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POLYMER-FILLER INTERACTIONS IN 

POLYETHER BASED THERMOPLASTIC POLYUREATHANE/SILICA 

NANOCOMPOSITES 

 

ABSTRACT 

 

Thermoplastic polyurethaneureas (TPU) are a unique class of materials that are 

used in a broad range of applications due to their tailorable chemistry and morphology 

that allow engineering materials with targeted properties. The central theme of this 

dissertation is to develop an understanding on polymer-filler interfacial interactions and 

related reinforcing mechanism of silica nanoparticles in polyether based TPU/silica 

nanocomposites. Prior to our investigation on nanocomposite materials, the growth of 

silica nanoparticles in different solvents was studied by monitoring the temporal 

changes in tetraethyl orthosilicate concentration and in the average diameter of silica 

particles during initial hydrolysis of tetraethyl orthosilicate in C1-C4 alcohols. Stable 

silica sols in iso-propanol, which is a common solvent for studied TPU copolymers, 

were prepared in a controlled manner. 

Nanocomposites consisting of TPU and silica nanoparticles of various size (20-

250 nm) and filler loadings (1-40 weight%) were prepared by solution blending and 

characterized. TPU copolymer was based on a cycloaliphatic diisocyanate and hydroxyl 

terminated poly(tetramethylene oxide) or poly(ethylene oxide) with number average 

molecular weight of 2000 g/mol and 2-methyl-1,5-diaminopentane chain extender. Even 

distribution of silica in copolymer matrices led to higher modulus and tensile strength of 

the nanocomposites, and elastomeric properties were retained. The improvements in 

tensile properties of the nanocomposites mainly stemmed from the hydrogen-bonding 

between silanol groups on the surface of silica nanoparticles and ether linkages of the 

polyether segments of the copolymers. It was demonstrated that polyether based 

TPU/silica nanocomposites with a range of mechanical properties can be prepared by a 

simple technique. 

 

Keywords: Nanocomposites, polyether based thermoplastic polyurethaneurea, silica, 

solution blending, polymer-filler interfacial interaction.  
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POLYMER-FILLER INTERACTIONS IN 

POLYETHER BASED THERMOPLASTIC POLYUREATHANE/SILICA 

NANOCOMPOSITES 

 

ÖZET 

 

Termoplastik poliüretanüre (TPU), hedeflenen özellikler doğrultusunda 

uyarlanabilen kimyası ve morfolojisi nedeniyle geniş bir uygulama aralığına sahip, 

bilimsel ve ticari açıdan önemli bir polimer sınıfıdır. Bu tezin ana teması, polieter bazlı 

TPU/silika nanokompozitlerde polimer/silika arayüzey etkileşiminin incelenmesi ve 

buna bağlı olarak gelişen morfolojik, termal ve mekanik özelliklerin tespit edilmesidir. 

Bu şekilde, TPU/silika nanokompozitlerde yapı/özellik ilişkisine bir anlayış getirilmesi 

hedeflenmektedir. Nanokompozit sistemler üzerindeki inceleme öncesinde, silika 

nanopartiküllerin içinde büyümesi ve tetraetil ortosilikat hidroliz reaksiyonu C1-C4 

alkolleri içinde izlenmiştir. Kararlı silika soller, çalışılan TPU kopolimerler için ortak 

bir çözücü olan izo-propanol ortamında kontrollü bir şekilde hazırlanmıştır. 

Çeşitli boyut (20-250 nm) ve dolgu yüklerine (ağırlıkça % 1-40) sahip 

TPU/silika nanokompozit filmler hazırlanmış ve karakterize edilmiştir. Polieter bazlı 

TPU, moleküler ağırlığı <Mn> 2,000 g/mol olan hidroksil sonlu poli(etilen oksit) ya da 

poli(tetrametilen oksit), halkalı alifatik diizosiyanat ve zincir uzatıcı olan kullanılan 

diaminden oluşmaktadır. Ortak çözücüde karıştırma tekniği ile silika nanopartiküllerin 

polieter bazlı TPU kopolimerde homojen dağılımı sağlanmıştır. Silika ilavesi ile 

kopolimerin elastomerik özellikleri korunurken daha yüksek elastik modül ve gerilme 

mukavemetine sahip nanokompozitler elde edilmiştir. Bunun yanı sıra, camsı geçiş 

sıcaklığında bir değişim gözlenmemiştir. Nanokompozit sistemlerin gerilme 

özelliklerindeki iyileşme, silika yüzeyindeki silanol grupları ile kopolimerlerin yumuşak 

kısımlarındaki eter gruplarının hidrojen bağı kurarak etkileşmelerinden kaynaklanmıştır. 

Bu çalışma ile üstün ve/veya istenilen mekanik özelliklere sahip polieter bazlı 

TPU/silika nanokompozit sistemlerin sunulan ortak çözücüde karıştırma tekniği ile 

hazırlanmasının mümkün olduğu gösterilmiş ve elde edilen iyileşmenin nedenleri 

sunulmuştur. 

 

Anahtar Kelimeler: Nanokompozit, polieter bazli termoplastik poliuretanure, silika, 

çözeltide karıştırma, polimer-dolgu arayüzey etkileşimi. 
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1. INTRODUCTION 

There is a growing interest in polymeric nanocomposite materials due to their 

improved characteristics and expanding fields of applications. This interest originates 

from the increased need for superior materials and the recent advances in 

characterization techniques of materials. Polymeric nanocomposites are mostly 

produced by homogeneous dispersion of nano-scaled inorganic building blocks within 

an organic polymer matrix. The purpose of organic/inorganic nanocomposites is to 

develop novel and superior materials by combining the characteristics of organic 

polymers such as flexibility, ductility, low-density and processibility with the 

characteristics of inorganic materials such as scratch resistance, hardness and thermal 

stability. Additionally, improvements in gas permeability characteristics and flame 

retardancy of materials are aimed.  

Polyurethanes are produced in very high amounts throughout the world and are 

used in foam, coating and adhesive industries. Polyurethane chemistry is a very broad 

field and encompasses a large number of chemical reactions of diisocyanates with 

various active hydrogen-containing compounds allowing a wide range of end-products 

adaptable to various applications. Polymer chains in polyurethanes are composed of 

alternating hard and soft segments, which are linked by urethane linkages. Crosslinking 

in polyurethanes are provided by chemical or physical processes. Chemical crosslinking 

occurs when a tri- or more functional monomers are used and this leads to the formation 

of a network structure, which cannot be disrupted by heat treatment. Therefore, such 

polyurethane elastomers show thermoset polymer characteristics. On the other hand, 

crosslinking in thermoplastic polyurethanes (TPU) occurs by a physical process as a 

result of their microheterogeneous, two-phase morphology, which arises from the 

incompatibility between the hard and soft segments. TPUs, as a subclass of 

thermoplastic elastomers, combine the service properties of elastomers and the 

processing properties of thermoplastics with the possibility of recycling and reuse. 

TPUs can also be defined as linear-segmented multiblock copolymers with alternating 
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hard and soft segments. One type of block, hard segment, is formed by addition of chain 

extender, a low molecular weight diol or diamine, to the diisocyanate. The copolymer is 

named as polyurethaneurea when diamine is used as the chain extender. The other type 

is the soft segment, which is usually a high molecular weight macroglycol (e.g. 

polyether, polyester) that establishes the interconnection between two hard segments.  

Thermoplastic polyurethanes are used in applications such as wire insulation, 

automobile fascia, footwear, wheels and adhesives. However, there is a growing interest 

to broaden the range of applications for TPUs beyond the current limits. The 

outstanding performance of TPUs is their resistance to abrasion and low coefficient of 

friction against other surfaces with tailorable hardness and low temperature flexibility 

characteristics. TPUs are very versatile materials with tailorable chemistry and 

commercial availability of a very large number of starting materials for their synthesis. 

For instance, mechanical properties of polyether based TPUs are somewhat lower than 

the polyester based counterparts, whereas they show superior low temperature 

flexibility and hydrolytic stability.  

Until recently, fillers are not normally used in polyurethanes to bulk out the 

product. Nanoparticles and nano-sized organoclays are now being investigated and used 

to provide improved characteristics to TPUs. Commercially available TPUs and most of 

the academic work on TPUs and TPU nanocomposites have been mainly carried on 

polyester based materials. On the other hand, silica nanoparticles has been extensively 

used as fillers to reinforce several different polymeric matrices. 

The central theme of this dissertation is to develop an understanding on 

polymer-filler interfacial interactions and related reinforcing mechanism of silica 

nanoparticles in polyether based TPU/silica nanocomposites. By this way, it would be 

possible to design TPU/silica nanocomposites with improved mechanical and thermal 

properties for several specific applications. The expected impact of this approach is to 

gain control over design parameters, and hence over ultimate properties of the 

TPU/silica nanocomposite materials by establishing a structure/property relation.  

In Chapter 2, a broad overview of both silica and segmented copolymer 

literature is presented. A more comprehensive literature review of each topic is reserved 

for the appropriate chapter. 

Experimental procedures and characterization techniques are briefly introduced 

in Chapter 3. Detailed explanations of the experimental sections are presented in the 

following chapters. 
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Chapter 4 includes the work on formation and growth of silica particles in low 

molecular weight alcohols (methanol, ethanol, n-propanol, isopropanol, n-butanol) and 

controlled synthesis of silica particles in ethanol as the parent alcohol. In the first part of 

this chapter, TEOS hydrolysis kinetics is monitored by using in-situ liquid 29Si-NMR 

and dynamic light scattering to investigate the effects of concentration of reaction 

ingredients and type of solvent on hydrolysis rate and particle size, respectively. Solvent 

effects on initial hydrolysis kinetics, size and polydispersity of silica particles were 

discussed in terms of polarity and hydrogen-bonding characteristics of the solvents. The 

following part presents the preparation and characterization of colloidal silica in 

ethanol, where the effects of initial concentration of TEOS, ammonia and water were 

investigated. 

Structure-property behavior of polyether based TPU with respect to filler size 

and loading as well as soft segment chemistry is presented in Chapter 5. Initially, the 

properties of silica nanoparticles prepared in isopropanol, which is the common solvent 

used for the preparation of TPU/silica nanocomposites, were introduced. First part of 

this chapter includes the effect of filler size and loading in poly(tetramethylene oxide) 

based TPU/silica nanocomposites. Finally, TPU/silica nanocomposites with 

poly(ethylene oxide) soft segments were investigated in order to demostrate the effect 

of soft segment chemistry on the morphology as well as mechanical and thermal 

properties of resultant TPU/silica nanocomposites. The effect of particle loading was 

studied for poly(ethylene oxide) based TPU/silica nanocomposites and the results were 

discussed in comparison with the results of the poly(tetramethylene oxide) based 

TPU/silica nanocomposites.  
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2.  LITERATURE REVIEW 

2.1. PART I: SILICA 

Silicon, at 27.8 % by weight, is the second most abundant element after oxygen 

(46.6 % by weight) and it is the main component of the earth’s crust [1]. In nature, 

silicon is almost always bonded to oxygen, either to oxygen alone as in silicon dioxide, 

silica (SiO2), or as in the silicates with additional elements (e.g. bentonites such as 

montmorillonite and wollastonite). The natural silicates are mostly used as raw 

materials for the production of cement, glass, porcelain, brick, etc.  

 

 
 

Figure 2-1: Two-dimensional representation of random versus regular packing 

of [Si-O4]4- tetrahedra: amorphous (left) and crystalline silica [2]. 

 

The building block of silica and the silicate structures is the SiO4 tetrahedron, 

four oxygen atoms at the corners of a regular tetrahedron with a silicon ion at the center 

cavity or centroid [3]. Silica can be natural or synthetic, crystalline or amorphous. All 

forms of silica contain the Si-O bond, which is the most stable of all Si-X element 

bonds. The Si-O bond length is about 0.162 nm, which is considerably smaller than the 

sum of the covalent radii of silicon and oxygen atoms (0.191 nm) [4]. Familiarity with 



 5 

the structure of crystalline silica is helpful in understanding the bulk and surface 

structure of amorphous silica. In amorphous silica, the bulk structure is determined, as 

opposed to the crystalline silicas, by a random packing of [SiO4]4- units, which results in 

a nonperiodic structure as shown by Figure 2-1 [5]. As a result of the structural 

differences the various silica forms have different densities (2-3 g/mol at 273 K) [2]. 

Surface chemistry of silica is a subject of intensive studies since many of the 

absorption, adhesion, chemical and catalytic properties of silicas depend on the 

chemistry and geometry of their surfaces. At the surface, silicas end in siloxane groups 

(Si-O-Si) and one of the several forms of silanol groups (Si-OH) lead to hydrophilic 

nature of the particles. Silanol groups on the surface may exist as free (isolated), vicinal 

or geminal silanols as shown in Figure 2-2 (a). The silanol groups residing on adjacent 

particles may form hydrogen bonds and to formation of aggregates as illustrated in 

Figure 2-2 (b). Silanol groups may also be found within the structure of colloidal 

particles and they are designated as internal silanols or structurally bound water. The 

silica surface OH groups are the main absorption and reaction centers. The average 

concentration silanol groups was found to be 4.9 OH groups per square nanometer as a 

result of 231 independent measurements, which is in good agreement with the 

numerical value (4.6 OH groups per square nanometer) obtained by Zhuravlev [6]. 

 

 

 

 

 

 

 

 

Figure 2-2: (a) Different types of surface silanol groups [7] and (b) aggregate 

formation between fumed silica particles through H-bonds [8]. 

 

Advances in nanotechnology have led to the production of nanosized silica 

(nanosilica), which has been widely used in many fields of colloid and materials 

science. Silica obtained from natural resources is non-reinforcing and has been used to 

reduce cost. It is also not favorable for advanced scientific and industrial applications 

since it contained metal impurities. Therefore, the synthetic silica (colloidal silica, silica 

a b

!!!"#$%&'() !!!*"+",&% !!!!!!!!!!!!!!!-(.",&%!
!!!!#"%&,$%! !!!#"%&,$% !!!!!!!!!!!!!!!!#"%&,$%!
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gels, pyrogenic silica, and precipitated silica), which is mostly in amorphous powder, 

has gained importance. There exist two main approaches to obtain silica particles: top-

down and bottom-up. In the first case, which is a physical approach, special size 

reduction techniques are used to reduce the dimension of a bulk material. Bottom-up or 

chemical approach works in the opposite direction and the material is obtained starting 

from the atomic or molecular precursors. In general, three bottom-up methods have 

been used for the synthesis of silica nanoparticles: flame decomposition, precipitation, 

reverse micro-emulsion and sol-gel routes.  These methods offer certain advantages 

with some limitations.  

The commercially prominent method for the silica production is the high-

temperature hydrolysis of silicon tetrachloride (SiCl4) in the O2/H2 flame [1]. This 

continuous combustion process results in amorphous, large surface area fumed silica 

and the by-products steam and HCl. The nanometer-sized primary particles quickly 

form into aggregates that is followed by the formation of agglomerates [9].  In this way, 

so-called “fumed silica” is formed. Difficulty to control the size and morphology of the 

particles is the major drawback of this method.  

Precipitated silicas are formed by consecutive coagulation and precipitation 

from silica solutions and defined as dry silicas with no long or short distance 

characteristic structure [10]. Precipitated silica is not as common as fumed silica in the 

preparation of nanocomposites because it has much higher tendency for agglomeration 

due to higher number of surface silanol groups compared to that of fumed silica. 

In reverse microemulsion systems, nanodrops (3-30 nm) of the aqueous phase 

are trapped within aggregates (micelles) of 50-100 surfactant molecules dispersed in an 

external oil phase [11]. This method has been used for the surface modification of silica 

nanoparticles with different functional groups specifically for biotechnological 

applications [12-14]. In addition to the ease of surface modification, size and 

polydispersity of the particles could be successfully controlled by this technique. 

However high cost and difficulties in removing the surfactant molecules and the solvent 

represent the major limitations.  

Alternatively, the sol-gel method introduced by Stöber [15] is widely utilized for 

the production of pure silica particles. This method offers an easy route to synthesize (5-

2000 nm) colloidal silica at mild conditions yet limited by the polydispersity of the 

particles especially below 50 nm. Research has been focused on the use of colloidal 

silica due to its homogeneous dispersion and tailorable surface properties. Colloidal 
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silica particles exist in the form of sols within water or alcohol as the dispersing 

medium [16]. 

2.1.1. Synthesis of Silica by Sol-Gel route: Stöber Method 

The term sol-gel was introduced in 1950s to refer to the art of manufacturing 

materials by the preparation of a sol, gelation of the sol, and removal of the solvent. 

Later, sol-gel processing was formally defined by Brinker [17] as: Growth of colloidal 

particles and their linking together to form a gel.  Today sol-gel processing covers all 

liquid based processes for the preparation of ceramic materials in various forms such as 

films, fibers and particles. As illustrated in Figure 2-3, even the synthesis of 

unaggregated particles may not involve the gelation step or the sol may be composed of 

polymers instead of particles through fiber spinning, all formations are considered as 

sol-gel processes.  

 

 
 

Figure 2-3: Illustration of various stages, end-products and applications of sol-gel 

processing [18]. The numbers refer to the processing stages. 

 

 

 

 

Gels [9–14], the International Conference on Ultrastructure
Processing [15–19], and the Materials Research Society
(MRS) Symposium on Better Ceramics Through Chemistry
[20–23]. Various applications of sol–gel processing are
described in Sol–Gel Technology for Thin Films, Fibers,
Performs, Electronics, and Specialty Shapes, edited by
Klein [1]. The underlying physics and chemistry are
described in Sol–Gel Science by Brinker and Scherer [24].

HYDROLYSIS AND CONDENSATION OF
AQUEOUS SILICATES

The most weakly hydrolyzed form of silica detectable
in aqueous solution is orthosilicic acid, Si(OH)4 [25],
although it is generally believed that protonation of silanols
to form cationic species;;Si(OH2)

! can occur below about
pH 2. Above pH 7, further hydrolysis involves the deproto-
nation of a silanol group to form an anionic species [25]:

Si(OH)4(aq) "! Si(OH)3O
" ! H! (47:1)

Because Si(OH)3O
2 is a very weak acid, Si(OH)2O2

22 is
observed in appreciable quantities only above pH 12 [25].

By analogy to organic polymer systems, Si(OH)4 may
polymerize into siloxane chains that then branch and
cross-link. However, Iler [2] states, “in fact, there is no
relation or analogy between silicic acid polymerized in
an aqueous system and condensation-type organic poly-
mers.” Iler recognizes three stages of polymerization: (1)
polymerization of monomers to form particles; (2)
growth of particles; and (3) linking of particles into

branched chains, networks, and finally gels. Iler divides
the polymerization process into three approximate pH
domains: pH , 2, 2–7, and .7. A pH of 2 appears to
be a boundary, because the point of zero charge (PZC),
where the surface charge is zero, and the isoelectric
point (IEP), where the electrical mobility of the silica par-
ticles is zero, both are in the range pH 1–3. A pH of 7
appears to be a boundary, because both the solubility
and dissolution rates are maximized at or above pH 7,
and because above pH 7 the silica particles are appreciably
ionized (e.g., Equation 47.1) so that particle growth occurs
without aggregation or gelation. For all pH ranges, the
addition of salt promotes aggregation and gel formation

Because gel times decrease steadily between pH 2 and
6, it is generally assumed that polymerization above the
IEP occurs by a bimolecular nucleophilic condensation
mechanism (SN2-Si) involving the attack of hydrolyzed,
anionic species on neutral species [2]:

;;SiO" !;;Si"OH "! ;;Si"O"Si;;! OH"

(47:2)

Because of inductive effects, the most acidic silanols and
hence the most likely to be deprotonated, are the most
highly condensed species [26]. Therefore condensation
according to Equation (47.2) occurs preferentially
between more condensed species and less condensed,

leads to a typical condensation pathway: monomer,
dimer, trimer, and tetramer. Tetramers tend to cyclize
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FIGURE 47.1 Illustration of the various stages of the sol–gel process. The numbers refer to the order in which these stages are
presented in the text.
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[2] (see Figure 47.2).

neutral, species. As suggested in Figure 47.2, this situation
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Preparation of silica via sol-gel route basically involves hydrolysis and 

condensation of inorganic salts such as sodium silicate, Na2SiO3, or monomeric, 

tetrafunctional metal alkoxide Si(OR)4 (R = alkyl) in the presence of a mineral acid 

(e.g., HCl) or base (e.g. NH3) as a catalyst .  

The general sol-gel reactions (hydrolysis and condensation) of silicon alkoxides 

that leads to the formation of silica are as follows [17]: 

 

 

€ 

≡ Si −OR + H 2O ≡ Si −OH + ROH    (2.1) 

 

 

  (2.2) 

 

€ 

≡ Si −OH +HO − Si ≡ ≡ Si −O − Si ≡ +H2O  (2.3) 

 

 

The hydrolysis reaction (Eq. 2.1) forms silanol groups as alkoxide groups (OR) 

is replaced with hydroxyl (OH). Subsequent condensation reactions involving silanol 

groups produce siloxane bridges (Si-O-Si) and the by-products alcohol (Eq. 2.2) and 

water (Eq. 2.3). Tetramethoxysilane (TMOS), Si(OCH3)4, and tetraethoxysilane 

(TEOS), Si(OCH2CH3)4, are the most commonly used metal alkoxide precursors in sol-

gel processing of silicates (where silicate refers to any hydroxylated or alkoxylated 

forms of silica). A mutual solvent, generally the parent alcohol, is used to provide 

homogeneity since water and alkoxides are immiscible.  

 

 

 

 

 

 

 

! 

" Si #OR +HO # Si " " Si #O # Si " +ROH
alcohol condensation  

alcoholysis 

hydrolysis 

esterification 

water condensation  

hydrolysis 
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Figure 2-4: Polymerization pathway of aqueous silicates according to Iler [19]. 

