [12, 16-20] has corroborated the 

formation of hydrogen bonds between the nanosilica and the polyurethane. 

 

To analyze in depth the creation of hydrogen bonds between the nanosilica and the 

polyurethane and its incidence in the structure and properties of TPU´s, nanosilicas with 

different silanol contents were added to thermoplastic polyurethanes. Specific surface area 

is inversely related to the primary particle size of nanosilica, and the greater the specific 

surface area the greater the silanol content. If hydrogen bond formation is responsible for 
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improving the properties of nanosilica–polyurethane mixtures, it can be expected that the 

greater the silanol content in the nanosilica, the more noticeable the extent of phase 

separation in the polyurethane should be; therefore, 2wt% of different nanosilicas was 

added to a TPU and the mixtures obtained were characterized by FTIR spectroscopy, DSC, 

X-ray diffraction, plate–plate rheometry, DMTA and TEM. 

 

Materials and methods 

 

Fumed nanosilicas were manufactured by Wacker-Chemie (Burghausen, Germany). A fully 

silanized nanosilica (HDK N20, Wacker-Chemie) was progressively modified by chemical 

reaction with dimethyldichlorosilane (DMCS). The original level of silanization was 

decreased to 15.0 and 57.5%. The nominal primary particle size in all nanosilicas was 7 

nm.  According to Wacker-Chemie, the nominal specific surface area of all nanosilicas was 

200m
2
/g. 

 

TPU was prepared using the prepolymer method. It was obtained by reacting the 

polyadipate of 1,4-butanediol (Mw: 2440 Da) with 4,4- diphenyl methane diisocyanate—

MDI; an isocyanate/macroglycol equivalent ratio of 1.05 was used. 1,4-butanediol was used 

as chain extender. High-purity solid MDI was supplied by Aldrich (Cat. 25.643-9), a 

mixture of 98 wt% of the 4,400-isomer and 2 wt% of the 2,400-isomer. The NCO content 

of the prepolymer was determined by titration with dibutylamine (UNE-EN1242 standard).  

 

The polyadipate of 1,4-butanediol (Hoopol F-530) was supplied by Hooker S.A. 

(Barcelona, Spain) and was heated for 4 h at 70 ºC under reduced pressure (5 Torr) to 

remove the residual water. The 1,4-butanediol was supplied by Aldrich (Cat.B8.480-7) and 

was dried using 4A˚ molecular sieves. 

 

To avoid cross-linking reactions during polyurethane synthesis, the reaction temperature 

was kept below 65 ºC under a stirring speed of 80 rpm. The synthesis of the polyurethane 

was carried out in dry nitrogen atmosphere to avoid the presence of water in the reactor. 

The prepolymers containing unreacted isocyanate ends were completely reacted at 65 ºC 

for 2 h at 80 rpm with the necessary stoichiometric amount of 1,4-butanediol. After cooling 

down, the resulting solid polyurethanes were annealed in an oven at 80 ºC for 12 h. 

 

With the polyurethane in 2-butanone solution, 10 wt% nanosilica was mixed by using a 

Dispermix DL-A laboratory mixer provided with a Cowles mechanical stirrer (diameter of 

50 mm) and a water jacket to maintain the temperature at 25 ºC during the preparation of 

the nanosilica–polyurethane mixtures. 

 

The preparation of the mixtures was carried out in two consecutive stages: (i) the nanosilica 

was mixed for 15 min at 2500 rpm with 1/3 butanone volume required in the solution, (ii) 

the polyurethane and 2/3 butanone volume were added to the previous solution, stirring the 

mixture for 2 h at 2000 rpm. The resulting solutions containing 20wt% polyurethane and 

2wt% nanosilica were kept in a hermetic container until use. A solution containing 20 wt% 

polyurethane (without filler) was also prepared as control. Most of the properties of the 

nanosilica–polyurethane mixtures were measured using solid films which were prepared by 



placing about 100 cm3 of adhesive solution in a mould and allowing a slow evaporation of 

the solvent at room temperature. 

 

The polyurethane films obtained were 0.7–0.9mm thick. The nomenclature of the 

polyurethane–nanosilica mixtures were PU0 (i.e. TPU without silica), and PU15, PU57.5 

and PU100 (TPUs containing nanosilicas with 15, 57.5 and 100% of the original silanol 

groups content in the HDK N20 silica, respectively). 

 

Nanosilicas were characterized by ATR-FTIR spectroscopy, TEM and N2/77K adsorption 

isotherms. TPU films were characterized by FTIR spectroscopy, DSC, plate–plate 

rheometry, DMTA and TEM. 

 

Results and discussions. 