 
 

The structural evolution of silicates are affected by several parameters: pH 

(catalyst type and amount), solvent, water-to-silicon ratio (R) and monomer. As 

illustrated in Figure 2-4 and reported by numerous studies on silicates, pH has the 

prominent effect on hydrolysis and condensation of silicates.  The general trend shows 

that acid-catalyzed hydrolysis with low R produces weakly branched ‘polymeric sols’, 

whereas based-catalyzed hydrolysis with large R produces highly condensed 

‘particulate sols’ [17]. pH-dependence of sol-gel silicate systems suggests that for more 

highly cross-linked systems, protonated and deprotonated silanols are involved in the 

acid- and base-catalyzed  condensation mechanism at pH<2 and pH>2, respectively. 

Under more basic conditions, where the gel times are observed to increase (Figure 2-5), 

condensation reactions process but gelation does not occur. In this regime, particles are 

formed that, after reaching a critical size, become stable toward gelation due to mutual 

repulsion effects. This high-pH region represents the condition in which so-called 

Stöber silica particles are formed.  

 

because of the proximity of chain ends and the substantial
depletion of the monomer population. Further growth
occurs by addition of monomer and other low-molecular-
weight species to cyclic species to create particles and by
aggregation of particles to form chains and networks [2].

Growth above about pH 7 is distinguished from that
below pH 7 by at least two factors: (1) Above pH 7,
particle surfaces are appreciably charged, so particle
aggregation is unlikely, whereas near the IEP there is no
electrostatic particle repulsion, so the growth and aggrega-
tion processes occur together and may be indistinguish-
able. (2) Because of the greater solubility of silica and
the greater size dependence of solubility above pH 7,
growth of primary particles continues by Ostwald ripen-
ing, a process in which smaller, more soluble particles dis-
solve and reprecipitate on larger, less soluble particles.
Growth ceases when the difference in solubility between
the largest and smallest particles becomes negligible.
Above pH 7, growth continues by Ostwald ripening at
room temperature until the particles are 5–10 nm in diam-
eter, whereas at lower pH growth stops after a size of only
2–4 nm is reached. Because of enhanced silica solubility
at higher temperatures, growth continues to larger sizes,
especially above pH 7 [2].

Because gel times decrease below the IEP, it is
believed [2,4,27,28] that below about pH 2, condensation

occurs by a bimolecular nucleophilic mechanism invol-
ving a protonated silanol:

;;SiOH!
2 !HO"Si;;!;;Si"O"Si;;!H! (47:3)

[Unlike in carbon chemistry, there is no evidence for a
siliconium ion ;;Si! [29].]

HYDROLYSIS AND CONDENSATION OF
SILICON ALKOXIDES

Tetramethoxysilane, Si(OCH3)4, abbreviated TMOS, and
tetraethoxysilane, Si(OCH2CH3)4, abbreviated TEOS,
are the most commonly used metal alkoxide precursors
in sol–gel processing of silicates [24]. Silicate gels are
most often synthesized by hydrolyzing the alkoxides dis-
solved in their parent alcohols with a mineral acid or
base catalyst. At the functional group level, three bimole-
cular nucleophilic reactions are generally used to describe
the sol–gel process [24]:

;;Si"OR! H2ON;;Si"OH! ROH (47:4)

;;Si"OH! RO"Si;;N;;Si"O"Si;;! ROH

(47:5)

;;Si"OH! HO"Si;;N;;Si"O"Si;;! H2O

(47:6)

The hydrolysis reaction [Equation (47.4)] replaces alkoxide
groups with hydroxyl groups. Subsequent condensation
reactions involving the silanol groups produce siloxane
bonds plus the by-products alcohol [Equation (47.5)] or
water [Equation (47.6)]. The reverse of hydrolysis is esterifi-
cation, inwhich hydroxyl groups are replacedwith alkoxides.
The reverse of condensation is siloxane bond alcoholysis
[Equation (47.5)] or hydrolysis [Equation (47.6)].

The roles of acid or base catalysts are illustrated sche-
matically in [30]. The hydrolysis reaction
appears to be specific acid or base catalyzed [27,29,31].
Acid catalysts protonate the alkoxide group [Equation
(47.4)], making a better leaving group (ROH) and avoid-
ing the requirement for proton transfer in the transition
state [32]. Base catalysts dissociate water, producing a
stronger nucleophile (OH2) [32]. The condensation reac-
tion depends on the acidity of the silicate reactants.
Above about pH 2, acidic silanols are deprotonated;
strong nucleophiles, ;;SiO2, are created [see Equation
(47.2)]. Below about pH2, weakly acidic silanols or ethox-
ides are protonated, so good leaving groups (H2O or ROH)
are created and the requirement of charge transfer in the
transition state [see Equation (47.3)] is avoided. The rate
of siloxane bond hydrolysis increases above pH 4 and at
very low pH [2]. Similar behavior is expected for siloxane
bond alcoholysis reactions. The esterification of silanols
was reported [33–35] to proceed much faster under
acid-catalyzed conditions.
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FIGURE 47.2 Polymerization pathway of aqueous silicates
according to Iler [2]. Stages of growth recognized by Iler:
polymerization of monomer to form particles, growth of
particles, and linking of particles together into branched chains,
networks, and, finally, gels. (Reproduced with permission from
reference 2. Copyright 1978.)
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Figure 2-5: Effects of pH on the sol stability (gel-time) of the colloidal silica-

water system [19]. 

 

In 1956, Kolbe [20] was the first to introduce the formation of silica particles by 

reacting tetraethyl silicate in alcoholic solution with water in the presence of certain 

bases. Stöber et al. [15] were the first to systematically show that remarkably uniform 

silica particles with sizes ranging from 50 nm to >1µm in diameter could be synthesized 

by hydrolyzing silicon alkoxides in aqueous alcoholic solutions containing ammonia. In 

a typical Stöber process, TEOS is introduced into a batch reactor with ethanol, water 

and ammonia. The lower parent alcohol, e.g. ethanol, acts as a co-solvent for silicon 

alkoxides (e.g. TEOS), which is immiscible with water. Ammonia catalyzes both 

hydrolysis and condensation by dissociating the water molecules, and provides the 

spherical shape of the silica particles with a negative, stabilizing charge in the alcohol 

solutions [15, 21]. 

 

In addition to various scientific and industrial applications, the research on 

Stöber silica has been focused on two major subjects: 

(i) Growth mechanisms of silica in basic media 

(ii) Empirical prediction and control on the final particle size based on the 

concentration of reagents and reaction temperature  

PREPARATION OF PSA

Solutions of PSA can be prepared by adding a thin stream
of sodium silicate solution with SiO2:Na2O ratio of
3.25:1.0 into the vortex of a violently stirred solution of
H2SO4 kept at 0–58C, and stopping the addition when
the pH rises to about 1.7. Polysilicic acid solutions can
be made continuously by bringing together solutions of
sodium silicate and acid in a zone of intense turbulence
and in such proportions that the mixture has a pH about
1.5–2.0.

Solutions free from the sodium salt can be obtained by
hydrolyzing methyl or ethyl silicate in water at pH 2 with a
strong acid as a catalyst for hydrolysis and temporary
stabilizer for the silicic acid.

Our preferred method for the preparation of PSA is by
deionization of a sodium silicate solution with an ion
exchange resin at room temperature. In this way the PSA
solution is substantially free of electrolytes and therefore
more stable.

The pH is ca. 3.0 and the medium particle size is 20 A
as calculated from the specific area obtained by Sears tita-
tion. Long exposure to fresh, strong ion exchange resin
tends to lower the pH but the time required to reach pH
values near 2 makes it impractical to use this procedure
as a technique to stabilize the PSA. These facts are very
important in view of the use of PSA in the preparation
of catalyst/PSA products in an industrial scale.

After the first two Elan campaigns Rob Orlandi con-
cluded that it would be necessary to improve the stability
of the PSA made by ion exchange in order to obtain attri-
tion resistant catalysts. Based on preliminary work done
by John Orlan at the East Chicago Laboratory, we
found that at pH 3 PSA solutions of 5 w/o SiO2 could
be stabilized by lowering the pH to pH 1.9–2.1. We
can understand this behavior of PSA if we look at the
stability curve of colloidal silica. See Figure 4.1.

below shows the stability of PSA as
estimated by Brookfield viscosity measurements at silica
concentrations between 4 and 8 w/o, and 6, 21, and
358C temperatures. Twenty-one degrees centigrade are
considered “room temperature.” Six degrees is an example
of levels of stability obtained by refrigeration. Thirty-five
degrees centigrade are presented as an example of a plant
in the summer without air conditioning.

APPENDIX I: PREPARATION OF
PSA 5% SiO2

MATERIALS

(1) Deionized or distilled water
(2) DuPont JM grade sodium silicate: 29.6 w/o

SiO2, 9.1% Na2O, 3.25 ratio
(3) Dowex grade HCR-W2-H ion exchange resin

(1.8 equivalents/l)
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2.1.2. Proposed Models for Growth Mechanism of Stöber Silica 

There are two extreme kinetic models that have been proposed to explain the 

mechanisms yielding highly monodisperse Stöber silica particles: (i) monomer addition, 

(ii) controlled aggregation. By these models, silica formation is basically divided into 

two events: nucleation and growth [22]. Nucleation, the formation of the first nuclei or 

primary particles, occurs at the early stages. Subsequently, the particles grow to achieve 

a final size distribution.  

Monomer addition model is also called ‘growth-only’ model and is based on 

LaMer’s synthesis of monodispersed colloidal particles by homogeneous precipitation 

[23]. Matsoukas and Gulari [24-26] argue that there is a burst of identical primary 

particles – a LaMer-like burst – which grow by the addition of monomers. Therefore, 

the monodispersity is preserved through later stages. This model neglects aggregation 

and holds a brief ‘burst’ of nucleation, followed by diffusion-limited growth (as the 

addition of soluble species directly to the particle surface).  

On the other extreme, controlled aggregation model is also called ‘aggregation 

only’ model that is proposed by Bogush and Zukoski [27, 28]. By this model they claim 

that initially a broad size distribution of primary particles exist in the solution and 

nucleation occurs throughout the reaction. These primary particle or nuclei aggregate 

with themselves or with larger aggregates by the preferential growth of larger particles 

at the expense of small ones, assuring a narrow size distribution of the particles at later 

stages. In their assessment of Stöber synthesis, McCormick et al. reported consistent 

trends with the aggregation model and they reported that nucleation is rate-limited by 

the hydrolysis of the singly-hydrolyzed monomer [29]. 

Byers et al. [30] and van Blaaderen et al. [31] claimed both mechanisms are 

responsible during the formation of particles. Both groups of researchers believed that 

nucleation is controlled by the aggregation of soluble species and occurs for much of 

the reaction, however subsequent growth is controlled by monomer addition that 

smoothens the colloid surface. Byers et al. proposed that nucleation occurs over most of 

the reaction, although the greater portion of the silicic acid precipitates on the surface of 

the silica. On the other hand, van Blaaderen et al. experimentally showed that monomer 

addition is responsible for an increase in particle size toward later stages by suggesting 
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that the final particle size is strongly dependent on the colloidal stability of the primary 

and intermediate particles.  

This combined model was refined by considering that the final particle growth 

occurs via both monomer addition and aggregation of primary particles [32]. Both 

models are based upon dynamic and static light scattering (DLS and SLS) and 

transmission electron microscopy (TEM) measurements of the particles relative to time. 

There is still uncertainty about the size and structure of the initial nuclei and primary 

particles due to insufficiencies of these monitoring tecniques. In the monomer addition 

model of Matsoukas and Gulari [26], primary particle was defined as the combination 

of two hydrolyzed TEOS monomers. This suggests that the primary particle must be 

within molecular domain [22]. In addition to these, Bailey and Mecartney [33] used 

cryo-TEM that is the fast-freezing of a sample with liquid ethane to avoid the effects of 

drying encountered using regular TEM. They observed low density mass fractals (26 

nm) in the early stages of formation and proposed a collapse mechanism for particle 

densification their observations. On the other hand, Boukari et al. [34-36] employed 

small-angle X-ray scattering (SAXS), an in-situ method that can probe molecular (0.1-

0.2 nm) to colloidal (1-20 nm) length scales. The SAXS results showed that the primary 

particles possess the same size (methanol-Rg ≈ 4 nm; ethanol-Rg ≈ 8 nm) and low-

density structure independent of ammonia and water concentrations. Ultimately, The 

common result of these groups was the presence of an induction period where no 

particles were detected. Later, Green et al. [37] indicated that this induction period 

before particle formation represents the build-up of singly hydrolyzed monomers that 

form the initial low-density open polymeric structures, possible through the self-

assembly of these monomer molecules. 

2.1.3. Control over Particle Size and Polydispersity 

There are numerous studies aiming at controlling Stöber particle size and 

polydispersity. These studies generally focuses on how particle synthesis, and hence 

particle size and size distribution, is affected by temperature and relative amounts of 

reagents used. The reagents could be listed as: 
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(i) Tetraesters of silicic acid (tetraalkyl silicates) as monomer 

(ii) Ammonia as catalyst 

(iii) Water as reactant 

(iv) Low molecular weight alcohol as solvent 

 

In their pivotal work, Stöber et al. indicated that an increase in ammonia 

concentration caused larger particles [15]. In addition, they showed that ammonia 

influences the morphology of the particles and played the key role for the preparation of 

spherical particles. It was also stated that using higher alcohols as solvents or increasing 

molecular weight of the esters as monomers could slow the reaction down. However, 

the particle sizes could not be precisely reproduced, and resulted in high standard 

deviation in size distribution. Following this pioneering work, diverse results with 

respect to control over particle size were reported in literature. For instance, Stöber et al. 

found that there was no effect of TEOS on the final particle size. In contrast to Bogush 

et al. [38] who reported larger particles due to increasing TEOS concentrations, van 

Helden et al. [21] showed that the particle size decreased.  

On the other hand, over the years, novel techniques have been introduced to 

control the size and size distribution of silica particles. Rao et al. reported a sequential 

method to prepare monodisperse and uniform silica particles using ultrasonification and 

defined the particle size ranges regarding to reagent concentrations [39]. Bagwe et al. 

used reverse microemulsion technique to control size and size distribution of dye-doped 

silica nanoparticles [13]. Recently, Yokoi et al. introduced a novel method for the 

formation of the silica nanospheres with a size of 12−23 nm and with a well-ordered 

arrangement [40]. Analogous to Stöber method, basic amino acid monomers (lysine) 

were used in place of ammonia under weakly basic conditions. In a similar study, 

Hartlen et al. used arginine as a base catalyst and silica particle stabilization, and 

achieved remarkable control in particle size in the range of 15-200 nm [41].  
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2.1.4. Polymer/Silica Nanocomposites 

One of the prominent applications of silica nanoparticles is as fillers in 

polymeric matrices for the preparation of advanced nanocomposite materials. The small 

size of the fillers leads to a dramatic increase in interfacial area, which creates a 

significant volume fraction of interfacial polymer with properties different from the 

bulk polymer even at low loadings [42, 43]. For instance, Zhou et al. reported that 

nanosilica particles could more effectively improve hardness, abrasion resistance, and 

scratch resistance of acrylic based polyurethane nanocomposites than microsilica or 

fumed silica particles [44]. Wu et al. reported that silica nanoparticles could 

simultaneously provide polypropylene with stiffening, strengthening and toughening 

effects at a rather low filler content (typically 0.5% by volume) as demonstrated by the 

applied tensile tests [45]. On the other hand, it was shown by Manna et al. that both 

storage modulus and Tg of epoxidized natural rubber increased through addition of 

silica [46]. As shown in Table 2-1, silica particles in various size and weight percentage 

have been used to improve the properties of different types of polymer. Silica particle 

reinforcement in certain polymer matrices can lead to significant property 

improvements, whereas adverse effects could also be observed.  

Properties of the nanocomposite materials can be tailored by changing the 

volume/weight fraction, size and surface chemistry of nanosilica. However, the most 

important aspect that has significant impact on the properties of the nanocomposites is 

the dispersion of the nanosized filler material, which essentially depends on the degree 

of interfacial interaction [16]. Chemical modification of the silica surface is one of the 

most frequently applied methods to enhance the compatibility between the polymer and 

the nanosilica [47]. Nanocomposite preparation method is also crucial and several 

different methods have been applied to achieve homogeneous dispersion. Solution 

blending, in-situ polymerization and melt mixing are commonly used techniques for the 

preparation of polymer/silica nanocomposites. Solution blending and in-situ 

polymerization processes generally produce higher levels of nanoparticle dispersion, 

however the melt process finds favor due to its compatibility with current industrial 

compounding facilities [48]. 
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Table 2-1: Various types of silica-polymer nanocomposites reported in the literature 

with the details on filler size, content and selected results.  

Polymer Matrix 
Silica 

Size (nm) 

Silica 

Content 

Major Property Changes 

(with increasing filler content) 
Ref. 

     

Polystyrene 25-200 5-10 wt% 

(i) Increased DTA peak at low 

concentrations 

(ii) Strong interaction between silane 

groups with polymer chain 

[49] 

     

Polypropylene 50-110 1-5 wt% 

(i) Larger thermal degradation 

stabilization 

(ii) Higher elastic modulus 

[50] 

     

Polyurethane 175-730 1-10 wt% 
Constant Tg at different particle size 

and concentartions 
[51] 

     

Polyurethane 14-260 1-4 wt% 
Tg increased with particle size up to 66 

nm and then decreased 
[52] 

     

Thermoplastic 

Polyurethane 
7 10 wt% 

(i) Decreased Tg  

(ii) Increased storage modulus 
[53] 

     

Polyimide 20 10-50 wt% 
(i) Increased dielectri constant 

(ii) Enhanced thermal stability 
[54] 

     

Acrylic polymer 15-20 10-50 wt% 

(i) Enhanced thermal stability 

(ii) Enhanced hardness 

(iii) Excellent optical transparency 

[55] 

     

Epoxy 

(Diglycidylether 

of bisphenol A) 

10-20 10-70 wt% 
(i) Decreased Tg  

(ii) Increased thermal stability 
[56] 

     

Epoxy 

(Diglycidylether 

of bisphenol A) 

400 50-70 wt% 
(i) Decreased CTB and increased Tg  

(ii) Increased brittleness 
[57] 
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2.2. PART II: THERMOPLASTIC POLYURETHANES 

2.2.1. The Evolution of Thermoplastic Elastomers 

Polyurethanes, also called urethanes are among the most important class of 

specialty polymers. In most general terms, polyurethanes is defined as a large family of 

polymers, based on the reaction products of an organic isocyanate with active hydrogen-

containing compounds as shown in Figure 2-6 below [58].  

 

 
Figure 2-6: Urethane linkage formed by the reaction of isocyanate and hydroxyl groups. 

 

Besides pularity of urethane groups, typical polyurethane may contain aliphatic 

and aromatic hydrocarbons, esters, ethers, amides, urea, and isocyanurate groups. Thus, 

polyurethanes are a heterogeneous family of polymers unlike polyethylene, polyvinyl 

chloride or polystyrene, which have a fairly simple chemical structure [59]. On the other 

hand, polyurethanes may be linear, branched, or networked, and they may exist as 

homopolymers or copolymers with variable molecular weight and structure. Hence, 

polyurethanes comprise an array of different products, ranging from rigid foams to soft, 

millable gums [60].  

Polyurethane was first developed by Otto Bayer and his co-workers in 1937 

while they were synthesizing polymer fibers to compete with nylon [61]. By subsequent 

recognition of its elastomeric properties, polyurethane production on industrial scale 

started in 1940s [62]. Early polyurethane elastomers consisted of three basic 

components [63]: 

(i) A polyester or polyether macrodiol 

(ii) A chain extender, e.g. water, a short-chain diol, or a diamine. 

(iii) A bulky diisocyanate, e.g. naphthalene-1,5-diisocyanate (NDI). 
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Thermoplastic properties was introduced to polyurethane elastomers by the work 

of Schollenberger et al. (B.F. Goodrich) in 1958 [64]. This progress was established 

when NDI was replaced by diphenylmethane-4,4’-diisocyanate (MDI). Thermoplastic 

polyurethane elastomers (TPUs) were the first, homogeneous, thermoplastically 

processable elastomers [63] and the development of TPUs were the first appearance of a 

new class of polymeric materials called thermoplastic elastomers.  

Thermoplastic elastomers (TPE) can be simply defined as a class of polymers, 

which combine the service properties of elastomers and the processing properties of 

thermoplastics with the possibility of recycling and reuse [65]. Prior to the introduction 

of TPEs, there was a distinct division between rubbers and plastics; former being soft, 

flexible and elastic, and latter being hard and rigid. TPEs bridge the gap between 

conventional rubbers and thermoplastics. Crosslinking in conventional elastomers is 

chemical; it is achieved by the formation of chemical bonds between polymer chains. 

Crosslinking of thermoplastic elastomers occurs by a physical process as a result of 

their microheterogeneous, two-phase morphology [66].  

Over the past three decades, the literature on TPEs has grown progressively. 

TPEs may be classified into the following classes according to their chemistry and 

morphology [67]: 

1. Block Copolymers 

a. Styrenic block copolymers 

b. Thermoplastic copolyesters (COPE) 

c. Thermoplastic polyurethanes (TPU) 

d. Thermoplastic polyamides (COPA) 

2. Blends and Elastomeric alloys 

a. Elastomeric rubber-plastic blends 

b. Thermoplastic vulcanizates (TPVs) 

c. Melt processable rubber 

3. Crystalline-amorphous block copolymers (Polyolefin elastomers with distinct 

crystalline and amorphous blocks) 

4. Ionomers 

a. Sulfonated ethylene-propylene-diene monomer rubber (S-EPDM) 

b. Zn or Na salt of ethylene acrylic acids 

5. Miscalleneous (e.g. Metallocene elastomers-TPEs) 
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A number of other polymers have the characteristics and some are available 

commercially. According to the study of Freedonia Group, global demand for TPEs was 

forecast to increase 6.2% per year through 2009, reaching 3.1 million metric tons. The 

study, "World Thermoplastic Elastomers," claimed that TPEs would continue to find the 

majority of their use as replacements for natural and synthetic rubber, as well as for 

rigid thermoplastics. TPEs are expected to gain new applications in which they are 

over-molded onto rigid plastic or metal components to enhance ergonomic or soft touch 

features on a wide range of products [68]. 

2.2.2. Block Copolymers 

Copolymer synthesis offers the ability to alter the properties of a homopolymer 

in a desired direction by the introduction of an appropriately chosen second repeating 

unit. Different types of copolymers (e.g. alternating, statistical, block) are possible with 

regard to sequencing of the two repeating units relative to each other [69]. Block 

copolymers are a particular class of polymers that, independent of procedure of 

synthesis, can simply be considered as being formed by two or more chemically 

homogeneous polymer fragments (blocks) joined together by covalent bonds [70]. In 

simplest case of two distinct monomers (termed as A and B), linear diblock (AB), 

triblock (ABA), multiblock or star-block copolymers can be prepared (Figure 2-7). 

Several techniques such as living anionic polymerization and step-growth 

polymerization can be used to prepare block copolymers.  

 

 
 

Figure 2-7: Block copolymer architectures. 

 



 19 

 Almost any type of block copolymer can be synthesized by selecting the 

synthetic method that is best suited for a particular target. Block copolymers consisting 

of monomer units with opposing properties, for instance thermoplastics (styrenes, 

methacrylates) versus elastomers (dienes, siloxanes), crystallizable blocks (ethylene 

oxide) versus amorphous ones (styrene, dienes), water soluble blocks (ethylene oxide, 

acrylic acid) versus hydrophobic blocks (dienes, styrene), etc. can be designed. 

Diversity in both synthesis routes and the starting materials allow the tailoring of block 

copolymers with complementary properties for ultimate applications. 

 Numerous experimental and theoretical studies on block copolymers have been 

concentrated on phase behavior of diblock copolymers. Pioneer work on statistical 

thermodynamic theory of linear block copolymers was done by D.J. Meier based on 

confined chain model of linear diblock copolymers [71]. In this approach, domain 

structure by random flight chains was constrained by barrier. The barrier represents the 

effect of incompatibility between the components and the resulting restriction of the 

components to region of space. Current theories mostly deal with (A-B)nx type star-

block copolymers. 

 Microphase separation, which is a self-assembly process, is driven by an 

unfavorable mixing enthalpy and a small entropy, while covalent bond connecting the 

blocks prevents macroscopic phase separation. The phase behavior of block copolymers 

of is determined by three experimentally controllable factors [63, 70]: 

 

(i) The overall degree of polymerization, N (=NA+NB) 

(ii) Architectural constraints characterized by n and composition (fA and fB 

being fractions of the constituents blocks) 

(iii) The Flory-Huggins interaction parameter, χ, which is a measure of 

incompatibility between two blocks 

 

The first two factors are regulated through the polymerization stoichiometry and 

affect the translational and configurational entropy, while the magnitude of χ, mostly 

enthalpic, is determined by the selection of the A-B monomer pair.  

Interaction parameter has the temperature dependence χ ≈αT-1+β where α>0 and 

β are constants for given values of f and n. This parameter describes the free energy cost 

per monomer of conducts between A and B and constitutes the driving force for phase 

separation. At equilibrium, monodisperse diblock copolymers are in a highly ordered, 
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minimum free configuration. When the temperature is decreased (therefore χ is 

increased, positive), repulsion occurs between the A and B: thus A-B monomer contacts 

are reduced, whereas a negative value of χ signifies mixing of unlike monomers. 

Another parameter that strongly influences the block copolymer behavior is the total 

degree of polymerization, N. For large N the loss of translational and configurational 

entropy leads to a reduction of the A-B monomer contacts and thus to local ordering. 

Such local compositional ordering/local segregation is often referred as microphase 

separation. Figure 2-8 represents a phase-separated and a phase-mixed polyurethane at 

room temperature and at high temperatures, respectively. 

 

 
Figure 2-8: Schematic representation of polyurethane structures at various temperatures: 

(a) room temperature phase-separated morphology and (b) most dissociated structures at 

high temperature [72]. 

 

Besides the major parameters χN and f, extent of microphase separation is also 

affected by presence of strong secondary interactions (e.g. hydrogen bonding in 

polyurethanes), crystallizability of hard and/or soft segments and inherent 

polydispersity (c.a. 2 for step-growth polymerization). Recently, it was also 

demonstrated by Sheth et al. that backbone symmetry and chain architecture have 

distinct effects on microphase separation [73]. Microphase separation in block 

copolymers has been the major concern among researchers since micro-domain 

structure as a consequence of microphase separation determines the processability and 

performance of block copolymers. 
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Figure 1. Schematic representations of polyurethane structures at various temperatures: (a) room-temperature phase-separated 
morphology; (b) most disassociated structures at high temperature; (c) dispersed phase ”trapped” at extremely low temperature. 

characteristic of the specificity or magnitude of the hy- 
drogen bonds formed. The intensity of each type of hy- 
drogen bonded vibration, if properly assigned, can poten- 
tially yield the degree of phase separation in the poly- 
urethanes being studied. 

Because of recent interest, and the ongoing controversy 
regarding the spectroscopic interpretation of domain 
structure, we feel additional studies are needed. In this 
paper, a direct correlation between changing hydrogen 
bonding characteristics in soft and hard domains and 
macroscopic phase transformation as a function of tem- 

perature will be presented. Schematic representations of 
phase-separated morphology at three different tempera- 
tures are given in Figure 1. Characteristic hydrogen 
bonded species are also included in each diagram. By 
increasing the temperature above the “melting” transition 
of the hard domain, homogeneous structure (Figure lb)  
is obtained accompanied by the disassociation of most of 
the hard segment-hard segment hydrogen bonding. If it 
is rapidly cooled (quenched), almost all the high-temper- 
ature structure is “frozen” resulting in a significant number 
of interactions between the hard and soft segments as 



 21 

2.2.3. Chemistry and Properties of Thermoplastic Polyurethanes 

Polyurethane chemistry is a very broad field and encompasses a large number of 

chemical reactions of isocyanates with various active hydrogen-containing compounds 

allowing a wide range of end-products adaptable to various applications. Polyurethane 

elastomers developed up to 1960s differs from TPUs since their melting temperature 

was higher than the decomposition temperature of the urethane linkages [63]. TPU was 

first described by Schollenberger et al. as a polyurethane based on MDI instead of NDI, 

which was used for the development of polyurethane elastomers [64]. This progress led 

to the development of phase-separated systems of TPU multiblock polymers.  

In terms of processing, polyurethanes are classified as: TPU, castable PU and 

cross-linked PU. TPU is supplied as a polymer chain extended to a suitable length with 

terminal groups that do not allow any further chain extension. Castable polyurethanes 

are supplied as a prepolymer with an active terminal isocyanate group to the polymer 

chain. These isocyanate groups are reacted with either a diamine or a diol. In castable 

polyurethanes, the actual chains will break down on heating before the physical 

chemical bonds give way. The material therefore cannot be reformed after the chain 

extension is complete. In cross-linked polyurethanes, there are actual chemical bonds 

formed in a three-dimensional manner. The main difference is that with the castable 

polyurethanes the actual chemical structure consists of two major zones, a hard zone 

and a soft zone. This is not as pronounced in the crosslinked polyurethanes. A typical 

example is the addition of TMP (trimethylol propane) to polyurethane to make it softer. 

This curative agent will make the material much softer as it breaks the hard segment 

zoning up to a certain degree [74]. 

TPUs can be defined as linear-segmented multiblock copolymers with 

alternating hard and soft segments (Figure 2-9). One type of block, hard segment, is 

formed by addition of chain extender, a low molecular weight diol, to the diisocyanate, 

e.g. MDI. The other type is the soft segment, which is usually a high molecular weight 

macroglycol (e.g. polyether, polyester) that establishes the interconnection between two 

hard segments.  
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Figure 2-9: Schematic representation of a TPU composed of diisocyanate, long-chain 

diol, and chain extender [63]. 

 
Crosslinking in conventional elastomers is chemical; it is achieved by the 

formation of chemical bonds between copolymer chains. As stated earlier, crosslinking 

of thermoplastic elastomers occurs by a physical process as a result of their 

microheterogeneous, two-phase morphology, which arises from the incompatibility 

between hard and soft segments. This is a consequence of morphological differences 

between the two different blocks in the multiblock copolymer [69]. 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 

[59]. The rigidity of the polyurethane blocks is due to crystallinity (and hydrogen 

bonding). For other thermoplastic elastomers such as those based on styrene and 1,3-

dienes, the rigidity of the hard polystyrene blocks is due to their glassy nature. The hard 

blocks from different copolymer molecules aggregate together to form rigid domains at 

ambient temperature. These rigid domains (hard segments) comprise a minor, 

discontinuous phase dispersed in the major, continuous phase composed of the rubbery 

blocks (soft segments) forming the elastomer matrix. Hard segments act as 

multifunctional tie points that function as physical crosslinks and reinforcing fillers. 

Physical crosslinking, unlike chemical crosslinking, is thermally reversible since 

heating over the Tm of the hard blocks softens the rigid domains and the copolymer 

flows. Cooling reestablishes the rigid domains, and the copolymer again behaves as a 

crosslinked elastomer [60, 63, 69]. That’s the reason why TPU network was called as 

“virtually crosslinked” [64]. To ensure thermoplasticity high molecular weight linear 

chains with no or only very few branch points should be provided. Therefore, the 
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average functionalities of the starting materials (prepolymer or monomer) should be 

close to 2.  

  

 
 

Figure 2-10: Chemical Composition of commercial thermoplastic polyurethanes [60]. 

 
 

Multiblock polyurethanes are often referred to as segmented polyurethanes. The 

long flexible soft segment, mostly consisting of long-chain polyols with an average 

molecular weight of 600 to 4000, governs the lower temperature properties, the 

resistance to solvents, and weather resistant properties (Figure 2-10). Hydroxyl 

terminated polyesters and polyethers are the two types of flexible segments of 

importance (Table 2-2). Polydimethylsiloxanes (PDMS), with respect to its unique 

nature of flexible Si-O bonds, are also used [75]. As polar solvents, TPUs are very 

resistant to non-polar fluids. In aqueous solutions, TPUs with polyether soft segments 

(e.g. polytetramethylene oxide (PTMO) and polyethylene oxide (PEO), polypropylene 

oxide) possess superior resistance to hydrolysis than polyester soft blocks (e.g. 

polycaprolactones), both being comparable to copolyesters (COPs) in terms of 

hydrolytic stability. In general, the polyester-based TPU is tougher and has better oil 

resistance while the polyether-based TPUs show better low temperature flexibility and 

better hydrolytic stability. Mixtures of polyethers and polyesters have been claimed to 

be advantageous to combine the useful properties of both classes of materials [63, 76]. 

The uses of each polyol with variable characteristics (e.g. molecular weight), or 

combinations of these polyols impart different properties to the final product. As 

explained earlier, the characteristics of the soft segment determines the lower service 



 24 

temperature range of TPUs, and it is characterized by Te, lower end of glass transition 

temperature. Low-temperature flexibility is provided by the soft segments that are 

incompatible with the hard segments, and it can be adjusted by increasing the molecular 

weight of the soft segments.  

Diisocyanates governing the hard segments can be either aromatic or aliphatic. 

Mostly used diisocyante is the 4-4′-diphenylmethane diisocyanate (MDI) that has a 

symmetric aromatic structure. Other aromatic diisocyanates being used are toluene 

diisocyanate (TDI), para-phenylene diisocyanate (pPDI), meta-phenylene diisocyanate 

(mPDI). Aromatic diisocyanates are mostly more reactive due to resonance stabilization 

of the phenyl ring, whereas being symmetric provides crystallizability and therefore 

formation of more cohesive hard domains [73]. Aliphatic linear diisocyanates utilized 

are hexamethylene diisocyanate (HDI), hydrogenated diphenylmethane diisocyanate 

(HMDI) with cycloaliphatic diisocyanates, such as cyclohexyl diisocyanate (CHDI) are 

more UV stable than their aromatic counterparts. 

The choice of the chain extender and diisocyanate (Table 2-2) determines the 

characteristics of the hard segments and to a large extent the physical properties of TPU. 

The most important chain extenders for TPU are linear diols such as ethylene glycol and 

1,4-butanediol (BD). These glycols react with diisocyanates forming urethane linkages, 

which can be well crystallized and melt without decomposition on thermoplastic 

processing. Ethylenediamine (EDA), which forms urea linkages between isocyanate 

end-capped prepolymer and hard segment, is also used as a chain extender. However, 

urea linkages are not appropriate for high temperature processing since urea groups melt 

below the processing range of TPUs. Spandex with a trade name Lycra® based on MDI 

is a typical example of this type of material. Spandex fibers can undergo large, 

reversible deformations and are used in the manufacture of undergarments. It differs 

from conventional TPU in containing urea linkages instead of urethane in the hard 

blocks. These are obtained by using a diamine (instead of diol) to chain-extend 

isocyanate-terminated polyurethane prepolymers (synthesized from macroglycol and 

excess diisocyanate) and the resulting polymer is called thermoplastic polyurethaneurea 

or segmented polyurethane-urea copolymer.  
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Table 2-2: Chemical structure of various precursors utilized in PU chemistry [77].

 
 

 Segmented polyurethane synthesis can be carried out in either one-step or two-

step method, which are equally applicable [58]. One-prepolymer method (also called 

“one-shot method”) involves mixing all the ingredients together. In the two-step method 

(also called “prepolymer method”), the polyol is reacted with diisocyanate to give an 

isocyanate containing prepolymer [65]. The prepolymer chains extend by the reaction of 

terminal isocyanate groups (-NCO) with the diol (Figure 2-11). The mole reaction ratio 

of the diol to diisocyanate is normally kept in the range of one mole diol to 1.6 to 2.25 
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moles of the diisocyanate. A reaction ratio of one mole diol to one mole diisocyanate 

will produce a linear material. This type of polyurethane is normally thermoplastic. The 

molecular weight of the prepolymer is too low to form an elastic polymer. The overall 

molecular weight must be increased by joining prepolymer chains using either diols or 

diamines. When the prepolymer chain is extended with a diol, the polymer formed has 

only urethane linkages. The polymer formed with the diamine chain extender is strictly 

a polyurethane-urea. 

 

 

 

 
Figure 2-11: TPU synthesis via prepolymer method by the use of diol type chain 

extender [74]. 

 

 The melting point of the hard segments determines the theoretical upper 

temperature limit of a TPU, whereas glass transition point of soft segments determines 

the lower temperature limit. In TPUs, involving hard segments from the isocyanate 

chemistry, the cohesiveness of the hard domains is further enhanced by the ability of 
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these hard segments to establish a hydrogen-bonded network (Figure 2-12). As 

postulated by Bonart et al., hard domains are arranged that provided optimum bonding 

to exist in a crystalline state [78]. It has been reported that in addition to the packing 

capability of the hard segments, H-bonding capability plays a major role in microphase 

separation.  

 
Figure 2-12: Hydrogen bonding in TPUs. 

 

 It was demonstrated by Sheth et al. that hard segment symmetry and the nature 

of hydrogen bonding had a pronounced effect on the processability and performance of 

segmented polyurethanes. Following this, important factors affecting microphase 

separation, and hence morphology of TPUs, have been summarized by Yilgor et al. as 

follows [79]: 

1. Chemical structure, number average molecular weight and molecular weight 

distribution of soft segments. 

2. Chemical structure and symmetry of the diisocyanate.  

3. Chemical structure of the chain extender, average chain length and length 

distribution of hard segments. 

4. Hard/soft segment ratio in the copolymer. 

5. Crystallizability of hard and soft segments. 

6. Extent of competitive hydrogen bonding between hard–hard and hard–soft 

segments. 

7. Inherent solubility between hard and soft segments. 

8. Method/polymerization procedure used during the synthesis, which can be a 

one-step or two-step (prepolymer method). 

9. The nature of the interfacial region between the soft segment matrix and hard 

segment domains. 
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In the same study based on a single diisocyanate molecule with no chain 

extenders, it was quantitatively determined that the kinetics of hydrogen bonding 

between polyurethane hard segments governing the microphase separated morphology 

has a strong dependence on the chemical structure and symmetry of the diisocyanate, 

and these two parameters control the extent of microphase separation.  

In general, elastomeric TPUs contain 60-70% by weight of soft segments. Hard 

segment to soft segment ratio is one of the key parameters that affect the processability 

and performance. Good microphase separation of these segments results in the 

formation of TPUs with excellent mechanical properties. As reviewed earlier, 

microphase separated morphology is a consequence of chemical incompatibility 

between the hard and soft segments, and the crystallizability of the hard segments. 

When the hard segment content is raised above 25%, the connectivity between the hard 

domains increases leading to a percolation in the elastomer matrix. This results in an 

increase in hardness with an increase in the glass transition temperature of the matrix, 

which reduces the low temperature flexibility. At levels of over 60% by weight of hard 

segment, overall behavior of the elastomeric matrix changes into a high modulus, brittle 

plastic [80]. On the other hand, miscibility between the segments plays an important 

role. It was reported by Coleman et al. that amorphous urethane hard segments show 

complete miscibility with amorphous polyethers at every composition resulting in poor 

elastomeric properties [81]. Yilgor et al. demonstrated that three different states of 

urethane hard segments exist in the equilibrium morphology of TPUs and these are:     

(a) well-microphase separated (pure) and strongly hydrogen bonded hard segments,     

(b) loosely hydrogen bonded hard segments, and (c) non-hydrogen bonded (polyether 

mixed) hard segments [79].  

Thermoplastic polyurethanes, which are mostly polyester based, are used in 

applications such as wire insulation, automobile fascia, footwear (lifts, ski boots, 

football cleats), wheels (industrial, skateboard), and adhesives. Mechanical properties of 

polyether based TPUs are somewhat lower than the polyester based counterparts, 

whereas they show superior low temperature flexibility and hydrolytic stability. There is 

a growing interest to broaden the range of applications for polyether based TPUs 

beyond the current limits by playing with the listed parameters that affect the 

morphology of these materials. This means producing TPUs with lower hardness and 

greater heat resistance as well as TPUs with higher hardness that retains good low 

temperature properties. Since the development of new blocks is rather limited, major 
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improvement will be achieved by a deeper understanding of morphology, resulting in 

optimized performance of these types of materials. For instance, to gain the desired 

softness desired by marketplace, TPUs are softened by the addition of plasticizers or 

compounded by other softer materials. However, these applications come at a cost of 

reduced mechanical or thermal properties such as reduced deflection temperature under 

load with respect to reduced hard segment to soft segment ratio [82]. New line of TPUs 

is expected to be based on a soft, fast crystallizing ether soft segments, which would 

increase the incompatibility between the phases and therefore enhance the microphase 

separation. It was recently reported for a segmented non-chain extended polyether based 

polyurea system that an increase in soft segment molecular weight leads to increased 

formation of soft segment crystallites at low temperatures. This morphological change 

in the system increased the tensile modulus of the polyureas, whereas adversely 

shortened the service window as a result of decrease in the long-range connectivity of 

hard segments [83]. 

On the other hand, there is also growing effort to improve the properties of 

TPUs by the addition of nanosized fillers. Recent few studies show that mechanical and 

thermal properties of TPUs can be optimized by the interaction of the fillers and the 

polyurethane matrix. However, most of the studies are based on polyester based TPU 

polymers, where organoclays or nanosilica were used as fillers.  

 

2.3. PART III: THERMOPLASTIC POLYURETHANE COMPOSITES 

Until recently fillers are not normally used in polyurethanes to bulk out the 

product, because they reduce the properties too drastically. This is in contrast to 

conventional elastomers, where they can be used to reinforce the product. Nanoparticles 

are now being investigated and used to provide improved characteristics to TPUs. 
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Table 2-3: Composition and preparation methods of thermoplastic polyurethane 

composites over the last decade. 

Group Year HS SS Filler Ref. 

Bistricic et al.  2010 MDI Polyether Fumed Silica [84] 

Zhou et al. 2008 MDI Polyester (PCL) Stöber silica [85] 

Aso et al. 2007 
Hytrel (commercial TP, 

polyester-ether mixture) 
Fumed silica [86] 

Chen et al.  2007 HDI Acrylic polyol Stöber silica [87] 

Vega-Baudrit et al. 
2007 

2006 
MDI Polyester Fumed silica [53] 

Kim et al. 2006 HMDI Polyether Fumed silica [88] 

Chen et al. 2005 HDI Acrylic polyol Stöber silica [89] 

Pattanayak et al. 2005 MDI Polyether+ester 
Layered 

silicate 
[90] 

Cho et al. 2004 MDI Polyether Stöber silica [91] 

Chen et al. 2004 IPDI Polyester Stöber silica [52] 

Zhou et al. 2002 HDI Acrylic polyol Fumed silica [44] 

Nunes et al. 
2001 

2000 
MDI Polyester 

Precipitated 

silica 
[92, 93] 

Tien & Wei 2001 MDI Polyether 
Layered 

silicate 
[94] 

MDI: 4-4′-diphenylmethane diisocyanate  

HDI: 1,6-hexamethylene diisocyanate 

HMDI: 4,4′-dicyclohexylmethane diisocyanate 

IPDI trimer:isophorone diisocyanate 
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We can group the existing studies on TPU composites based on the type of the 

inorganic constituent, which is generally either layered clays, or spherical particles as 

listed in Table 2-3. A vast amount of research was related to the exfoliated layered clays 

within polyurethane nanocomposites, whereas papers dealing with segmented 

polyurethane nanocomposites reinforced with dispersed spherical nanocomposites are 

less common. The mostly studied TPU nanocomposites involved natural 

montmorillonite, which consists of layers made up of two silicate tetrahedrons fused to 

edge-shared octahedral sheets. Recently, carbon nanotubes [95], fumed and collidal 

silica were used as matrix modifiers (Table 2-3). 