 

1. Characterization of silicas 

 

ATR–IR spectrum of the fully silanated—100% silanol—nanosilica shows the stretching 

broad band of Si–O–Si centred at 1107 cm
_1

, and several bands due to the silanol groups: 

3442 (SiO–H stretching), 1629 (SiO–H bending) and 1260 cm
_1

 (Si–O stretching). The 

treatment of the fully silanated nanosilica with DMCS creates new C–H (2960 cm
_1

) and 

Si–O–C (810 cm
_1

) bands—and a reduction in the intensity of the bands at 1260, 1629 and 

3442 cm
_1

 due to silanol groups is produced. The higher the degree of reaction of the 

nanosilica with DMCS (or the lower the silanol content), the higher the intensity of the C–

H and Si–O–C bands. 

 

The N2/77K adsorption isotherms of the nanosilicas belong to the type II of the Brunauer–

Deming–Deming–Teller classification, typical of non-porous solids [11]. The capillary 

condensation starts at a relative pressure of 0.85. The lower the amount of silanol groups, 

the lower the adsorption capacity of the nanosilica, mainly in the region of relative pressure 

lower than 0.2.  

 

The application of the BET equation [12] in the region of relative pressure between 0.05 

and 0.30 allows the calculation of the monolayer adsorption capacity in ml/g (Vm). The 

specific surface area (SBET) was obtained from the Vm values. It shows a decrease in the 

specific surface area of the nanosilica by decreasing the amount of silanol groups. 

Furthermore, the C parameter decreases by decreasing the amount of silanol groups on the 

surface of nanosilica. Therefore, the treatment of the fully silanated nanosilica with DMCS 

produces some degree of agglomeration of the primary particles. In fact, the TEM 

micrographs show that the higher the silanol content, the lower the degree of agglomeration 

and the lower the particle size of the nanosilica. This conclusion is in contradiction with 

some previous works [13–15] that reported that a higher silanol content causes more 

moisture adsorption on the silica surface and therefore the filler–filler interactions increase. 

This in turn leads to agglomeration of the filler particles. However, in this study the 

reduction in the silanol groups content was due to reaction with the chlorosilane, so the 

nanosilica surface becomes more hydrophobic and the water adsorption is less favored. 
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2. Characterization of the polyurethane-nanosilica mixtures. 

Figure 1 shows the IR spectra of the polyurethane films without and with nanosilicas. All 

IR spectra shows the bands due to the polyurethane at 3440 (free N-H stretching), 3348 

(hydrogen-bonded N-H), 1735 (C=O of urethane), 1550 (N-H bending), and 1535 (C-N) 

cm
-1

. The bands due the C-O-C of the polyester at 1174, 1224 and 1457 cm
-1

 also appear. 

Because the band due to the isocyanate at 2250 cm
-1

 is not present, the polyurethane is fully 

reacted. The polyurethane-nanosilica mixtures also shows the bands due silica at 1073 (Si-

O-C, Si-O-Si) and 811 cm
-1

 (Si-OH, Si-OC, Si-O-Si). There are no differences between the 

IR spectra of the mixtures containing nanosilicas with different silanol content because of 

the small amount added to the polyurethane. 

 

Figure 1.  IR spectra of the polyurethane-nanosilica mixtures. 

Because the IR bands at 3445 and 3348 cm
-1

 correspond to the free and hydrogen-bonded 

N-H stretching, respectively, it is possible to calculate the degree of phase separation (DPS) 

and the degree of phase mixing (DPM) in the polyurethanes. DPS and DPM can be readily 

obtained from the equations (1) and (2), respectively [8]. 
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The DPS and DPM values of the polyurethane-nanosilica mixtures are given in Figure 2 as 

a function of the silanol content in the nanosilica. The degree of phase separation DPS 

increases and the DPM decreases as the silanol content in the nanosilica increases. 

 

Figure 2.  DPS and DPM values for the polyurethane-nanosilica mixtures as a function of 

the silanol content in the nanosilicas. 

TPU consist of alternating flexible soft and rigid segments displaying a two-phase 

morphology due to segmental incompatibility. Several factors influence the degree of phase 

separation such as the molecular weight, the segmental length, the crystallizability of the 

soft segments, the overall composition, and the intra- and inter-segments interactions. The 

degree of phase separation in the polyurethanes is affected by adding nanosilica likely due 

to the hydrogen-bond interactions created between the silanol groups on the nanosilica 

surface and the soft segments of the polyurethane. Therefore, the segmental incompatibility 

in the polyurethane increases by adding hydrophilic nanosilicas; the higher the silanol 

content in the nanosilica, the higher the degree of phase separation. Recent studies [9,10, 

17-20] have demonstrated that the addition of materials able to form hydrogen-bonds result 

in less direct interactions between phases, causing a higher degree of phase separation in 

the polyurethane. On the other hand, the interactions between the silanol groups and the 

carbonyl groups in the polyurethane are weaker than those between the N-H and ester 

carbonyl groups, and therefore the silica addition increases the polyester chain mobility in 

the polyurethane allowing the creation of more ordered phases with respect to the 

polyurethane without silica. 