2.3.1. TPU/Organoclay Nanocomposites 

Segmented polyurethane (PU)/clay nanocomposites was synthesized with nano-

scale amine modified silicate layers of organoclay exfoliated in PU. It was reported that 

segmented structures of PTMO-MDI based PU was not affected by the presence of 

silicate layers in these nanocomposites as evidenced by glass transition temperature and 

degree of phase separation. However, two-fold increase in tensile strength and three-

fold increase in elongation with enhanced thermo-degradation and water-absorption 

properties were obtained [96]. On the other hand, it was also pointed out that based on 

the functionality of the organoclay, it is possible to modify the interfacial interaction 

between the polymer and the organoclay, resulting in different mechanical property 

characteristics. The reinforcing effects were much stronger when the functionality of the 

amine modifier was higher. Increased tensile strength was explained by increased 

intermolecular force between PU molecules, where increase in elongation was attributed 

to the dispersion of exfoliated silicate layers between the soft and hard segments and the 

crosslinking effect. Subsequent study based on the same polymeric system showed that 

the degree of hydrogen bonding in the hard segments was reduced due to presence of 

silicate layers, which resulted in simultaneous enhancement in the maximal strength and 

elongation at break for an optimum 1wt% amine-modified organoclay loading, 

regardless of the hard segment ratio [94]. This was explained by the dangling chain 

conformation and the plasticizing effect of functional organoclays in polyurethane. On 

the other hand, higher loading was advantageous in terms of hardness in the expense of 

elongation loss due to poorer dispersion.  
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In a recent study the effect of amine based organoclays with different lengths 

and amounts of alkyl chains was investigated. It was suggested that organic treatment 

reduced platelet-platelet attraction and increased organoclay-polymer affinity. It was 

concluded that one long alkyl tail on the ammonium rather than two, hydroxyl ethyl 

groups on the amine rather than methyl groups, and longer alkyl tail lead to higher clay 

dispersion and therefore greater polyester based TPU (Pellethane®) matrix 

reinforcement [97]. This was attributed to higher affinity of the matrix to the modified 

organoclay and resultant enhanced hydrogen bonding between the organoclay and the 

polymer matrix. Contrarily, Pattanayak and Jana claimed that hydrogen bonding 

between clay and polymer matrix had no effect on mechanical properties and that clay 

particles showed no influence on hard segment hydrogen bonding in polyesterpolyols 

[90]. However, it was shown that clay particles caused strong improvement in thermal 

stability and mechanical properties, latter being explained by clay-polymer tethering.  

2.3.2. TPU/Silica Nanocomposites 

In recent years polymer/silica nanocomposites received much attention and have 

been employed in a variety of applications as reviewed in section 2.1.2. Related to 

elastomers, it is believed that colloidal silica is displacing carbon black as the filler of 

choice with respect to recent advances in the silane chemistry and silica modification 

[98]. Silica has increased in importance due to both its improved performance properties 

and environmental efficiency since it is not petroleum based. Although silica and carbon 

black have similarities in agglomeration, the causes of agglomeration and the ability to 

disagglomerate and disperse are slightly different. Carbon black and silica both 

experience filler-filler interactions through the relatively weak Van der Waals forces, 

which can be broken by mixing. These forces are strong enough to create agglomerates. 

In addition to Van der Waals forces, silica agglomerates contain hydrogen bonds, 

creating significant challenges in breaking small agglomerates through mixing [99]. 

Synthetic silica has particle size as small as carbon black besides an extremely reactive 

surface. In addition to these, theoretical treatment of the carbon black reinforcement 

phenomena is difficult with respect to its complexity, surface inhomogeneity and 

resultant large differences in energy of adsorption at different sites on the surface [100]. 

On the other hand, silica surface is much more clearly defined and tailorable, therefore 

reinforcement properties of the material can be much more easily studied. 
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 Commonly, fumed silica nanoparticles are added to improve the thermal, 

rheological and mechanical properties of polyester based TPU adhesives [101-103]. The 

improved rheological properties of the PU composite containing hydrophilic fumed 

silica was ascribed to the creation of a network between the polyurethane chains and the 

silanol groups on the fumed silica surface. In the following studies, it was claimed that 

the network structure was the result of hydrogen bonding between the silanol groups on 

the nanosilica surface and the ester carbonyl groups of the polyester groups (soft 

segments) in the polyurethane, favoring the degree of phase separation [92, 93]. Vega-

Baudrit et al. also demonstrated that the degree of phase separation in polyester based 

polyurethanes was increased due to creation of interaction between the silanol groups 

on the nanosilicas and the polyurethane [104]. They reported that the formation of these 

interactions decreased the crystallinity, and therefore melting enthalpies of 

polyurethane-silica nanocomposites, whereas increased the thermal stability due to the 

increase in degree of phase separation. The increase in both tensile strength and 

elongation at break were related to the silanol content and the dispersibility of 

nanosilica. It was pointed out by Nunes et al. that improvement in hardness could also 

be obtained in the expense of elongation [92]. They also reported that a maximum value 

for tensile strength at 1% loading, and reduction in tensile strength with filler 

concentration. This was attributed to the possibility of formation of voids in the polymer 

layer next to the filler surface that would cause tension concentration at the void vicinity 

generating the fractures as the filler concentration increases. Chen et al. suggests that 

there should be a maximum Tg value dependent on particle size, silanol content and 

particle dispersion for the polyester based TPU/nanosilica system [52]. They also 

showed that silica nanoparticles bearing high surface silanol content suffered from 

aggregation, and the agglomerate size increases by increasing the silanol content [104].  

 Aggregation leading to phase separation has been the most important problem 

affecting the resultant properties of polymer/silica nanocomposites since it ultimately 

decreases the interfacial interaction between the organic and inorganic phases resulting 

in diminished mechanical and thermal properties. The most frequently used method is to 

modify the surface of the silica nanoparticles to enhance the compatibility with polymer 

matrix and therefore to improve the dispersion of nanosized silica particles. Silane 

coupling agents (SCA) are generally selected as the modifing agents for colloidal silica 

particles since the hydroxyl groups on the surfaces of silica particles could react with 

siloxane groups of SCA. SCA molecules attached to the silica surface could inhibit 
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aggregation due to steric repulsion of the grafted organic groups leading to improved 

dispersion of the silica and increased interfacial interaction between the phases [57, 

105-107]. 

 Few studies involving TPU/modified silica composites exist in the literature, 

and most of these stduies are based on polyester based TPUs. Chen et al. reported that 

the abrasion resistance of polyester based polyurethanes containing nanosilicas 

modified with long-chain SCA molecules had better static mechanical properties and 

transparency, but lower storage modulus, than those with short-chain SCA molecules 

[89]. Further investigation on the same system demonstrated that the storage modulus of 

the nanocomposite depends on the surface properties of the silica particles, the 

crosslinking density and the interfacial interaction [87]. Aso et al. claimed that dimethyl 

dichlorosilane modification on silica surface had a dual positive effect on the TPU 

nanocomposite: the lack of large agglomerates hinders the formation of local stress 

concentrations where fracture is easy to start; secondly, the larger contact surface 

provides a better opportunity for the properties of the dispersed phase to be reflected in 

the TPU-silica nanocomposite [86].  
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3. METHODS 

3.1. EXPERIMENTAL 

3.1.1. Silica Sol Preparation 

Silica sols containing particles within the range of 20-200 nm were prepared by 

Stöber method, which includes addition of alkyl silicate into saturated alcoholic 

ammonia solutions or in alcohol-ammonium hydroxide mixtures [15]. Tetraethyl 

orthosilicate (TEOS), Si(OC2H5)4, was used as the precursor (Figure 3-1).  Initial 

studies aiming the optimization of silica particle size and size distribution were 

performed in the parent alcohol, ethanol. Following these studies, six different low 

molecular weight alcohols (methanol, ethanol, n-propanol, iso-propanol, n-butanol, t-

butanol) were used to investigate the effect of solvent alcohol on TEOS hydrolysis rate 

and silica particle size. Finally, particle size and size distribution was studied in iso-

propanol (IPA), which is a good solvent for the polyurethaneurea block copolymers 

used in this study. Aqueous ammonia solution (25% NH3) was used as the source of 

both base catalyst and water for all experiments.  

 

 
 

Figure 3-1: Tetraethyl orthosilicate (TEOS) molecule. 
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3.1.2. TPU Synthesis  

Polyurethaneurea block copolymers with 20-30% by weight hard segment 

content was synthesized and provided by Polymer Science and Technology 

Laboratories at Koç University.  

Poly(tetramethylene oxide) glycol (PTMO) and Poly(ethylene oxide) glycol 

(PEO) with <Mn> = 2,000 g/mol were used as the soft segment components. The hard 

segment was composed of an cycloaliphatic diisocyanate, bis(4-

isocyanatocyclohexyl)methane (HMDI), chain extended with 2-methyl-1,5- 

diaminopentane (MDAP). The polymers were prepared by a two-step process in 

THF/IPA (1:1 v/v) and detailed explanation of the preparation method is given in 

Chapter V. Chemical structures of the chemicals and polyurethane-urea copolymer are 

provided in Figure 3-2.  

 

 

 
PTMO: Poly(tetramethylene oxide), Mn= 2,000 g/mol 

 

 
PEO: Poly(ethylene oxide), Mn= 2,000 g/mol 

 

 
 

HMDI: Bis(4-cyclohexylmethane)diisocyanate 

 

 

H O CH2 CH2 CH2 CH2 O H
n

H O CH2 CH2 O
n
H

C

H H

N
C

O

N
C

O



 37 

 
MDAP: (2-Methyl-1,5-diaminopentane) 

 

 

 
TPU: Polyurethane-urea copolymer with Rn = PTMO (n=28) or PEO (n=46) 

(Alkyl hydrogen atoms are not shown for simplicity) 

 

Figure 3-2: Chemical structures of the chemicals that constitute TPU. 

 

3.1.3. TPU/Silica Composite Preparation 

Making a homogeneous dispersion of nanoparticles in a polymeric matrix is a 

very difficult task due to the strong tendency of nanoparticles to agglomerate. To 

overcome this difficulty, we utilized the fact that polyurethaneurea copolymer can be 

completely dissolved in IPA. Subsequently, we optimized the preparation of silica sols 

in IPA and used solution blending in this common solvent for the preparation of 

TPU/silica nanocomposites. By using silica sols “as-prepared”, redispersion of silica 

nanoparticles in polymer solution could be avoided. In addition to the simplicity of this 

technique, we aimed to prevent agglomeration of silica nanoparticles, and hence to 

enhance the interfacial interaction between the copolymer matrix and the silica surface. 
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3.2. CHARACTERIZATION  

In this section, the theory and applications of characterization techniques utilized 

in this dissertation is briefly reviewed. 

3.2.1. Dynamic Light Scattering 

Dynamic light scattering (DLS, also known as photon correlation spectroscopy 

or quasi-elastic light scattering) is a technique in physics that can be used to determine 

the size distribution profile of particles in the sub micron range [108]. DLS typically 

measures the Brownian motion of the particles (random movement of particles due to 

the bombardment by the surrounding solvent molecules) and relates this to the size of 

particles. This is done by measuring the rate, at which the intensity of the scattered light 

fluctuates when detected using a suitable optical arrangement. If the particles are small 

compared to the wavelength of the laser used, then the scattering from a particle 

illuminated by a vertically polarized laser will be essentially isotropic. The Rayleigh 

approximation defines that intensity of the scattered light is proportional to the sixth 

power of the particle diameter. When the size of the particles becomes roughly 

equivalent to the wavelength of the illuminating light, then a complex function of 

minima and maxima with respect to angle is observed (Mie Theory) [109].  

The velocity of the Brownian motion is defined by the translational diffusion 

coefficient (D). The size of the particle is calculated from the translational diffusion 

coefficient by using Stokes-Einstein equation (3.1); 

 

  

€ 

d(H ) =
kT
3πηD       (3.1) 

 

where d(H) is the hydrodynamic diameter, k is the Boltzmann constant and η is the 

viscosity. By definition, “DLS measured hydrodynamic diameter” is the diameter of a 

hypothetical hard sphere that diffuses with the same speed as the particle under 

examination.  

Intensity weighted mean particle size and the width of the particle size 

distribution (polydispersity index, PdI) are calculated from a cumulants analysis of the 
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DLS measured intensity correlation function. The cumulants analysis is basically the fit 

of a polynomial to the log of the G1 correlation function: 

 

   Ln[G1] = a + bt + ct2 + dt3 + …   (3.2) 

 

The first cumulant or moment, b, is used to calculate mean particle size and the 

second moment, c, is used to calculate PdI when scaled as 2c/b2. The PDI, as an 

indication of variance in the sample, is given in the range [0,1]. Low PDI (usually less 

than 0.2) indicates that the sample is monodispersed, whereas with a broader 

distribution (PdI over 0.5) mean particle size calculation is not recommended [110]. 

DLS measurements were conducted to determine the mean particle size and the 

size distribution of silica particles in different solvents. Time dependent silica growth 

was also monitored by succeeding analyses.  

3.2.2. Spectroscopy 

3.2.2.1. Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy, NMR, is a technique that exploits the 

magnetic properties of certain atomic nuclei to determine physical and chemical 

properties of atoms or the molecules in which they are contained. It relies on the 

phenomenon of nuclear magnetic resonance and can provide detailed information about 

the structure, dynamics, reaction state, and chemical environment of molecules [111].  

According to the Pauli Exclusion principle, electrons have +½ and -½ spins. 

Same phenomenon is also valid for many atoms (e.g., 1H, 13C, 15N, 31P), and they have 

so-called “spin ½” nuclei, which have two quantum states that can be visualized as 

having the spin axis pointing “up” or “down” [112]. Since, the protons are electrically 

charged, they can generate their own magnetic field from the spin. In the absence of an 

external magnetic field, these two states have the same energy and one half of a large 

population of a nuclei will be in the “up” state and one half will be in the “up” state. 

When the external magnetic field is applied, the “up state”, which is aligned with the 

magnetic filed, is lower in energy than the “down” state, which is opposed to the 

magnetic field. Because this is a quantum phenomenon, there are no possible states in 

between.  NMR machines generate magnetic fields, which the nucleus of the molecule's 

magnetic field to align in two possible orientations. Since energy is required to flip from 
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one orientation to another, the NMR machine calculates these energy values and 

converts the data as "chemical shifts" signals [113]. 

Liquid 29Si-NMR technology has been a very useful tool in sol-gel research to 

obtain valuable information about the chemistry of silicon alkoxides and their 

hydrolyzed species by allowing identification and quantification of soluble Si-

containing species in solution without disturbing the evolving system. [37, 114]. In this 

study, we employed in-situ liquid 29Si-NMR to monitor the hydrolysis reaction kinetics 

during the formation of silica particles.  

3.2.2.2. Fourier Transform Infrared Spectroscopy (FT-IR) 

FTIR spectrometry is widely used in organic synthesis, polymer science, 

petrochemical engineering, pharmaceutical industry and food analysis [115]. The range 

of Infrared region is 13000 ~ 10 cm-1. It is divided into near-IR region (13000 ~ 4000 

cm-1), mid-IR region (4000 ~ 400 cm-1) and far-IR region (400 ~ 10 cm-1) [116].  

Infrared spectra result form the transitions between quantized vibrational energy 

states. The energy difference for transitions between the ground state and the first 

excited state of most vibrational modes corresponds to the energy of radiation in the 

mid-infrared spectrum (4000 ~ 400 cm-1) [115]. It is the most commonly used region for 

infrared absorption spectroscopy because the absorption radiation of most organic 

compounds and inorganic ions is within this region.  

A common FTIR spectrometer consists of a source, interferometer, sample 

compartment, detector, amplifier, A/D convertor, and a computer. The source generates 

radiation, which passes the sample through the interferometer and reaches the detector. 

Then the signal is amplified and converted to digital signal by the amplifier and analog-

to-digital converter, respectively. Eventually, the signal is transferred to a computer in 

which Fourier transform is carried out [111]. 

During this study, FTIR spectroscopy was used to monitor the presence and 

changes in the interaction between silanol groups and segments of copolymer in 

nanocomposites. In addition to this, it was used to detect the degree of unreacted ethoxy 

groups on the resulting silica nanoparticles. 
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3.2.3. Imaging 

Several imaging techniques, scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and atomic force microscopy (AFM) were used to 

determine size and morphology of silica particles. SEM was also used to examine the 

cross-sections of the polymer and polymer/silica nanocomposites to determine the 

degree of dispersion of filler in the polymer matrix. In addition, TEM was used to 

image the particle dispersion in polymer solution. 

3.2.3.1. Scanning Electron Microscopy 

Scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning it with a focused beam of electrons. The 

electrons interact with electrons in the sample, producing various signals (secondary, 

backscattered, etc.) that contain information about the sample's surface topography and 

composition. The electron beam is generally scanned in a raster scan pattern, and the 

beam's position is combined with the detected signal to produce an image [117]. 

For conventional imaging in the SEM, specimens must be electrically 

conductive, at least at the surface, and electrically grounded to prevent the accumulation 

of electrostatic charge at the surface. Nonconductive specimens tend to charge when 

scanned by the electron beam, and especially in secondary electron imaging mode, this 

causes scanning faults and other image artifacts.  

3.2.3.2. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a microscopy technique whereby a 

high-energy electron beam is transmitted through a ultra-thin specimen to image and 

analyze the microstructure of the materials with atomic scale resolution. An image is 

formed from the interaction of the electrons transmitted through the specimen; the 

image is magnified and focused onto a fluorescent screen, or recorded on a film or 

digital camera [118]. 

TEMs are capable of imaging at a significantly higher resolution than light 

microscopes, owing to the small de Broglie wavelength of electrons. This enables the 

instrument's user to examine fine detail—even as small as a single column of atoms, 

which is tens of thousands times smaller than the smallest resolvable object in a light 
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microscope. Alternate modes of use allow for the TEM to observe modulations in 

chemical identity, crystal orientation, electronic structure and sample induced electron 

phase shift as well as the regular absorption based imaging. A TEM specimen must be 

approximately 1000Å or less in thickness based on the area of interest.  

3.2.3.3. Atomic Force Microscopy 

Atomic force microscopy (AFM) is a very high-resolution type of scanning 

probe microscopy, with demonstrated resolution on the order of fractions of a 

nanometer, more than 1000 times better than the optical diffraction limit. 

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used 

to scan the specimen surface. The cantilever is typically silicon or silicon nitride with a 

tip radius of curvature on the order of nanometers. When the tip is brought into 

proximity of a sample surface, forces between the tip and the sample lead to a deflection 

of the cantilever according to Hooke’s law. Depending on the situation, forces that are 

measured in AFM include mechanical contact force, van der Waals forces, capillary 

forces, chemical bonding, electrostatic forces, magnetic forces, etc. [119]. The AFM can 

be operated in a number of modes, depending on the application. The primary modes of 

operation for an AFM are static mode and dynamic mode. In static mode, the cantilever 

is "dragged" across the surface of the sample and the contours of the surface are 

measured directly using the deflection of the cantilever. In the dynamic mode, the 

cantilever is externally oscillated at or close to its fundamental resonance frequency or a 

harmonic. The oscillation amplitude, phase and resonance frequency are modified by 

tip-sample interaction forces. These changes in oscillation with respect to the external 

reference oscillation provide information about the sample's characteristics. Contact, 

non contact and tapping mode are the major operating modes for AFM. 

3.2.4. Thermal Analyses 

3.2.4.1.  Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is basically defined as the measurement 

of the change of the difference in the heat flow rate to the sample and to a reference 

sample while they are subjected to a controlled temperature program [120]. DSC is used 

widely to determine the thermal transitions in polymeric materials such as melting point 



 43 

and glass transition temperature. Percent crystalline material and thermal degradation of 

polymers can also be studied by using this thermoanalytical technique.  

DSC includes both a sample substance and a reference substance, residing in 

separate chambers.  While the reference chamber contains only a solvent (such as 

water), the sample chamber contains an equal amount of the same solvent in addition to 

the substance of interest, of which the heat of reaction (ΔrH) is being determined. The 

ΔrH due to the solvent is constant in both chambers, so any difference between the two 

can be attributed to the presence of the substance of interest.  Each chamber is heated by 

a separate source in a way that their temperatures are always equal.  This is 

accomplished through the use of thermocouples; the temperature of each chamber is 

constantly monitored and if a temperature difference is detected, then heat will be added 

to the cooler chamber to compensate for the difference.  The heating rate used to 

maintain equivalent temperatures is logged as a function with respect to the temperature 

[121]. 

In this study, DSC was used to evaluate the thermal behavior of neat TPU 

copolymer and its silica nanocomposites in order to investigate the effect of silica 

incorporation on the thermal characteristics of TPU. 

3.2.4.2.  Thermal Gravimetric Analysis 

Thermogravimetric analysis (TGA) measures the amount and the rate of weight 

changes in a material as a function of temperature or time in a controlled atmosphere. 

These measurements are used to obtain information about physical phenomena, such as 

second-order phase transitions (e.g. vaporization, sublimation, absorption) or chemical 

phenomena (e.g. chemisorption, dehydration, decomposition, oxidation, reduction) by 

making determinations about composition and thermal stability [121] 

Thermogravimetric analysis relies on a high degree of precision in three 

measurements: mass change, temperature, and temperature change. Therefore, TGA is 

basically equipped with a precision balance including a pan loaded with the sample, and 

a programmable furnace. The furnace can be programmed either for a constant heating 

rate, or for heating to acquire a constant mass loss with time. 

Thermogravimetric analyses were performed on the nanocomposites in order to 

investigate the effect of nanosilica on the thermal stability of the system and to 

determine the residual silica content of the nanocomposites. 
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3.2.5. Mechanical Analysis 

3.2.5.1. Tensile Testing 

In a broad sense, strength refers to the ability of a structure to resist loads 

without failure, which may occur due to excessive stressor deformation. Tensile testing, 

also known as tension testing, is a fundamental materials science test in which a sample 

is subjected to a controlled tension until failure [122]. Properties that are directly 

measured via a tensile test are ultimate tensile strength, maximum elongation and 

reduction in area. From these measurements the following properties can also be 

determined: Young’s modulus of elasticity, Poisson’s ratio, yield strength and strain 

hardening characteritics.  

The test process involves placing the test specimen in the testing machine and 

applying tension to it until it fractures. During the application of tension, the elongation 

of the gauge section is recorded against the applied force. The data is manipulated so 

that it is not specific to the geometry of the test sample. The elongation measurement is 

used to calculate the engineering (or nominal) stain, ε, using the equation 3.3: 
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ε =
ΔL
L0

=
L − L0
L0      (3.3) 

 

where ΔL is the change in gauge length, L0 is the initial gauge length, and L is the final 

length. The force measurement is used to calculate the engineering (or nominal) stress, 

σ, using equation (3.4): 

€ 

s =
Fn
A

     (3.4) 

 

where F is the force and A is the cross-section of the gauge section. When force-

elongation data are converted to engineering stress and strain, a stress-strain curve, 

which is virtually independent of specimen dimensions, is obtained. The tensile strength 

(ultimate strength) is defined as the highest value of engineering stress. The slope of the 

strain-stress curve in the elastic region is defined as the Young’s modulus of elasticity 

(Eqn. 3.5), which is a measure of the stiffness of the material.  
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E =
Δσ
Δε

     (3.5) 

 

 Total elongation, which includes both elastic and plastic deformation, is the 

amount of uniaxial strain at fracture. Percent elongation at break is used to describe the 

ductility of a material. It is determined by removing the fractured specimen from the 

grips; fitting the broken ends together and measuring the distance between gage marks. 

Percent elongation at break reports the amount of plastic deformation only. If the 

amount of elongation is small, percent reduction of area is used to describe the ductility 

of a material. In this study, tensile testing was used to investigate the improvement in 

mechanical properties of nanocomposite systems with respect to filler size and loading.  

3.2.5.2. Nanoindentation 

Indentation testing essentially consists of touching a specimen whose 

mechanical properties (e.g. elastic modulus, hardness) are unknown with another 

material whose properties are known [123]. Nanoindentation is simply an indentation 

test in which the length scale of the penetration is measured in nanometers and an 

indenter with a geometry known to high precision (usually a Berkovich tip, which has a 

three-sided pyramid geometry) is employed. During the course of nanomechanical 

testing, the instrument performs nanoscale indents by applying a force (denoted as P) 

and the probe displacement (denoted as h) into the sample. A load versus displacement 

curve can then be generated from the collected data. The sample hardness (denoted as 

H)and reduced elastic modulus (denoted as Er) can then be calculated from this curve.  

The reduced modulus is defined by the Eqn (3.6): 
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S π
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     (3.6) 

 

where S is the unloading stiffness and is defined by Eqn. (3.7): 
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     (3.7) 
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and A is the projected contact area. The reduced modulus is related to the modulus of 

eleasticity (E) through the Eqn. (3.8): 
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Er
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+
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2 )
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   (3.8) 

 

where the subscript I corresponds to the indenter material, the subscript s corresponds to 

the indented sample material, and v is the Poisson’s ratio. The unloading stiffness is 

calculated by fitting the unloading curve to the power law relation (Eqn 3.9),  
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P = A( h − hf )m     (3.9) 

 

where A, hf, and m are arbitrary fitting parameters. The stiffness can be calculated from 

the derivative of Equation (3.9), 
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S =
dP
dh

( hmax ) = mA( hmax − h f )m−1    (3.10) 

 

The hardness is defined by the ratio of the maximum load to the projected contact area 

by the following Eqn (3.11) 
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H =
Pmax

A
        (3.11) 

 

The contact area is determined from a probe calibration function A(hc) where hc, the 

contact depth, is found by using the equation 
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hc = hmax −ε
Pmax

S
     (3.12) 

 

To account for edge effects, the deflection of the surface at the contact perimeter 

is estimated by taking the geometric constant ε as 0.75. Nanoindentation testing was 

used to investigate the mechanical properties of TPU/silica nanocomposites. 
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4. TEOS HYDROLYSIS KINETICS AND CONTROLLED SYNTHESIS OF 

SILICA NANOPARTICLES IN LOW MOLECULAR WEIGHT ALCOHOLS 

4.1. INTRODUCTION 

Controlled fabrication of monodisperse silica particles is of great interest in 

many fields, including ceramics, optics, catalysis, electronics and biology. Sol-gel route 

combines the ability to control the growth of silica particles at molecular level with the 

possibility of processing the material at room temperature, such as casting into molds, 

spinning fibers. The synthesis basically consists of the hydrolysis of alkoxides dissolved 

in their parent alcohols with a mineral acid or a base catalyst (Eq. 4.1) and subsequent 

condensation reactions involving the silanol groups that produce siloxane bonds and the 

by-products, which are alcohol (Eq. 4.2) or water (Eq. 4.3), that lead to the formation of 

various forms of silica by the polymerization of silicic acid [17, 18]. 

 

 

€ 

≡ Si −OR +H2O ≡ Si −OH + ROH   (4.1) 

€ 

≡ Si −OR +HO − Si ≡ ≡ Si −O − Si ≡ +ROH   (4.2) 

€ 

≡ Si −OH +HO − Si ≡ ≡ Si −O − Si ≡ +H2O  (4.3) 

The morphology of the end product is essentially controlled by the type of the 

catalyst used. Acid catalyzed reactions lead to a three-dimensional gel or a network 

structure [124, 125], whereas base-catalyzed reactions result in condensed spherical-

shaped particles [126, 127].  

Stöber et al. [15] were the first to show that remarkably uniform silica particles 

with sizes ranging from 50 nm to >1µm in diameter could be synthesized by 

hydrolyzing silicon alkoxides in aqueous alcoholic solutions containing ammonia. In a 

typical Stöber process, TEOS is introduced into a batch reactor with ethanol, water and 

ammonia. The lower parent alcohol, e.g. ethanol, acts as a co-solvent for silicon 

alkoxides (e.g. TEOS), which is immiscible with water. Ammonia catalyzes both 

hydrolysis and condensation by dissociating the water molecules, and provides the 
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spherical shape of the silica particles with a negative, stabilizing charge in the alcohol 

solutions [15, 21]. Since the reactions are carried out in high pH region (>7), particles 

formed are stable toward gelation with respect to repulsion effects. 

Accordingly, the primary parameters that affect the reaction kinetics and the 

properties of resulting silica particles can be summarized as initial concentration of 

reactants (TEOS, water, ammonia), type of the alcohol used as the solvent and the 

reaction temperature. The reports regarding the effects of TEOS, ammonia and water 

especially on the size of silica particles are controversial. Rao et al. reported that the 

particle size decreased with increasing ammonia concentration (2.8-28.0 M) in the 

presence of 3.0-14.0 M water in a semi-batch sol-gel process [39]. They also found that 

particle size increased from 60 to 417 nm when TEOS concentration was increased 

from 0.012 to 0.12 M. Bagwe et al. observed that the increase in the amount of 

ammonia (0.16 to 0.64 M) yielded larger particles in a micro-emulsion process [13]. 

They also reported that there was no change in particle size when TEOS concentration 

was increased from 0.025 to 0.1 mM. Tan et al. tuned the size of particles and showed 

that the particle size decreases with reduced initial ammonia concentration [128]. 

The role of the solvent alcohol is rather complex compared to the other 

components in sol-gel systems. In addition to regulating the miscibility of the system, 

alcohol used during the synthesis could also play the role of a reactant through 

transesterification (alkoxy exchange) reactions (Eqn. 4.4): 

  

€ 

Si(OR)4−z + zR*OH (OR* )z Si(OR)4−z + zROH  (4.4) 

Several studies show that alkoxy exchange is promoted in acidic environment 

while it could not be detected in basic media [129-133]. Recent work of Lim et al., 

however, has presented the possibility of fast alkoxy exchange at the early stage of 

hydrolysis of TEOS in basic media [134]. Under these circumstances, the reaction rate 

and the resulting particle size of silica are modified.  
The role of the alcohol type and composition is also critical in terms of the 

solubility of the intermediates bearing polar and charged groups [135]. Since solvents 

may change the electrostatic and hydrogen bonding interactions, the choice of the 

solvent might alleviate or aggravate the reaction rate and/or change the solubility and 

stability of the intermediate products. Hydrolysis of silicon alkoxides has been reported 

transesterification 
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to be the rate-determining step by many researchers [29] during silica synthesis. 

However, in case of base-catalyzed reactions, nature of the solvent has been shown to 

have a stronger influence on the reaction rate compared to acidic systems [136]. 

Despite great interest in Stöber silica and its applications, few studies have 

included the role and effect of solvent type in basic media [30, 128, 137, 138]. 

Furthermore, observed dependencies were subjected to further investigation and related 

work was mostly focused on the effects of ammonia and water concentrations in limited 

number of solvent alcohols. In the study of Harris et al., early stages of Stöber silica 

particles were investigated by time-resolved ultra-small-angle X-ray scattering and 

slower growth rate was detected in ethyl alcohol when compared to growth rates in n-

propyl and n-butyl alcohol when excess water was used [138]. Their recent work was 

directed towards the investigation of the reaction kinetics, leading to the first Stöber 

silica nanoparticles by using NMR and SAXS both in methanol and ethanol [37] and 

they proposed that the size of the primary particles is thermodynamically controlled by 

the interactions of the reaction intermediates and the solvents.  

Main goal of this work is to determine the effect of each reagent on TEOS 

hydrolysis rate and silica particle size in ethanol in addition to the effect of alcohol 

molecular weight and structural isomerism under stoichiometric conditions in basic 

media. Thereby, a systematic approach is followed to produce uniform silica particles in 

different alcohols and to discuss the effects of different parameters (TEOS, ammonia, 

water, alcohol) are aimed. For this purpose, liquid 29Si-NMR was used to monitor the 

nucleation and growth of Stöber silica by means of consumption of TEOS and 

generation of reaction intermediates at five polar aprotic solvents (C1-C4 alcohols).  We 

mainly focused on the initial hydrolysis of TEOS, which has been reported as the rate-

determining step for the Stöber synthesis [29]. In this chapter, we discuss the effect of 

initial TEOS, water and ammonia concentration along with alcohol type in hydrolysis 

kinetics. In addition, we also provide detailed analyses on the size of the silica particles 

formed and their size distribution based on the dynamic light scattering (DLS) 

measurements and atomic force microscopy (AFM) studies. 
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4.2. CHEMICAL REACTIONS KINETICS OF STÖBER SYSTEMS 

Overall hydrolysis reaction of TEOS can be described by the following 

equation: 

  (4.5) 

 

The hydrolysis of TEOS runs simultaneously with condensation that results in a 

complex reaction mechanism. In literature, there are several sophisticated reaction 

models developed to explain the complex nature of Stöber synthesis [29, 30]. In this 

study, a simple hydrolysis model proposed by Green et al. [37] was used to calculate the 

hydrolysis rate constant for TEOS to be able to evaluate the effect of different solvents 

at the onset of the reaction. For all the solvent systems studied, it was shown that the 

precursor hydrolyzed through singly hydrolyzed monomer and this step is shown by 

Eqn. (4.6) 

     (4.6) 

 

The rate equation for reaction (4.7) is as follows: 

   (4.7) 

 

where the exponents α, β and γ are the reaction orders with respect to TEOS, NH3 and 

H2O  respectively. Since NH3 is used as the catalyst and the change in water was 

reported as less than 5% of the initial level [139], they are both considered invariable. 

So we could define the pseudo first-order rate constant, , as 

     (4.8) 

 

thus the hydrolysis rate equation (4.7) can be simplified as; 

     (4.9) 

 

  

! 

Si(OEt)4 + xH2O"(OH )x Si(OEt)4#x + xEtOH

  

! 

Q0
0 + H2O

kH" # " Q1
0 + ROH

  

! 

rTEOS = "d[Q0
0]/ dt = kH [Q0

0]# [NH3]
$ [H2O]%

  

! 

kH
*

  

! 

kH
* = kH [NH3]

" [H2O]#

  

! 

rTEOS = "d[Q0
0]/ dt = kH

* [Q0
0]#
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The integration of Eqn. (4.9) leads to: 

 

     (4.10) 

 

where (ln[  

€ 

Q0
0]) is plotted as a function of time, hydrolysis of TEOS is expected to 

follow a first order reaction kinetics (α=1) for all systems investigated.  

 

  

! 

ln[Q0
0] = ln[Q0

0]0 " kH
* t
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4.3. EXPERIMENTAL SECTION 

4.3.1. Materials 

Silica sols were prepared from a solution of reagent grade ammonium hydroxide 

(25% NH3), tetraethyl orthosilicate (TEOS, >99%) in an ethyl alcohol with >99.8% 

purity. All chemicals were obtained from Merck, Germany and were used as received.  

4.3.2. Methods 

All reactions were carried out in 100 mL Pyrex reactors with low to moderate 

mixing speeds at room temperature (25±2°C). All vessels were washed with 2% HF 

solution and then rinsed with deionized water several times before use. For practical 

purposes, we used 25% or 0.4 M ammonium hydroxide as ammonia and water source 

instead of bubbling ammonia through the alcohol and water mixture as it was reported 

for the original Stöber recipe. Alcohol and ammonium hydroxide solutions were mixed 

for 20 minutes and then TEOS was quickly poured into the reactor to initiate the 

reaction.  

 

 
Figure 4-1: Silica sols prepared in ethanol, n-propanol, iso-propanol and n-butanol after 

one month. 

 
Colloidal sol samples prepared to investigate effect of solvent alcohol were 

named according to the alcohol used during the synthesis such as MeOH, EtOH, PrOH, 

i-PrOH and BuOH (Table 4-1: Initial Stöber reactant compositions in different solvent 

media.). All reactions were conducted under stoichiometric conditions where no 

flocculation was observed and all sols, except MeOH, could retain their stability for 

months as shown in Figure 4-1. 
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Table 4-1: Initial Stöber reactant compositions in different solvent media. 

Sample [NH3]aq (M) [TEOS] (M) Solvent 

MeOH 0.4 0.7 Methanol 

EtOH 0.4 0.7 Ethanol 

PrOH 0.4 0.7 n-Propanol 

i-PrOH 0.4 0.7 iso-Propanol 

BuOH 0.4 0.7 n-Butanol 

 

Silica particle formation was monitored by measuring changes in particle size, 

solution conductivity and TEOS and soluble silica concentrations. Preparation 

conditions of samples are presented in Table 4-2. All experiments were conducted in 

ethanol at room temperature. 

 

Table 4-2: Initial Stöber reactant compositions in ethanol media. 

Sample [TEOS] (M) [H2O] (M) [NH3]aq (M) TEOS/H2O/NH3 

S1 0.80 1.35 0.48 1/1.7/0.6 

S2 0.16 1.35 0.48 1/8.5/3 

S3 0.32 1.35 0.48 1/4.2/1.5 

S4 0.32 2.09 0.48 1/6.5/1.5 

S5 0.32 2.74 0.48 1/8.5/1.5 

S6 0.32 1.02 0.36 1/3.2/1.1 

S7 0.32 6.77 2.39 1/21/7.5 

S8 0.32 1.35 0.36 1/4.2/1.1 

S9 0.32 1.35 0.1 1/4.2/0.3 

 

The changes in the concentrations of TEOS and intermediates during the course 

of the reactions were monitored by using liquid state 29Si-NMR. Prior to each analysis, 

TEOS was added to ammonium hydroxide/alcohol solution under vigorous stirring to 

minimize localized reaction zones during the mixing of the reactants. After mixing for 2 

min, the mixture was immediately transferred into a 5 mm (O.D.) quartz NMR sample 
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tube, and analyzed. The resulting spectra were internally referenced to a 

tetramethylsilane (TMS) standard. Chromium (III) acetyl acetonate, Cr(acac)3, 0.016 M 

was added as the spin relaxation agent. Numerous studies have shown that Cr(acac)3 

had no effect on the studied reactions [33, 140, 141]. 29Si NMR experiments were 

performed in duplicate on a Varian Inova 500 MHz Spectrometer at a spectral 

frequency of 99.258 MHz. The kinetics of the Stöber reaction was monitored using 29Si-

NMR spectroscopy by running the 384 number scans at 30-minute intervals up to 20 

hours. The spectra were acquired using a spectral width of 18 940 Hz, 64k data points, 

384 scans, and a pulse delay of 3s using 60° pulse angle with an acquisition time of 

1.7s. In a separate experiment, first 30 minute of the synthesis reaction was monitored 

by 5-minute intervals. The concentration of TEOS was determined by comparing the 

subsequent NMR scans to the initial 

€ 

Q0
0 . Prior to each set of experimental solutions, the 

integrated area of the initial  peak of TEOS, observed without the presence of 

catalyst and water, was taken as being 100%. During the experiments, gelation did not 

occur; recycle delay was kept constant throughout the measurements. 

 Dynamic light scattering analyses (DLS) were conducted to determine the 

intensity weighted mean particle size and the width of the particle size distribution 

(polydispersity index, PdI) by using ZetaSizer Nano (Malvern, UK). Before each DLS 

analysis, dilution versus concentration screening was performed to find the appropriate 

dilution at which the particle size is independent of concentration. Thus, multiple 

scattering and particle-particle interactions could be minimized. Three individual 

measurements were per each sample were performed and then averaged. The average 

particle diameter was given along with the width of the distribution (Average diameter 

± width of the size distribution). The temperature was maintained constant at 25 ± 0.1 

°C. Particle size analysis of the silica nanoparticles on dip-coated mica substrates was 

also performed using Atomic Force Microscopy (AFM) Veeco Nanoscope IIIa 

Multimode SPM Tapping Mode, silicon probes, which have 42 N/m spring constant 

(Olympus, OMCL-AC160TS). By use of a KSV Sigma 700 Tensiometer (KSV 

Instruments Ltd.), silica particles were coated by dipping a freshly cleaved mica 

substrate into silica sols, with a velocity of 1 mm/min and then pulled from the solution 

under a constant velocity of 5 mm/min. The coated mica samples were dried and 

maintained in a closed box.  AFM images were processed by using WSxM software 

package.  
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4.4. RESULTS AND DISCUSSION 

4.4.1. NMR Experiments 

There are many methods to monitor silicon alkoxide/water/alcohol systems such 

as UV, IR spectroscopy, 1H, 17O and 29Si NMR. NMR plays an important role in the 

characterization of the complex series of chemical reactions since local environments of 

several nuclei can be probed in solution as well as in solid samples. Liquid Si NMR 

specifically provides a useful tool to screen the consumption of TEOS, and formation of 

hydrolyzed and condensed species during the reaction. In addition to identification of 

each Si-containing species, kinetic data could be extracted as it allows quantification of 

each TEOS derivative. 

During the presentation of NMR data, each silicon site (  

€ 

Qj
i) were labeled 

conventionally, where   

€ 

Q denotes the potentially four (quad)-functionality for 

polymerization, and i and j denote the number of siloxane bridges and silanol bonds on 

the given silicon, respectively. Thus, the number of ethoxy groups on the silicon is (4-i-

j) and fully hydrolyzed monomer corresponds to 

€ 

Q4
0 . Figure 4-2 shows step-wise 

hydrolysis of TEOS with each hydrolyzed species labeled with this notation. 

 

 
Figure 4-2: Hydrolysis of TEOS under basic conditions. 

 

Time dependent concentrations of the liquid phase reactants and products 

generated during the modified Stöber reaction in five different alcohols (methyl, ethyl, 

n-propyl, iso-propyl, n-butyl alcohol) were determined by liquid state 29Si-NMR 

analyses. The disappearance of monomer, TEOS, from its initial concentration level and 

the appearance of the intermediate species as a function of reaction time can clearly be 

seen in the NMR spectra provided in Figure 4-3. 

 

! 

29
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Figure 4-3: In-situ liquid 29Si-NMR spectra of reaction mixture in (a) ethanol, (b) n-

propanol, (c) iso-propanol, (d) n-butanol and (e) methanol. 

 

NMR spectra for each set of experiments were used to reveal the effect of 

solvent on the hydrolysis of TEOS and generation of soluble species up to 10 hours 

with 30-minute intervals for EtOH, PrOH, i-PrOH and BuOH (Figure 4-3 a-d), and up 

to 20 hours for MeOH (Figure 4-3 e). The chemical shift of each soluble Si species and 

the corresponding molecular structure are listed in Table 4-3. The spectrum of TEOS 

supplied by Merck and internally referenced to TMS exhibited only one peak at -82.2 

ppm (not shown here). Peak for unhydrolyzed TEOS with no bridging oxygen (

€ 

Q0
0), 

which was the primary peak for all alcohol systems, slightly shifted to -81.9 ppm with 

respect to dilution in all alcoholic solutions applied. In addition to primary TEOS peak, 

two resonance signals appeared at -78.9 ppm and -88.8 ppm, which correspond to 

€ 

Q1
0  

and 

€ 

Q0
1 , respectively (Figure 4-3 a to d). These intermediate products were previously 

identified by Brinker and Scherer in ethanol systems [17]. However, these two shifts 

were detected at -80.9 ppm and -85.8 ppm for methanol (Figure 4-3 e).  In addition to 

this, it was possible to observe the doubly hydrolyzed monomer of TEOS (

€ 

Q2
0) at -80.1 

ppm in methanol. Additional species observed at -79.3 ppm and -78.5 ppm were 
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assigned as triply hydrolyzed (

€ 

Q3
0) and completely hydrolyzed monomer (

€ 

Q4
0) of 

TEOS, which formed lately during the reaction in methanol. The difference between the 

shifts of each consecutive hydrolyzed species in methanol was equal at 0.8-0.9 ppm for 

each –OH that is substituted for –OCH2CH3, whereas this difference was 3 ppm for all 

the other alcohols used for the same reaction.  

 

Table 4-3: Liquid 29Si-NMR chemical shift (δ). 

δ (ppm) 

 Structures 
MeOH 

EtOH, PrOH, 

i-ProH, BuOH 

€ 

Q0
0 Si*(OC2H5)4 -81.9 -81.9 

  

€ 

Q1
0 Si*(OC2H5)3OH -80.9 -78.9 

€ 

Q2
0 Si*(OC2H5)2(OH)2 -80.1 - 

€ 

Q3
0 Si*(OC2H5)(OH)3 -79.3 - 

€ 

Q4
0 Si*(OH)4 -78.5 - 

€ 

Q0
1
 (OC2H5)3Si*OSi(OC2H5)3 -85.8 -88.8 

 

 

NMR spectra displayed in Figure 4-3 indicate that the hydrolysis of TEOS (

€ 

Q0
0) 

predominantly resulted in the generation of 

€ 

Q1
0, the singly hydrolyzed monomer, which 

is the common intermediate species for all solvent systems. However, solvent used for 

Stöber synthesis affected the hydrolysis rate and time dependent consumption and type 

of the intermediate species (detectable by NMR) in the reaction medium.  