The degree of phase separation in the polyurethanes was also studied by differential 

scanning calorimetry (DSC). Figure 3 shows the DSC thermograms of the polyurethanes 

with and without nanosilica. The DSC curves show one Tg value due to the soft segments 

located at low temperature followed by the cold crystallization of the soft segments 

https://www.researchgate.net/publication/222586035_Polymer-filler_interactions_and_mechanical_properties_of_a_polyurethane_elastomer?el=1_x_8&enrichId=rgreq-e965c05b5c46fbb2cf6a21852f52e365-XXX&enrichSource=Y292ZXJQYWdlOzI3MjgxODA3NjtBUzozMjcyMTI0NzQ2MTc4NTZAMTQ1NTAyNDk0MTU1Ng==
https://www.researchgate.net/publication/248447706_X-ray_studies_on_compositions_of_polyurethane_and_silica?el=1_x_8&enrichId=rgreq-e965c05b5c46fbb2cf6a21852f52e365-XXX&enrichSource=Y292ZXJQYWdlOzI3MjgxODA3NjtBUzozMjcyMTI0NzQ2MTc4NTZAMTQ1NTAyNDk0MTU1Ng==
https://www.researchgate.net/publication/230090568_Interactions_in_Nanosilica-Polyurethane_Composites_Evidenced_by_Plate-Plate_Rheology_and_DMTA?el=1_x_8&enrichId=rgreq-e965c05b5c46fbb2cf6a21852f52e365-XXX&enrichSource=Y292ZXJQYWdlOzI3MjgxODA3NjtBUzozMjcyMTI0NzQ2MTc4NTZAMTQ1NTAyNDk0MTU1Ng==
https://www.researchgate.net/publication/240397993_Addition_of_nanosilicas_with_different_silanol_content_to_thermoplastic_polyurethane_adhesives?el=1_x_8&enrichId=rgreq-e965c05b5c46fbb2cf6a21852f52e365-XXX&enrichSource=Y292ZXJQYWdlOzI3MjgxODA3NjtBUzozMjcyMTI0NzQ2MTc4NTZAMTQ1NTAyNDk0MTU1Ng==
https://www.researchgate.net/publication/248334227_Properties_of_thermoplastic_polyurethane_adhesives_containing_nanosilicas_with_different_specific_surface_area_and_silanol_content?el=1_x_8&enrichId=rgreq-e965c05b5c46fbb2cf6a21852f52e365-XXX&enrichSource=Y292ZXJQYWdlOzI3MjgxODA3NjtBUzozMjcyMTI0NzQ2MTc4NTZAMTQ1NTAyNDk0MTU1Ng==
https://www.researchgate.net/publication/23656931_Kinetics_of_Isothermal_Degradation_Studies_in_Adhesives_by_Thermogravimetric_Data_Effect_of_Hydrophilic_Nanosilica_Fillers_on_the_Thermal_Properties_of_Thermoplastic_Polyurethane-Silica_Nanocomposites?el=1_x_8&enrichId=rgreq-e965c05b5c46fbb2cf6a21852f52e365-XXX&enrichSource=Y292ZXJQYWdlOzI3MjgxODA3NjtBUzozMjcyMTI0NzQ2MTc4NTZAMTQ1NTAyNDk0MTU1Ng==


(exothermal peak), as well as the melting of the soft segments (located at higher 

temperature).  

 

Figure 3.  DSC thermograms of the polyurethane-nanosilica mixtures. 

The glass transition temperature (Tg) shifts to lower temperature in the polyurethanes 

containing nanosilicas as compared to that without nanosilica, indicating a higher degree of 

phase separation between the hard and soft segments in the polyurethanes containing 

nanosilica. On the other hand, the higher the silanol content in the nanosilica, the higher the 

Tg value of the polyurethane-nanosilica mixture, and therefore the smaller degree of phase 

separation. This is in agreement with the increase in the DPS value in the polyurethanes 

containing nanosilicas with higher amount of silanol groups, and therefore, the formation of 

hydrogen-bonds between the soft segments in the polyurethane and the silanol groups on 

the nanosilica surface is favoured. As a consequence, the soft segments in the polyurethane 

become well-organized and therefore its crystallinity should increases.  