Figure 4-4 presents the time dependent concentrations of  and  obtained by 

in-situ liquid 29Si-NMR analyses of each studied reaction mixture. Figure 2-a shows the 

monotonic decay of TEOS from its initial level (0.7 M) in different solvents. The 

relative rates of TEOS consumption in the solvents used decreases at the following 

order: MeOH>BuOH>PrOH>EtOH>i-PrOH. Despite the unexpected rate in methanol, 

initial hydrolysis rate of TEOS increases with molecular weight of the primary alcohols. 

On the other hand, slowest reaction rate observed for i-PrOH also elucidates that steric 

properties of the solvent alcohol influences the initial hydrolysis rate of the 

organoalkoxysilane. 

! 

Q0
0

! 

Q1
0
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Figure 4-4: (a) Time-dependent TEOS consumption in different solvents and generation 

of singly hydrolyzed species in (b) methanol, (c) ethanol and n-butanol, (d) n-propanol 

and iso-propanol.  
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 During the initial hydrolysis of TEOS, singly hydrolyzed monomer,

€ 

Q1
0 , first 

exhibits a maximum and then reaches to a steady-state value (Figure 4-4 b). The fast 

rate observed for initial hydrolysis in MeOH also resulted in build-up of hydrolyzed 

monomer in the reaction, which is 4-5 times higher than that of the hydrolyzed species 

in other solvents. Interestingly, 

€ 

Q1
0 concentration reached the maximum level in all 

solvents at the same time (at the end of the first hour). In literature, it was proposed that 

€ 

Q1
0  concentration must only exceed 0.01 M to produce the first nanostructures [27, 29]. 

It was also confirmed by our findings that the concentration of the singly hydrolyzed 

species elevates during the so-called induction time for nucleation, however, maximum 

€ 

Q1
0concentration is not required for the onset of nucleation. This was also shown by our 

dynamic light scattering experiments since it was possible to analyze the size of the 

particles within 30 minutes of the reaction in repetitive analysis.  

By each subsequent hydrolysis (and condensation), negatively charged transition 

state (Figure 4-5) becomes more stable with the increased electron-withdrawing 

capabilities of -OH (and -OSi) compared to -OR. Since the increased stability of the 

transition state increased the reaction rate, each subsequent step occurred more quickly 

as hydrolysis and condensation proceeded [17]. This is why only the monomers and the 

dimer could be detected under basic conditions as evidenced by 29Si-NMR analyses and 

indicates that inductive effects play an important role on the hydrolysis rate irrespective 

of the solvent type. Excluding the case for methanol, only the first hydrolyzed monomer 

could be monitored since there is an apparent build up of this monomer, which also 

shows that hydrolysis of this monomer is the rate determining step for the hydrolysis 

reactions.  

 
 

 
 

Figure 4-5: Proposed hydrolysis mechanism for TEOS under basic conditions [19]. 
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In case of methanol, although the reaction was the fastest, second hydrolyzed 

species (

€ 

Q2
0) was also evident. In addition to the second hydrolyzed species, third (

€ 

Q3
0) 

and fully hydrolyzed (

€ 

Q4
0) species could only be monitored after the gelation started 

(after the system was arrested). High concentration of hydrolyzed monomers, and 

subsequent polymeric-like initial mass fractals in addition to high concentration of more 

compact clusters in the reaction probably caused a reaction-limited monomer-cluster 

percolation. This was attributed to more stabilized and solvated state of the hydrolyzed 

monomer besides the stable penta-coordinated transition state during the hydrolysis in 

methanol.  

The influence of relative amounts of reagents (TEOS, ammonia and water) on 

hydrolysis kinetics, particle size and polydispersity of the particles in ethanol was also 

systematically investigated. Table 4-2 summarizes the amounts of reagents conducted. 

Figure 4-6 shows the typical time dependent Si NMR spectrum of sample S7 during 

the hydrolysis of the precursor, TEOS. Common peaks detected and that could be 

monitored for all samples with a broad range of initial compositions are also the 

predominant TEOS peak and a hydrolysis product peak. TEOS (  

€ 

Q0
0) peak appeared at -

81.3 ppm and the singly hydrolyzed monomer (  

€ 

Q1
0) at -78.5 ppm. However, based on 

the initial concentration of the reactants, it was possible to identify some of the 

condensation products such as   

€ 

Q0
1 dimer   

€ 

( EtO )3 Si * OSi( EtO )3 , which was detected at 

-89 ppm.   

 

! 

29
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Figure 4-6: The typical 29Si-NMR spectra of the reaction solution S7 with respect to 

time (inset) and the time dependent concentrations of soluble Si species (main). 

 

In all systems studied (S1-S9), by the initial decay of TEOS, the singly 

hydrolyzed monomer exhibits a maximum within 2 hours. When the decay of TEOS is 

fast, at high water and ammonia concentrations, the initial maximum of the species 

appears within first 10 minutes of the reaction (Figure 4-6 main). For those systems, the 

singly hydrolyzed monomer could be detected for shorter periods of time (Figure 4-6 

inset). On the other hand, for the broad initial ammonia and water concentration range 

applied, it was observed that irrespective of the initial ammonia, water or precursor 

concentration used, singly hydrolyzed monomer concentration follows the same trend 

and forms a plateu. The effect of TEOS concentration on the hydrolysis kinetics is 

obtained by comparing samples S1, S2 and S3. The effect of ammonia content on the 

hydrolysis kinetics is obtained by comparing samples S3, S8 and S9. The effect of water 

content on the hydrolysis kinetics is obtained by comparing samples S3. S4 and S5. The 

combined effect of water and ammonia by the variation of aqueous ammonia on 

hydrolysis kinetics is obtained by comparing samples S6, S7 and S8. Some of the 

typical time-dependent concentration profiles are shown in Figure 4-7. Concentration 

profiles form the base for further calculation of the hydrolysis rate constants.  
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Figure 4-7: The time dependent concentrations of soluble Si species for the solutions 

with molar ratio of TEOS/H2O/NH3 at S2: 1/8.5/3, S3: 1/4.2/1.5, S5: 1/8.5/1.5, S6: 

1/3.2/1.1. 

 

4.4.2. Dynamic Light Scattering Experiments 

DLS presents a powerful tool to determine the particle size and size distribution 

in silica aquasols and organosols [142]. The technique measures the time-dependent 

fluctuations in the intensity of scattered light that due diffusion of particles undergoing 

Brownian motion, which is then related to the hydrodynamic size of particles. During 

the presentation of results mean intensity vs. size (diameter, nm) was preferred since 

intensity is the basic distribution obtained from DLS measurement. On the other hand, 

by intensity profiling, the presence of larger moieties could be better presented even 

they exist in lower amounts since the intensity of scattering of a particle is proportional 

to the sixth power of its diameter. 
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Figure 4-8: Change in the hydrodynamic radii of silica nanoparticles for S3 measured 

by DLS up to 10 days. 

 

The dependence of particle size on the reaction time was obtained by sampling 

the system at regular time intervals and analyzing the samples by DLS. Prior to the 

description of the results we first note that Zetasizer (Malvern, UK) used for DLS 

analysis ensures the detectable particle size within the range of 0.3 nm - 6 µm. The time 

dependent measurements during the formation and growth of the particles were 

collected for 10 days till no significant change in the size distribution profile of 

colloidal silica sol was distinguished. Among three consecutive runs of each sample 

there was no significant changes in the size and size distribution of the particles, which 

shows that time for data collection (~5 min/run) was short compared to the time scale 

for changes in the structures of the silica particles. This was maintained by slowing 

down the growth kinetics by using low concentrations of ammonia and water after 

several preliminary studies that are not shown here.  

A typical particle size profile for the silica sol formation is shown in Figure 4-8, 

where it is possible to observe some unstable oscillations and multi-modal distributions 

at the beginning of the Stöber reaction. After the oscillations, the particle size reaches a 

meta-stable regime, where the particle size attains a monodisperse character that is 
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followed by the steady-state regime, where the particle size remains practically constant 

with time. The smallest particles detected within 30 min were in the size range of 10 – 

15 nm in diameter, which are argued to be primary colloidal particles.  

There are two major opposing statements proposed for the nucleation and 

growth of silica nanoparticles. Matsoukas and Gulari [26] stated that nucleation is the 

result of the reaction between two reactive hydrolyzed monomers; thereby the “particle 

grows only by monomer addition”. The balance between monomer addition and 

nucleation determines the polydispersity and the final particle size. On the other hand, 

Bogush and coworkers explains the growth as controlled aggregation of subparticles a 

few nanometer in size [27, 28]. Particle formation results from the aggregation of small 

subparticles (or primary particles) that are slowly produced during the entire reaction 

period. This aggregation is controlled in the sense that once the aggregates or 

“particles” have reached a certain size, and hence a certain colloidal stability because of 

their surface charge, the growth continues only by aggregation with the small 

subparticles and not by collisions with other (larger) particles. Lately, Bailey and 

coworkers demonstrated by the cryo-TEM technique that the formation of primary 

particles were described as the formation of polymer structures that collapsed at a 

certain critical size to small primary particles, anymore as a homogeneous precipitation 

as proposed by Bogush and coworkers [33]. Unstable oscillations and multi-modal 

distributions observed up to 4 hours were attributed to the formation of gel-like 

polymeric structures. Simultaneous collapse of some structures reaching an average 

critical size around 20 nm is also seen within this period. On the other hand, slight 

variations in the average critical size can be attributed to reversible condensation 

reactions until the colloidal stability was established. The reversibility of the 

condensation reactions was reported by Harris and coworkers [143] and it was 

evidenced by equilibrium concentrations of soluble silica that remained in the 

supernatant after the growth of the spheres. Particle growth continued rather slowly up 

to 2 days, and finally colloidal stability was obtained at a broader size distribution. DLS 

measurements on another system showed that particles with hydrodynamic diameter of 

156 nm (measured after 24 hours of reaction) could retain their size (158 nm) after 10 

days. It was also reported by Van Helden et al. that the silica particle size was stabilized 

after 10 hours, and the opalescence of the alcosol was preserved for a few months [21]. 
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Time dependent change in the mean particle size based on DLS intensity 

profiles for different solvents (methanol, ethanol, n-propanol, iso-propanol, n-butanol) 

are given in Figure 4-9. In these plots, multimodal distribution is neglected and particle 

growth with an onset of average critical size is presented. The smallest particle size, 

which showed an average particle size of 6.5±1.5 nm, was obtained in methanol, and 

interestingly, there was no significant change in the mean hydrodynamic diameter of the 

particles in methanol until the gelation started.  

The first particles to appear in all cases were fairly large within 30 min. The 

initial average hydrodynamic diameters of the particles detected by DLS were 6.5±1.5 

nm, 9.6±1.6 nm, 24±10 nm and 46±13 nm for MeOH, EtOH, PrOH and BuOH sols, 

respectively. Similar initial sizes were obtained for PrOH and i-PrOH, however silica 

particles in i-PrOH stabilized at a bigger size in a longer period of time. Temporal 

increase in size for all samples is attributed to the addition of hydrolyzed or partially 

hydrolyzed TEOS molecules to the existing particles, which is consistent with earlier 

studies [35, 144]. Similarly, Boukari et al. reported that the stability length scale of 

initial silica particles as a result of time dependent small-angle X-ray scattering 

measurements were ≈8 to 10 nm in methanol and ≈16 to 20 nm in ethanol at a different 

concentration of TEOS (0.5 M), ammonia (0.1 M) and water (1.1 M) [35]. Our findings 

in agreement with the results of Boukari et al. show that initial particle size (or the size 

of the particles detectable by a certain technique) depends particularly on the solvent 

and this was mainly attributed to the interactions between the solvent and the partially 

hydrolyzed species derived from TEOS.  
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Figure 4-9: Average hydrodynamic diameter of silica particles as a function of time 

during synthesis in different solvents, analyzed by DLS. The solvents include methanol, 

ethanol, n-propanol, iso-propanol and n-butanol. The error bars indicate the width of the 

size distribution of the particles (full width at half maximum). 

 

Tapping Mode AFM height images of silica nanoparticles at the end of the fifth 

hour are presented in Figure 4-10. It was clearly demonstrated by AFM height images 

that approximately spherical particles were obtained irrespective of the solvent type. 

Silica particles were highly aggregated upon dip-coating on mica substrates, which 

rendered size measurements more difficult since large aggregates cannot be used for 

this purpose. This condition was more pronounced for smaller particles due to higher 

level of aggregation. On the other hand, this provided higher possibility of producing 

densely packed films as seen by the continuous mesh formed by the smaller particles 

obtained from MeOH sample. However, average diameter of the particles was 

approximately 10-15% lower than the hydrodynamic diameter of the colloidal silica 

obtained by DLS, as expected.  
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Figure 4-10: Tapping Mode AFM height images of silica nanoparticles synthesized in 

methanol, ethanol, n-propanol, iso-propanol, n-butanol and t-butanol (1x1µm). 
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4.4.3. TEOS Hydrolysis Rate versus Silica Particle Size 

According to literature, five parameters play an important role in chemical 

reaction kinetics, and the size and size distribution of silica nanoparticles [15, 28, 128, 

136]: (i) concentration of TEOS, (ii) concentration of ammonia, (iii) concentration of 

water, (iv) type of solvent, and (v) reaction temperature. In the present work, a 

systematic study was carried out to investigate the effects of initial reagent 

concentrations in ethanol and the effect of low molecular weight alcohol at room 

temperature and the results are discussed.  

4.4.3.1. Effect of TEOS, Ammonia and Water Concentration 

Silica particles on nanometer scale were prepared by Stöber method as described 

in the experimental section. Figure 4-11 illustrates the results of in-situ liquid state 29Si-

NMR analyses as the changes in time dependent TEOS monomer concentration with 

initial (a) TEOS, (b) ammonia and (c) water concentrations. The plots were obtained by 

using Eqn. (4.10), where ln[  

€ 

Q0
0], or ln[TEOS], versus time should yield a straight line 

with pseudo-first-order rate constant of TEOS hydrolysis as slope and initial TEOS 

concentration as intercept. The linearity of ln[TEOS] versus time plots in Figure 4-11 

confirms that our assumption provided in Eqn. (4.7) is valid and the hydrolysis reaction 

is of first-order with respect to precursor concentration. Pseudo-first-order rate constants 

of TEOS hydrolysis under different reaction conditins are given with the resulting mean 

hydrodynamic diameter of silica particles in Table 4-4.  

Figure 4-11 (a), shown by samples S1, S2 and S3, represents the effect of initial 

TEOS concentration (0.16-0.8 M) on TEOS hydrolysis rate. There was no effect of 

initial TEOS concentration on both TEOS hydrolysis rate and particle size under 

experimental conditions at 0.48 M [NH3] and 1.35 M [H2O]. This agrees well with the 

results of Stöber [15], and disagrees with the results of Bogush et al. [38], who reported 

larger particles, and van Helden et al. [21], who found smaller particle due to increasing 

TEOS concentration.  
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Figure 4-11: Time-dependent TEOS monomer concentration in ethanol media:             

(a) [TEOS]:0.8 (S1), 0.32 (S3), 0.16 (S2); [NH3]:0.48; [H2O]:1.35,  (b) [TEOS]: 0.32; 

[NH3]:0.48 (S3), 0.36 (S8), 0.10 (S9); [H2O]:1.35 , (c) [NH3]: 0.48; [TEOS]:0.32; 

[H2O]:1.35 (S3), 2.09 (S4), 2.74 (S5). (d) [TEOS]: 0.32; [NH3]:0.48, [H2O]: 1.35 (S3); 

[NH3]:0.36, [H2O]: 1.02 (S6); [NH3]:2.39, [H2O]: 6.77 (S7).  The slope of straight line 

is the pseudo first-order rate constant of TEOS hydrolysis.  

 
Ammonia is used as the catalyst for hydrolysis and condensation reactions of 

TEOS in ethanol. As shown in Figure 4-11 (b) by samples S3, S8 and S9, TEOS 

hydrolysis rate increases with ammonia concentration (0.10-0.48M). Same trend is seen 

in silica particle size (Table 4-4). Faster kinetics and larger particle size was also seen 

due to increasing water concentration as presented in Figure 4-11 (c) by samples S3, S4 

and S5 under experimental conditions at 0.48 M [NH3] and 0.32 M [TEOS]. Water 

concentration did not have a substantial effect on particle size distribution (PdI), 

whereas polydispersity of particles decreased due to increasing ammonia concentration. 
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Table 4-4: Experimental conditions and results of in-situ liquid state 29Si-NMR analyses 

(hydrolysis rate constant) and DLS measurements (hydrodynamic diameter of particles). 

Sample [NH3]           
(M) 

[H2O]      
(M) 

[TEOS] 
(M)     

Rate Constant            
(l/mol.min)x10

-3
 

Particle Size
1
 

(nm) 
PdI

2
 

S1 0.48 1.35 0.80 1.34 28±0.0 0.10 

S2 0.48 1.35 0.16 1.41 28±0.1 0.07 

S3 0.48 1.35 0.32 1.25 27±0.1 0.08 

S4 0.48 2.09 0.32 1.63 48±0.2 0.05 

S5 0.48 2.74 0.32 3.72 67±1.0 0.03 

S6 0.36 1.02 0.32 0.76 18±0.1 0.17 

S7 2.39 6.77 0.32 38.3 962±28 0.16 

S8 0.36 1.35 0.32 0.86 23±0.1 0.11 

S9 0.10 1.35 0.32 0.19 13±0.4 0.24 
1 Intensity weighted mean hydrodynamic size of the ensemble collection of particles 
measured by DLS. 
2 Parameter calculated from a Cumulants analysis of the DLS measured intensity 
autocorrelation function 
 

 

According to Matsoukas and Gulari, larger particles were obtained by increasing 

the concentration of ammonia and decreasing the concentration of water [26]. On the 

contrary, Park et al. obtained larger particle size in the higher water concentration. 

According to Park et al., a high nucleation rate occurs, thus a lot of sub-particles are 

produced at a short induction period when high water concentration is applied. This was 

explained by the higher tendency of silica sub-particles to agglomerate and to grow into 

a large particle due to stronger hydrogen bond of sub-particles when excess water is 

applied. The samples S3, S6 and S7 present the case, where both ammonia and water 

concentrations were increased by keeping their molar ratios constant at 0.32 M TEOS as 

shown by Figure 4-11 (d). It was demonstrated that the particle size could be tuned in 

the range from 18 nm to 962 nm. In addition, there was no reverse effect observed when 

ammonia concentration was increased to 2.39 M, leading to faster kinetics in the 
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presence of excess water. Both hydrolysis rate and particle size increased, while the size 

distribution was smallest at 0.48 M [NH3], 1.35 M [H2O], and 0.32 M [TEOS].  These 

results suggest that silica particles in desired size can be produced by simply adjusting 

the initial amount of ammonia and/or water (Figure 4-12). 

 

 
Figure 4-12: SEM images of silica particles synthesized by Stöber method.  

Average particle sizes are 120 nm and 600 nm. 

 

Figure 4-13 presents the correlation between the TEOS hydrolysis rate and silica 

particle size under applied experimental conditions in ethanol media. To our knowledge, 

there is no report found in literature that presents the linear proportionality of TEOS 

hydrolysis rate with particle size.  This supports the fact that faster hydrolysis kinetics 

promotes larger particle size. By faster hydrolysis, the induction time, during which the 

reaction generates growth units of the solid, is shorter. Therefore, accumulation rate of 

growth units to a critical supersaturation concentration is faster. At this point, the 

colloidal stability of the system and at what size the particles obtain the colloidal 

stability that prevents further aggregation are important phenomena, as stated by van 

Blaaderen et al. [144]. Particles formed at low concentrations of ammonia and water, 

and hence as a result of slower hydrolysis, may attain colloidal stability. However, 

larger particle size obtained by faster hydrolysis shows that primary particles 

agglomerate and grow to large particles due to higher concentrations of ammonia and 

water. There exist two opposing effects of increased amounts of ammonia and/or 

waterin terms on colloidal stability. In one hand, colloidal stability is favored due to the 

increased surface charge through the dissociation of silanol groups.  On the other hand, 

the colloidal stability decreases with the increase in the concentration of ammonia 

and/or water since the increased concentration of   

€ 

NH4
+  and   

€ 

OH−  decreases the double 
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layer thickness. Depending on the ionic strength during the growth and on the surface 

potential on silica, small siloxane moieties (either polymer-like or condensed 

subparticles) aggregate until colloidal stability is achieved [33]. If the particles are 

stable (at low concentration of ammonia), the aggregation stops relatively early and 

smaller particle size is obtained. At high ammonia concentration, the aggregation 

continues longer leading to the formation of bigger particles [144].  

 

 

 
 

Figure 4-13: TEOS hydrolysis rate versus particles size of silica particles in ethanol 

media prepared under various experimental conditions. 

 

4.4.3.2. Effect of Solvent 

In-situ liquid state 29Si-NMR analyses along with the measurements of 

hydrodynamic size of the silica particles with DLS indicated that solvent used in base-

catalyzed sol-gel synthesis has significant effects on the growth kinetics and the 

ultimate size of the particles. As shown in Figure 4-14, the hydrolysis reaction is of 

first-order with respect to precursor concentration for all alcohols studied and pseudo-
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first-order rate constant for hydrolysis can be obtained by the slope of the presented 

plots (Table 4-5).  

 
Figure 4-14: Effect of solvent alcohol chain length on hydrolysis rate of TEOS given by 

time dependent precursor consumption. The slope of straight line gives the pseudo first-

order rate constant. 

 

  

Solvating power of the solvents could be characterized by; (i) polarity, (ii) 

dipole moment and (iii) the availability of labile protons. 

Solvent polarity is usually expressed by the dielectric constant, ε, which is a 

measure of the ability to insulate opposite charges from one another. Polar solvents are 

good insulators because their dipoles surround and associate with charged molecules. In 

sol-gel systems, pH>7 forms a boundary because both silica solubility and dissolution 

rates are maximized at or above pH 7, and because the silica particles are appreciably 

ionized above pH 7 [19].  
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Table 4-5: Effect of solvents on hydrolysis rate and particle diameter. 

Sample 
Dielectric 
Constant 
(ε), [145] 

Hydrolysis Rate 
Constanta 
(l/mol.min)x10-3 

Mean Particle 
Diameterb (nm)  PdIc 

MeOH 32.60 9.08 14±6.4 0.221 

EtOH 24.60 1.79 19±8.5 0.201 

PrOH 20.10 2.44 40±13 0.086 

i-PrOH 18.30 1.09 44±14 0.075 

BuOH 17.80 2.78 84±14 0.027 

t-BuOH 12.50 - 149±35 0.054 
aPseudo hydrolysis rate constants calculated from the slope of the plots given in Figure 4. 
bIntensity weighted mean hydrodynamic size of particles measured by DLS at the end of 5 
hours. 
cPolydispersity index calculated from cumulants analysis of the DLS measured intensity 
correlation function.  
 

The average size and polydispersity of the particles given in Table 4-5 clearly 

indicates a direct correlation between the size of the particles and the dielectric constant 

of the solvent alcohol including the case for methanol. The results provided on Table 2 

also clearly show that the ultimate size of the silica particles increases and the size 

distribution becomes narrower with increasing molecular weight and with decreasing 

dielectric constant of the alcohol. The variation between alcohol molecular weight and 

silica particle size corroborates the findings of others [30, 128, 146, 147].  

Under basic conditions, first primary particles are formed and become stable as 

they attain a critical size. As shown in Table 4-5, solvents with higher dielectric 

constant decrease the critical size, and interestingly, time required for stabilization also 

decreases with the polarity of the solvent (Figure 4-9). 

This correlation does not hold for the hydrolysis reaction rates in all solvents 

listed in Table 4-1. However, among primary alcohols, the hydrolysis rate is greater in a 

solvent with lower dielectric constant and higher molecular weight, excluding methanol 

(BuOH>PrOH>EtOH). This partial correlation shows that spatial charge distribution 

within the silicon alkoxide at different states of the reaction and specific properties of 

the solvent have substantial influence on reaction rates. 

Possible explanation for the observed high hydrolysis rate in methanol may be 

transesterification. Hasegawa and Saka [133] and Peace et al. [148] reported that 

exchange rate increases when the steric hindrance of the alkoxy group decreases and 
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highest exchange rate was obtained for methanol. Lim et al. recently reported a 

substantial methoxy exchange of TEOS in methanol as a result of GC analyses in both 

acidic and basic conditions [134]. It is also known that the hydrolysis rate constant for 

tetramethyl orthosilicate (TMOS) is four times higher than for TEOS [149], similar to 

our hydrolysis rate in methanol and several times faster compared to other alcohols 

(Table 4-5). In-situ liquid 29Si-NMR analyses showed 0.8-0.9 ppm differences in 

chemical shifts between consecutive hydrolysis products (Figure 4-2) for the sample 

“MeOH”. Bernards et al. also reported a difference in chemical shift of about 0.85 ppm, 

which was measured for the methoxy-propoxy exchange independent of the type of 

group (alkoxy or -OH) attached to the silicon atom [130]. Therefore, chemical shifts for 

hydrolysis and alkoxy exchange products could overlap and may not be distinguishable. 

The differences in chemical shifts also agree with the observations of Green et al. [37] 

and Xu et al. [150] in methanol, although no direct evidence of transesterification was 

accessible.  

All solvents used in this study have polar character with a high degree of 

available labile protons, which determines how strongly anions are solvated through 

hydrogen bonding. In polar systems, the free energy change in mixing is dominated by 

hydrogen-bonding forces [151]. Complete miscibility is expected to occur if the 

solubility parameters (δ) and degree of hydrogen bonding is similar between the 

components. Different contributions to the free energy of mixing, i.e., dispersive (δd), 

permanent dipole-dipole (δP) and hydrogen bonding (δh) interactions, is widely utilized, 

where; 

  

€ 

δ2 = δd
2 + δ p

2 + δh
2      (4.11) 

 

Table 4-6 lists the values of the components of the solubility parameter for water 

and the alcohols used as the solvent in this study. Hydrogen-bonding ability and 

miscibility increase as the alcohol molecular weight decreases. The activity coefficient 

of water in different alcohols estimated by Sadasivan et al. also presents the same trend 

[146].  
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Table 4-6: Solubility parameters of solvents at 25°C and contribution of various 

components [152]. 

Solvent δ δd δp δh 

Water 47.8 15.6 16.0 42.3 

Methanol 29.6 15.1 12.3 22.3 

Ethanol 26.5 15.8 8.8 19.4 

n-Propanol 24.5 16.0 6.8 17.4 

i-Propanol 23.5 15.8 6.1 16.4 

n-Butanol 23.1 16.0 5.7 15.8 

δ: total Hildebrand parameter, δd: dispersion, δp: polar, δh:hydrogen bonding components 

 

Under basic conditions it is well established that hydrolysis of TEOS occurs by 

an SN2-Si mechanism, which involves penta-coordinated silicon intermediates or 

transition states (Figure 4-5). In a fast reaction, water dissociates into hydroxyl anions 

by the basic catalyst. As proposed by Iler [19], the hydroxide ion attacks the silicon 

atom and displaces the alkoxide anion with inversion of the silicon tetrahedron. In 

general, SN2 mechanism is favored in the presence of polar aprotic solvents since they 

do not form hydrogen bonds, which could screen the nucleophile. Since protic solvent 

molecules form hydrogen bonding with the hydroxyl ions they lower the catalytic 

activity by suppressing the nucleophilicity. And hence catalytic activity is more retarded 

in case of ethanol and least retarded in case of n-butanol when we compare the primary 

alcohols with respect to their capacity and strength of hydrogen bonding (Table 4-5 and 

Table 4-6). However, if this was the dominant effect on the reaction mechanism, the 

reaction in methanol should have the slowest hydrolysis rate. 

In addition to this retarding effect, hydrolysis could be facilitated through 

hydrogen bonding of the alkoxide anion with the solvent. Thus, stabilization of the 

transition state complex through hydrogen bonding could also play a major role to 

explain the four-fold increase in rate constant of methanol when compared to that of 

ethanol, which is in good agreement with the results of Green et al. [22]. However, 

despite the fact that further decrease is expected for n-propanol and n-butanol, initial 

hydrolysis rate was higher for these solvents. This could be attributed to a decrease in 

degree and strength of hydrogen bonding and to the variations in the local ordering of 

the hydroxide ions in TEOS-water-solvent reaction system. Although all solvents used 

in this study can act as donors and acceptors in hydrogen bonding, as the molecular 
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weight of the solvent increases, they exhibit lower dielectric constant and dipole 

moment values. Therefore, they are expected to hydrogen bond less strongly to 

hydroxide ions, which could be the reason of unexpectedly elevated reaction rates for n-

propanol and n-butanol. 
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4.5. CONCLUSIONS 

Stöber method was used to produce silica nanoparticles and the influence of 

reaction parameters on TEOS hydrolysis rate and resulting particle size were studied. A 

systematic investigation was presented to determine the effect of concentration of 

TEOS, ammonia and water in addition to the effect of type of alcohol used as the 

solvent.  The hydrodynamic size of the particles was tuned in the range from 13 to 962 

nm. It was demonstrated that the controlled synthesis of silica particle size can be 

achieved by systematically tuning the solution chemistry. It was demonstrated that 

initial TEOS concentration did not affect TEOS hydrolysis rate and the particle size. On 

the other hand, both the hydrolysis rate and the particle size strongly depend on the 

amount of ammonia and water. When ammonia and/or water concentration is increased, 

larger particles are obtained with respect to faster kinetics. Interestingly, TEOS 

hydrolysis rate was found to be linearly proportional to the particle size under applied 

experimental conditions.  

Differences in particle sizes and initial hydrolysis rate of TEOS under basic 

conditions in different molecular weight alcohol solvents were investigated by liquid 

state 29Si NMR, DLS, and AFM techniques. Solvent effects on initial hydrolysis 

kinetics, size and polydispersity of silica particles were discussed in terms of polarity 

and hydrogen-bonding characteristics of the solvents. Increased hydrolysis rate and 

larger particles were obtained for higher molecular weight primary alcohols. Secondary 

alcohol (iso-propanol) led to lower hydrolysis rates and larger particle size. Methanol 

exhibited an exceptional case with the highest hydrolysis rate and with the smallest 

particle size, which was mainly attributed to alkoxy exchange of TEOS in methanol. 

Under identical reaction conditions, both the particle size and the hydrolysis rate were 

found to be strongly dependent on the specific properties and spatial characteristics of 

the solvent. There is a clear correlation between the dielectric constant of the medium 

and the silica particle size obtained. Rates of the first order hydrolysis reactions are 

strongly dependent on the polarity, hydrogen-bonding capacity, chemical structure and 

nature of the alcohol used as the reaction solvent. 
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5. POLYURETHANEUREA-SILICA NANOCOMPOSITES: 

PREPARATION AND INVESTIGATION OF THE STRUCTURE-PROPERTY 

BEHAVIOR 

5.1. INTRODUCTION 

Polymeric nanocomposites have received widespread attention due to their 

enhanced physical, chemical and engineering properties and potential use in diverse 

fields of applications. Polymeric nanocomposites are mostly prepared by homogeneous 

dispersion of nanosized inorganic fillers within an organic polymeric matrix [43]. A 

wide range of polymeric nanocomposites has been prepared by using different polymer 

matrices (thermoplastic or thermoset) and inorganic fillers (organoclays, fumed silica, 

carbon nanofibers or nanotubes, graphene) [16, 95, 153-156]. The reinforcing effect of 

different classes of fillers depends mainly on; (i) particle structure, size and shape, (ii) 

loading concentration, (iii) strength of the matrix-filler interaction and (iv) distribution 

of the particles within the matrix. An important factor that influence the distribution of 

the fillers within the matrix is the preparation method of the nanocomposites, which 

could be melt-processing [157], solution blending [158] or in-situ polymerization [159]. 

Segmented thermoplastic polyurethanes, polyureas and poly(urethane-urea)s 

(TPU) constitute an important class of linear-segmented block copolymers with 

alternating hard and soft segments. In TPUs soft segments are usually medium to high 

molecular weight (Mn ~ 1000 - 3000 g/mol) α,ω-dihydroxy or α,ω-diamine terminated 

oligomers with glass transition (Tg) or softening temperatures well below room 

temperature (such as aliphatic polyethers and polyesters, polyisobutylene, 

polydimethylsiloxane). Hard segments are generally formed by the reaction of the 

diisocyanate with a low molecular weight diol (urethane) or diamine (urea), through the 

so-called chain extension reactions [160, 161]. Due to the thermodynamic 

incompatibility between the soft and the hard segments TPUs display phase separated 

morphologies or nanostructures [58, 59, 160]. Strong hydrogen bonding between the 

urethane or urea type hard segments lead to the formation of a physically crosslinked 
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network, which strongly contributes to the interesting combination of properties of 

TPUs. Due to strong hydrogen bonded hard segments dispersed in a continuous soft 

matrix, TPUs are regarded as ‘self-reinforcing’ materials. 

Polyester soft segment based TPUs find applications in wire insulation, 

automobile fascia, footwear (lifts, ski boots, football cleats), wheels (industrial, 

skateboard), and adhesives [161]. In general, polyesters produce much tougher TPUs 

with a better range of physical properties when compared with their polyether based 

homologs. Major advantages offered by polyether based TPUs are superior low 

temperature flexibility and improved hydrolytic stability [58, 162]. Lately, there is a 

growing interest to broaden the range of applications for polyether based TPUs beyond 

the current limits by the addition of nanosized fillers. Recently, several studies have 

shown that mechanical and thermal properties of TPUs can be improved through the 

preparation of nanocomposites. However, most of these studies are conducted on 

polyester based TPUs, where organo-modified silicates [96, 157, 163], carbon 

nanotubes [164-166], carbon nanofibers [167, 168] and fumed silica nanoparticles [53, 

101, 104, 169] were used as fillers.  

In TPU based nanocomposites there is only a limited number of studies that 

address the use of colloidal silica especially for the polyether-based materials. In these 

studies, silica sol was either blended with polyol (prior to the reaction with 

diisocyanate) [89, 170-172] or added to monomers at the stage of polyester preparation 

by polycondensation [173] to avoid agglomeration of the particles. On the other hand, 

there is no report in the literature dealing with the use of silica sol “as synthesized and 

aged” in basic media for the preparation of polyether-based TPU/silica nanocomposites, 

specifically through solution blending of the copolymer and the silica sol. 

The central theme of this study is to systematically investigate the reinforcing 

effect of silica nanoparticles in polyether-based TPU/silica nanocomposites. For this 

purpose, colloidal silica with average particle size in 29 – 215 nm range was prepared 

by modified Stöber method [15]. Poly(tetramethylene oxide) based segmented 

urethaneurea copolymer with a hard segment content of 20% by weight and 

poly(ethylene oxide) based segmented urethaneurea copolymer with a hard segment 

content of 30% by weight were synthesized and provided by Polymer Science and 

Technology Laboratories in Koc University. Nanocomposites with silica loadings of 1 

to 40% by weight and with silica sizes from 29 to 214 nm were prepared by mixing the 

copolymer solution and the colloidal silica, prepared in a common organic solvent. The 
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effects of silica concentration and particle size on physical, thermal and mechanical 

properties of the resultant polyurethane-urea nanocomposites were investigated. 

5.2. EXPERIMENTAL 

5.2.1. Materials 

Poly(tetramethylene oxide)glycol (PTMO-2K) with <Mn> = 2,040 g/mol and 

diamine chain extender 2-methyl-1,5-diaminopentane (MDAP) were kindly provided by 

DuPont. The diisocyanate, bis(4-isocyanatocyclohexyl)methane (HMDI) was kindly 

supplied by Bayer and had a purity better than 99.5%. Dibutyltin dilaurate (DBTDL) 

was obtained from Witco and is used as a catalyst by diluting to 1 weight % in 

tetrahydrofuran. Reagent grade 2-propanol (IPA) and tetrahydrofuran (THF), aqueous 

ammonia solution (NH4OH, 25% wt.) and tetraethylortosilicate (TEOS, >99%) were 

obtained from Merck. All chemicals were used as received. 

5.2.2. Synthesis Polyurethaneurea Copolymer 

Polyurethaneurea segmented copolymers with 20% by weight hard segment 

content were synthesized by using the two-step polymerization procedure, called the 

“prepolymer method”. All reactions were carried out in three-neck, round bottom, Pyrex 

reaction flasks equipped with a mechanical overhead stirrer, a thermometer and an 

addition funnel. Temperature control was provided by a heating mantle. For the 

preparation of isocyanate terminated prepolymer, calculated amounts of PTMO-2K and 

HMDI were introduced into the reaction flask, heated to 80 ˚C and stirred in bulk. 150 

ppm of DBTDL (1 weight % solution in THF) was used as catalyst. Prepolymer 

formation reaction was monitored by Fourier Transform Infrared spectroscopy (FTIR). 

Prepolymer reactions were completed in about 1 hour. The heat was then turned off and 

the prepolymer was dissolved in THF to make a solution with a solids content of about 

80% by weight. The solution was then cooled down to room temperature and further 

diluted with IPA to make a 60% solution. Chain extension reaction was performed at 

room temperature by the dropwise addition of MDAP solution in IPA (20% solids) onto 

the prepolymer solution. As the polymer molecular weight and the viscosity of the 

solution increased, the system was diluted with THF/IPA mixture (7/3 by volume) to a 

final solids content of about 20% by weight. Completion of the reaction was determined 
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by FTIR spectroscopy by monitoring the disappearance of the strong isocyanate peak at 

2260 cm-1. The polyurethaneurea solution obtained was cast in a Teflon mold. The mold 

was kept at room temperature for 24 hours and then placed in a vacuum oven at 60˚C 

for 24 hours for complete evaporation of the solvent. 

Gel permeation chromatography (GPC) measurements were performed on a 

Viscotek VE 2001 series instrument equipped with four columns (2xT3000, T2000 and 

TGuard) and Viscotek VE 3580 refractive index detector. DMF was used as the mobile 

phase at 50 °C with a flow rate of 1 mL/min. Polymer samples were prepared at a 

concentration of 1-2 mg/mL in DMF. Molecular weights were determined from 

calibration curves plotted from narrow molecular weight polystyrene standards. 

5.2.3. Preparation and Characterization of Silica Sol 

Silica sols were prepared in basic medium by using sol-gel method [15]. In 

conventional basic sol-gel systems, ethanol is used as the parent alcohol when TEOS is 

employed as the precursor. However, in this study, we used isopropanol (IPA) as the 

solvent to enhance the compatibility and mixing conditions of the silica sol and the 

polyurethaneurea copolymer, which is soluble in a THF/IPA solvent mixture. 

Sol-gel reactions were carried out in 100 mL glass reactors with low to moderate 

mixing speeds at room temperature (25±2°C). Initially, IPA and aqueous ammonia were 

mixed and ultrasonicated for 20 minutes, and then TEOS was quickly poured into the 

reactor to initiate the reaction. Silica sols of various particle size were prepared at molar 

ratios of [TEOS]/ [NH3]aq = 0.8, 1.7 and 2.8 and denoted as S1, S2 and S3, respectively. 

Prior to blending with copolymer solution, silica sols were aged for 4 days. TEOS 

concentration was monitored by in-situ liquid 29Si-NMR analysis in isopropanol and it 

was seen that its consumption reaches a plateu after 4 days (Figure 5.1).  

Hydrodynamic diameter and size distribution of silica nanoparticles in 2-

propanol and zeta potential of silica sols were analyzed with Dynamic Light Scattering 

(DLS) Zetasizer Nano (Malvern, UK). Particle size analysis of the silica nanoparticles 

on dip-coated mica substrates was also performed with Atomic Force Microscopy 

(AFM) Veeco Nanoscape IIIa Multimode SPM Tapping Mode, silicon probes, which 

have 42 N/m spring constant (Olympus, OMCL-AC160TS). Transmission electron 

microscopy (TEM) analysis was performed using a Philips-FEI Tecnai G2 F20 S-Twin 

at 200 kV accelerating voltage in order to investigate the distribution of silica 



 86 

nanoparticles in copolymer. A drop silica sol was deposited on carbon coated Lacey 

formvar films supported in 300 mesh copper grids (Ted Pella). The grid then was 

allowed to air-dry for 5 minutes and oven-dry at 50°C for 15 minutes. 

Figure 5-1: Time dependent TEOS consumption (main) and change in molarity (inset) 

in isopropanol for S2. 

 

5.2.4. Preparation of Nanocomposites 

Silica/TPU nanocomposites were prepared by dissolving PTMO-based or PEO-

based TPU in IPA (10% solids by weight) and then adding the silica sols. The mixture 

was stirred on a magnetic stirrer until a homogeneous distribution is ensured. To obtain 

thin films (0.3-0.5 mm) the solutions were cast into Teflon molds and the solvent was 

evaporated first at room temperature and then in a vacuum oven at 50 °C until complete 

drying. 
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5.2.5. Characterization of Nanocomposites 

FTIR spectra were recorded on a Thermo Scientific Nicolet Impact 400D 

Spectrometer. Solutions were cast on KBr discs and films were obtained after 

evaporating the solvent with an air gun. 32 scans were taken for each spectrum with a 

resolution of 2 cm-1. Omnic 6.0 Software is used to monitor/analyze the spectra. ATR-

IR spectra were recorded on a thermo scientific Smart iTR Instrument with Diamond 

ATR crystal and with an incident angle of 42° Omnic Software is used to monitor the 

spectra. 16 scans were taken for each spectrum with a resolution of 4 cm-1. 

Field-emission Scanning Electron Microscopy (FE-SEM) (SUPRA 35VP, LEO, 

Germany) was used to investigate the morphologies of composite films. The films were 

fractured in liquid nitrogen and the fracture surfaces (cross-section) were coated with a 

thin layer of carbon prior to SEM examinations. TPU/silica blend deposited and dried 

on carbon coated Lacey formvar films was also imaged by TEM. 

Thermal behavior of nanocomposites were analyzed by DSC 204 Phoenix 

Differential Scanning Calorimetry (Netzsch, Germany) between -160 and 80 ˚C, under 

N2 atmosphere and at a heating and cooling rate of 10 ˚C/min. Thermogravimetric 

analyses were carried out using STA 449C simultaneous thermal analyzer (Netzsch, 

Germany) under nitrogen atmosphere with a heating rate of 10 ˚C/min, from ambient 

temperature to 900 ˚C. 

Stress-strain tests were performed on an Instron model 4411 tester. Dog-bone 

specimens (ASTM D 1708) were punched out of the films. Tensile tests were performed 

with a crosshead speed of 25.0 mm/min (Lo= 24.0 mm). Tests were conducted at room 

temperature and for each polymer at least three specimens were tested. Hysitron TI 950 

TriboIndenter nanomechanical test instrument was used to perform quasi-static indents 

on the samples. Displacement-controlled quasi-static tests were performed on the 

samples using a diamond Berkovich probe. 
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5.3. RESULTS AND DISCUSSION 

Segmented TPUs are complex multi-phase materials due to their intrinsic 

structural heterogeneity arising from the differences in the solubility parameters of the 

hard (HS) and the soft (SS) segments and nature and strength of the inter and 

intramolecular interactions between HS and SS. In general the morphology of TPUs 

containing 20-25% by weight HS consists of spherical HS domains distributed in the 

elastomeric SS matrix. The aim of this study is the preparation and characterization of 

silica nanoparticle filled polyurethane-urea copolymers. To achieve this, silica 

nanoparticles with average particle sizes in 30-215 nm range were synthesized and 

utilized. PTMO based polyurethane-urea copolymer with a HS content of 20% by 

weight was prepared by using a cycloaliphatic diisocyanate (HMDI) and a short 

diamine (2-methyl-1,5-diaminopentane) chain extender and a two-step polymerization 

reaction called the prepolymer method. PTMO with an average molecular weight 

<Mn>=2040 g/mol was used as the soft segment. GPC analyses showed that the 

resultant polymer had number and weight average molecular weights of <Mn>=65,000 

g/mol and <Mw>=116,000 g/mol with a PDI of 1.78. Primary focus of this study was to 

investigate the nature and extent of interactions between silica nanoparticles employed 

as fillers with the soft and/or hard segments of the polyether based thermoplastic 

polyurethane-urea copolymer. In addition, the effect of the size and the amount of the 

silica incorporation on thermal, mechanical and morphological properties of TPU/silica 

nanocomposites were also investigated.  