The rheological behaviour of the polyurethane-nanosilica mixtures were studied by plate-

plate rheometry. Figure 4a shows the variation of the storage modulus (G’) as a function of 

the temperature for all polyurethanes and Figure 4b shows the variation of the storage (G’) 

and loss (G’’) modulus as a function of the temperature for PU0 and PU 57,5. There is a 

continuous decrease in the storage and loss moduli by increasing the temperature due to the 

rupture of the interactions between the polyurethane chains.  



 

Figure 4.  a) Variation of the storage modulus (G´) as a function of the temperature in the 

polyurethanes with and without nanosilica. b) Variation of the storage (G’) and 

loss (G´´) modulus as a function of the temperature for the polyurethanes 

without (PU0) and with HDK H20 nanosilica (PU57,5). 
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When the nanosilica is added to the polyurethane, G’ and G’’ increases, the increase is 

more noticeable by increasing the temperature. This is due to the creation of hydrogen 

bonds between the nanosilica and the soft segments, the melting temperature of the 

polyurethane increases. The higher the silanol content in the nanosilica, the higher the 

storage modulus, because of the higher number of hydrogen bonds.  

On the other hand, the polyurethane without nanosilica (PU0) shows a cross-over between the 

storage and loss moduli at 85 ºC, i.e. at low temperature the storage modulus is higher than 

the loss modulus, but at high temperature the loss modulus is higher. The addition of 

nanosilicas removes the cross-over and always the storage modulus is higher than the loss 

modulus. Therefore, the incorporation of nanosilica makes the polyurethane more resistant 

to flow, more markedly by increasing the silanol content. The difference in the rheological 

behaviour of the polyurethanes seems to be in good agreement with the results obtained 

using DSC.  

DMTA experiments allowed obtaining the viscoelastic properties of the polyurethanes in 

the region of low temperature where the glass transition temperature (Tg) is found. Figure 5 

shows the variation of the storage modulus (E’) and tan  as a function of the temperature for 

the polyurethanes without and with nanosilicas.  
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Figure 5. Variation of the storage modulus (E´) and tan delta as a function of the 

temperature for the polyurethanes with and without nanosilicas. DMTA curves. 



Before the glass transition, the storage modulus (E’) does not vary with the temperature, and it 

is higher for the polyurethanes containing nanosilicas. The glass transition is more clearly 

evidenced as a maximum in the curves of tan . The Tg value of the polyurethane without 

silica is located at -22 °C and decreases by increasing the silanol content of the nanosilica, 

indicating a greater degree of phase separation in the polyurethanes with nanosilicas. This 

trend in Tg value is more marked in PU15, indicating the interaction between the silica and 

the soft segment of the polyurethanes which is responsible for the movement of the 

polymer chains at higher temperature. This trend is in agreement with that found with DSC. 

Furthermore, because of the maximum tan  and the area below the glass transition curve in 

Figure 5 decrease by increasing the silanol content of the nanosilica, stronger interactions 

between the nanosilica and the polyurethane are produced, i.e. higher numbers of hydrogen 

bonds are produced. Thus, PU100 has the smallest area under the tan  curve and PU0 the 

largest one. 

Figure 5 shows that after the glass transition, a rubbery plateau is produced. In the rubbery 

plateau, the storage modulus of the polyurethanes slightly increases by increasing the silanol 

content in the nanosilica. Therefore, the higher the silanol content, the greater interactions with 

the soft segments (physical cross-links are produced, i.e. hydrogen bonds) and the higher the 

crystallinity of the polyurethane. At about 35 ºC a sudden decrease in the storage modulus (or 

a sudden increase in tan  - Figure 5) is produced because of the softening of the 

polyurethanes. The morphology of the polyurethanes was analysed by TEM (Figure 6). 

Micrographs show the globular shape of the nanosilica aggregated particles. PU15, PU57,5 

and PU100 show the nanosilica aggregated particles extended within the soft segments 

(lighter zones) of the polyurethane. PU0 is more uniform probably due to the smaller phase 

segregation.  

         

 

Figure 6. TEM micrographs of the TPU-nanosilicas. 

PU100 PU57.5 

PU15 



The degree of nanosilica agglomeration is more important in PU15 because it contains the 

nanosilica with lower amount of silanol groups. 

Conclusions 

The addition of nanosilicas improved the thermal and rheological properties of 

thermoplastic polyurethanes, due to the creation of hydrogen bonds between the silanol 

groups on the nanosilica surface and the ester carbonyl groups in the soft segments of the 

polyurethane. Nanosilica disrupted the compatibility between the hard and soft segments 

favoring some degree of phase separation in the polyurethane. The higher the silanol 

content on the surface of nanosilica, the higher the degree of phase separation in the 

polyurethane. 
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