5.3.1. Preparation and Properties of the Colloidal Silica 

Colloidal silica with three different particle sizes were prepared by the reaction 

of TEOS and dilute aqueous ammonium hydroxide in isopropanol at 25 °C, using a 

modified Stöber method [15]. Table 5-1 shows the reaction stoichiometry employed and 

the size and size distribution of silica sols obtained and their stability provided by zeta 

potential measurements. DLS was used to determine the average size and the size 

distribution of silica particles. Average hydrodynamic diameters of three sets of silica 

particles were 29, 74 and 215 nm with respect to variations in the aqueous ammonia 

concentration. Particle size distribution in silica sols decreased with particle size and 

exhibited an almost monodisperse distribution for S2 and S3. Zeta potential values of 
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silica sols were lower than critical stability limit of -30 mV with larger particles 

showing greater zeta potential values than smaller particles. 

 

Table 5-1: Properties of the colloidal silica (and sols) incorporated in TPU/silica 

nanocomposites. 

Sample [TEOS]/[NH3]aq Da
DLS (nm) Db

AFM (nm) PdIc
DLS

 ζd
DLS (mV) 

S1 2.8 29±0.7 19±3.5 0.3±0.02 -67±8.8 

S2 1.7 74±0.2 68±13 0.1±0.03 -74±7.1 

S3 0.8 215±3.3 200±25 0.04±0.03 -87±2.3 
a Hydrodynamic radius measured by dynamic light scattering (DLS). 
b Average particle diameter detected by atomic force microscopy Tapping mode. 
c Polydispersity index calculated from a Cumulants analysis of the DLS measured intensity 

autocorrelation function. PdI is an indication of variance in the sample and given in the range 
[0,1]. 

d Zeta potential of colloidal sol measured by DLS Zetasizer Nano.  
 

AFM Tapping mode and TEM images of the silica nanoparticles are provided in 

Figure 5-2 and Figure 5-3, respectively. The mean particle diameter of silica 

nanoparticles determined by AFM size profiles on mica substrates was 19, 68 and 200 

nm. Significantly smaller particle size determined by AFM pointed out profound 

particle shrinking due to dehydration even at room conditions. The mean particle 

diameter of silica nanoparticles determined by TEM was 15, 50 and 180 nm. The 

difference between AFM and TEM measurements is also significant, meaning that dry 

particles still undergo dehydration as the samples are taken out of the room environment 

and transferred to vacuum.  
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Figure 5-2: Tapping Mode AFM height images and profiles of (a) S1 (0.5x0.5 µm),     

(b) S2 and (c) S3 (2x2 µm). 
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Figure 5-3: TEM images of (a) S1, (b) S2 and (c) S3. 

 

 

Figure 5-4 provides the FTIR spectra of the silica powders, which were dried 

after aging the silica sols for 4 days. The IR spectra of synthesized silica nanoparticles 

respectively show asymmetric stretching bands of Si-O-Si and Si-OH groups at 1040 

and 960 cm-1 respectively.  Furthermore, broad stretching bands in 3300-3500 cm-1 

range is due to the surface hydroxyl (O-H) groups hydrogen bonded with water 

molecules on the silica surface. Asymmetric stretching bands of -CH3 and -CH2 at 2976 

cm-1 and 2930 cm-1 respectively, indicate the presence of unhydrolyzed ethoxy groups (-

OCH2CH3) on the silica surface. Apparently, ethoxy replacement by hydroxyl groups is 

more complete under higher ammonia concentration, which leads to greater extent in 

silanol condensation and bigger particles. On the other hand, under lower ammonia 

concentration, since the ethoxy groups decrease the connectivity of polysilicic acid 

chains, silica network densification is also prevented as seen in Figure 5-2 (a).  
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Figure 5-4: FTIR-ATR spectra of dried colloidal silica designated as S1, S2 and S3. 

 

5.3.2. Composition and the Morphology of the Nanocomposites 

Table 5-2 gives the compositions of the PTMO-based TPU/silica 

nanocomposites prepared in this study. In the coding TPU-20 indicates a 

polyurethaneurea with polymethylene oxide based soft segment and a hard segment 

content of 20% by weight, followed by the description of the silica used (S1, S2 or S3) 

and the silica content (1-40) in weight percent.  

 

Table 5-2: Compositions of TPU/colloidal silica composites. 

Sample Silica Size 
(DLS/nm) 

Silica Content 
(Weight %) 

TPU-PTMO-20 - - 

TPU-PTMO-20-S2-1 29 20 

TPU-PTMO-20-S2-5 74 20 

TPU-PTMO-20-S2-10 215 20 

TPU-PTMO-20-S2-20 74 1 

TPU-PTMO-20-S2-40 74 5 

TPU-PTMO-20-S1-20 74 10 

TPU-PTMO-20-S3-20 74 40 
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Morphology of polyurethaneureas has been extensively investigated by AFM, 

TEM and SAXS studies. These studies indicated that depending on their compositions, 

hard segments in PTMO-based polyurethane-ureas are randomly oriented cylindrical 

domains 5-10 nm in width (and up to ca. 100 nm in length) and/or spherical domains in 

the order of 10-15 nm in diameter with interdomain spacing of 10-20 nm [174-176]. 

Hence, mean particle sizes of ca. 20-200 nm were particularly chosen to demonstrate 

the effect of particle sizes comparable to and bigger than the size of hard domains in the 

continuous polymeric matrix.  

One of the key features that determines the enhancement in the performance and 

properties of the nanocomposites is the quality of the dispersion of the nano-sized 

particles in the polymeric matrix. Dispersion of the nanoparticles (intrinsically) depends 

on matrix-filler compatibility and surface energy of the particles as well as 

(extrinsically) the mixing method and conditions of the two phases. Silica particles 

could be specifically problematic due to presence of hydroxyl groups that lead to the 

formation of various sizes of agglomerates. Several studies indicate the aggregation and 

agglomeration of silica particles in polyurethane matrices regardless of filler size and 

silanol content [44, 52, 53, 177]. Mean agglomerate size could reach up to 1 µm with 

respect to clustering of agglomerates at increased silica amounts. Common solutions to 

agglomeration have been surface modification of silica particles [87, 89] and/or in-situ 

polymerization techniques [52], which could be efficiently employed up to certain 

loading levels. In this study, to avoid any drawback related to dispersion of silica 

nanoparticles in the polymeric matrix, colloidal silica sol was prepared and directly 

blended with the polymer solution in a common solvent. Solution blending technique 

was effective in avoiding the agglomeration of the silica nanoparticles and 

homogeneous blends were obtained prior to casting as demonstrated by the TEM image 

provided in Figure 5-5.  One drop of polymer/silica blend (TPU-PTMO-20-S2-20) dried 

on a TEM grid clearly shows the random distribution of silica particles in the polymeric 

matrix. 
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Figure 5-5: TEM image of TPU-PTMO-20-S2-20 blend dried on carbon coated Lacey 

formvar film supported in 300 mesh copper TEM grids. 

 

Morphology of TPU/silica nanocomposite films was also studied by electron 

microscopy. SEM images of 20 wt% silica (S1-S3) containing PTMO based TPU are 

reproduced in Figure 5-6. Figure 5-6 (a) shows the smooth cross-section of neat TPU. 

SEM images of silica filled TPU samples given by Figure 5-6 (b-d) clearly show that no 

matter which particle size was employed, silica particles had a random but fairly 

homogeneous distribution throughout the polymeric matrix. The diffuse boundary 

between the polymer and the particles also indicated a strong interfacial interaction 

between two phases. TPU/silica nanocomposites with silica size lower than 100 nm 

resulted in even cross-section surfaces. However, widespread void formation in the 

polymer layer next to the filler surface was observed at cross-sections of the 

nanocomposites comprised of 200 nm silica particles (Figure 5-6 d and f). Similarly, 

extensive void formation was also revealed at cross-section SEM images of 40 wt% 

silica loading (Figure 5-6 e). It is interesting to note that silica particles retained their 

spherical shape and mean diameter after solution blending with the polyurethaneurea.  
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Figure 5-6: SEM micrographs of TPU/silica nanocomposite cross-sections. 50 kX 

magnification: (a) TPU-PTMO-20 neat polymer, (b) TPU-PTMO-20-S1-20 (c) TPU-

PTMO-20-S2-20 , (d) TPU-PTMO-20-S3-20, (e) TPU-PTMO-20-S2-40 and 20kX 

magnification: (f) TPU-PTMO-20-S3-20. 

 

5.3.3. FTIR Studies on Nanocomposites 

In order to understand the nature and extent of intermolecular interactions 

between silica and polyurethane-urea matrix, extensive FTIR investigations were 

performed on the nanocomposites. FTIR spectroscopy is a simple and useful tool in 
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determining the presence and the extent of possible interactions between silica and 

polyurethane-urea copolymer since changes in the hydrogen bonding character of 

polyurethane-urea matrix by the incorporation of silica nanoparticles can be easily 

detected by comparing the spectra of unfilled and silica filled samples. In this study our 

main focus was to identify the specific interactions between; (i) the hard segments and 

silica, and (ii) ether linkages present in the soft segment and silica. For this purpose, we 

examined specific regions in the IR spectroscopy, where strong absorptions were 

observed by urethane and urea groups (specifically N-H and C=O absorption bands), 

and ether (C-O-C) backbones. Peak shifts and shape changes especially at the hydroxyl 

and amine (3600 – 3000 cm-1), carbonyl (1800 – 1500 cm-1) and ether (1200 – 1000 cm-

1) regions, for the hard and soft segments respectively, are indications of an interaction 

between the silica and the matrix.  

 

 
Figure 5-7: FTIR investigation of (a) N-H and (b) carbonyl regions of virgin TPU-20 

and silica nanocomposites as a function of the amount of silica filler. 

 

Figure 5-7 (a) and (b) provide 3600-3000 cm-1 (N-H) and 1800-1600 cm-1 

(C=O) regions of the FTIR spectra for base TPU-20 copolymer and silica 

nanocomposites containing 74 nm S2 silica as a function of the amount of filler. As can 

be seen in Figure 5-7 (a), TPU-PTMO-20 (bottom spectrum) shows a symmetrical N-H 

absorption band in 3200-3400 cm-1 range. No dramatic change in the peak shape or 

position is observed for nanocomposites containing up to 20% by weight of silica. On 

the other hand substantial broadening of the peak which covers the 3600-3000 cm-1 

range is observed for 40% silica containing nanocomposite. This indicates a disruption 

in the interaction between N-H groups by the incorporation of large amounts of silica. 

a 
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On the other hand no major reorganization or change in the peak position or shape is 

observed in the carbonyl region (Figure 5-7 (b)) of the FTIR spectra when TPU-20 and 

its nanocomposites are compared.  

FT-IR spectra in the ether region are presented in Figure 5-8. Stretching 

vibrations of C-O-C group of neat PTMO-2K was observed at 1112 cm-1 (not displayed 

here). Therefore, the band observed at 1104 cm-1 in IR spectra of neat TPU-20 was 

attributed to the hydrogen bonding interaction between N-H and C-O-C groups. It 

should also be noted that similar band shift, which could be due to hydrogen bonding 

association of ether groups, was also observed in model studies of PTMO-2K/silica 

blends. Unlike the N-H and C=O regions, when the ether region of the FTIR spectra is 

investigated, major changes in the peak positions and shapes are observed. As shown in 

Figure 5-8, the peaks at ether region of the spectrum both broadened and shifted to 

lower wavenumbers as a function of the amount silica incorporation. Broadening of the 

peaks is attributed to the overlapping of Si-O-Si stretching of silica filler and C-O-C 

peaks of the polymeric matrix. The shift in the peak positions to the left, which also 

intensifies with increasing amount of silica filler in the matrix, is an indication of 

freshly formed hydrogen bonding between the hydroxyl groups on the silica surface and 

the oxygen atoms in the ether linkages of the PTMO backbone, due to increases in the 

surface contact area and number of hydroxyl groups. FTIR results indicate that silica 

nanoparticles interact mainly with the soft segment matrix, however, they do not 

significantly affect the hydrogen bonded hard domain structure.  

 

Figure 5-8: Comparative FTIR spectra of the ether region for TPU-PTMO-20 and its 

nanocomposites with S2. 
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FTIR spectroscopy was also utilized to investigate the effect of silica particle 

size on the interaction with ether groups in TPU-20 at constant silica loading of 20% by 

weight. Change in the size of the silica filler did not indicate any remarkable change in 

the FTIR spectra in the N-H and C=O regions of the nanocomposites. On the other hand 

as shown in Figure 5-9, ether peaks displayed broadening and shifted to shorter 

wavenumbers (from 1104 cm-1 to 1079 cm-1) as the silica particle size increased from 

29 to 215 nm at constant loading of 20% by weight.  

 

 

Figure 5-9: Comparative FTIR spectra of the ether region for TPU-PTMO-20 and its 

nanocomposites with 20% by weight S1, S2 and S3. 

 

5.3.4. Thermal Analyses by DSC and TGA 

Thermal analyses of the nanocomposite films were performed by DSC and TGA 

measurements. Following the results of the FTIR studies, which indicated strong 

interaction between silica nanoparticles and the PTMO soft segment, model DSC 

studies were conducted on PTMO oligomer and its blend with 20% by weight of 74 nm 

silica (S2) in order to better understand this phenomena. DSC thermograms for these 

samples are reproduced in Figure 5-10. PTMO oligomer displayed a well defined Tg at -

80 °C and a sharp melting peak with maximum at 26 °C, which are in good agreement 

with the previously reported values [178]. Addition of 20% by weight S2 silica did not 

influence the position of the PTMO melting peak. However, heat of fusion decreased 

approximately by 20%, which may be expected.  
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Similar studies were also performed on TPU-PTMO-20 and its nanocomposite 

with 20% by weight S2. As reproduced in Figure 5-10, DSC thermogram of TPU-20 

displayed a well defined Tg for the soft segment matrix at -78.5 °C but did not show any 

crystallization or melting peaks. TPU-20-S2-20 nanocomposite also showed a PTMO 

soft matrix Tg at -75.0 °C, but no melting transitions. 

 

 

Figure 5-10: DSC curves of PTMO, PTMO-S2-20, TPU-PTMO-20 and TPU-PTMO-

20-S2-20. 

 

DSC analyses of a large number of nanocomposites were performed and the 

results are listed in Table 5-3. No significant change in the soft segment Tg was 

observed regardless of the silica size or the amount of incorporation. This phenomenon, 

which was also observed by several researchers [87, 89, 170, 179], indicates no change 

in the soft segment mobility in the presence of silica particles dispersed in the polymeric 

matrix.  

Based on the interaction between the soft segments and silica nanoparticles that 

was evidenced by FTIR and homogeneous random distribution of the particles by SEM 

analyses, a decrease in the segmental mobility was expected. It is well-known that in 

polyether urethanes and ureas, (N−H) groups form hydrogen bonds with both the 

carbonyl (C=O) of the hard segments and the oxygen (−O−) in the polyether soft 

segments [160]. We agree with Sadeghi et al. that by silica addition into the polymeric 

matrix, hydrogen bonding between N-H groups and ether groups might be replaced by 
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hydrogen bonding between silica particles and ether groups in the soft segment of TPU, 

and thereby no major change was recorded in the total segmental mobility [179]. The 

disruption in the N-H absorption band and the significant band shifts in the ether region 

of the TPU in the presence of silica particles support this phenomenon. In addition, the 

Tg of the soft segments becomes broader and the heat capacity changes at glass 

transition (ΔCp at Tg) show a steady decrease with increasing amount of silica. The 

decrease in heat capacity differences with increased filler content was expected since 

the filler does not contribute to the glass transition and hence the need of potential 

energy to create the volume for the segmental mobility decreases. However, the 

broadening of soft segment glass transition was attributed to the restricted mobility of 

the soft segment chains [180].  

 

Table 5-3: Thermal properties of the TPUs/silica nanocomposites. 

Filler 
Sample Size (nm)    ca. wt % 

Residual Mass 
(wt%) at 650°C Tg  (˚C) ΔCp at 

Tg (J/gK) 
TPU-PTMO-20 - - 0.18 -75.8 0.387 

TPU-PTMO-20-S2-1 74 1 0.71 -75.0 0.384 

TPU-PTMO-20-S2-5 74 5 4.81 -74.3 0.377 

TPU-PTMO-20-S2-10 74 10 11.2 -76.1 0.369 

TPU-PTMO-20-S2-20 74 20 21.4 -75.1 0.293 

TPU-PTMO-20-S2-40 74 40 40.9 -74.6 0.144 

TPU-PTMO-20-S1-20 29 20 17.0 -74.2 0.274 

TPU-PTMO-20-S3-20 215 20 19.8 -75.4 0.335 

 

TGA analyses were proposed to ascertain the thermal stability of polyether 

based TPU/silica nanocomposites. Figure 5-11 displays thermogravimetric curves of 

prepared nanocomposites between 140-700°C, which represents the region for more 

than 95% weight loss, under nitrogen atmosphere. The decomposition of polyether 

based neat TPU-20 starts at approximately 330°C and single slope for weight loss is 

observed for the breakage of urethane-urea bonds, and subsequent thermal 

decomposition of the polyether polyol [181]. On the other hand, by silica addition a 

second slope appears up to 400°C due to dehydroxylation of silanol groups and the 

degradation of the residual TEOS [182].  As clearly seen in Figure 5-11, the slope of 
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weight loss decreases by increasing the silica amount. The dashed lines indicating 50% 

weight loss clearly show that thermal resistance at high temperature is considerably 

enhanced in the presence of silica particles, and this was attributed to the thermal 

insulation effect of silica, as observed by Kim et al. [183, 184]. Residual masses of the 

nanocomposites after complete degradation at 650 °C are also listed in Table 5-3. These 

results compares well with the theoretical silica weight percentage of TPU/silica 

nanocomposites.  

 

 

 
Figure 5-11: TG curves of TPU/silica nanocomposites as a function of silica content. 

Dashed lines indicate the increase in thermal degradation temperature for 50%weight 

loss in the presence of silica particles.  

 

5.3.5. Stress-Strain Behavior 

Segmented polyurethaneureas generally display excellent elastomeric properties 

with high tensile strengths and elongation at break values. To understand the effect of 

nanosilica incorporation on tensile properties, detailed stress-strain analysis of the 

nanocomposites were performed. Representative stress-strain curves for TPU-PTMO-20 

and its nanocomposites containing different amounts of 74 nm S2 silica are provided in 

Figure 5-12. Detailed results regarding the analysis of the stress-strain studies are 

provided on Table 5-4.  
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Figure 5-12: Stress-strain curves of TPU-PTMO-20 and its nanocomposites containing 

1 to 40wt% of S2 colloidal silica. 

 

As shown in Figure 5-12 and on Table 5-4, TPU-PTMO-20 displays fairly nice 

elastomeric properties with a Young’s modulus of 4.3 MPa, ultimate tensile strength of 

27.8 MPa and elongation at break of 1000%. As expected, incorporation of silica 

resulted in an increase in the moduli of the nanocomposites as a function of the amount 

of the filler (except for TPU-PTMO-20-S2-1) from 4.3 MPA for TPU-PTMO-20 to 37.0 

MPa for TPU-PTMO-20-S2-40. A slight increase in the tensile strengths and a slight 

decrease in the elongation at break values of the nanocomposites as a function of silica 

content, up to 20% silica, was also observed. Interestingly, the sample containing only 

1% by weight of nanosilica S2, TPU-PTMO-20-S2-1 displayed a lower modulus, lower 

ultimate tensile strength and a higher elongation at break value when compared with 

TPU-PTMO-20, which could be attributed to the plasticizing effect of the colloidal 

silica.  Similar behavior was also observed by Bistricic et al. [185] and Lee et al. [177] 

for samples containing low amounts of nanosilica. Very surprisingly, TPU-PTMO-20-

S2-40 displayed a dramatic reduction in ultimate tensile strength and elongation at 

break values when compared with TPU-PTMO-20. This is most probably due to 

incomplete mixing of the filler and the matrix and formation of silica agglomerates and 
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the voids formed between these agglomerates and the polymer layer as shown in SEM 

images provided in Figure 5-6 (e). These voids most probably lead to local stress 

concentrations and result in premature failure.  

 

 

Figure 5-13: Stress-strain curves of TPU-PTMO-20 and nanocomposites containing 20 

weight% S1, S2 and S3 colloidal silica. 

 

To understand the influence of silica particle size on tensile properties, stress-

strain behavior of nanocomposites containing 20 wt% S1, S2 and S3 silica were also 

investigated. Representative stress-strain curves for TPU-PTMO-20 and the 

nanocomposites are provided on Figure 5-13. Results are also summarized on Table 

5-4. As expected, nanocomposites display higher Young’s modulus values when 

compared with the TPU-PTMO-20. More importantly they also show fairly good 

improvements in the ultimate tensile strengths, such as 35.4 MPa and 33.1 MPa for 

TPU-PTMO-20-S1-20 and TPU-PTMO-20-S2-20 respectively, when compared with 

27.8 MPa for TPU-PTMO-20. These results indicate that nanocomposites prepared 

from smaller particles with larger surface area per unit mass may be more attractive as 

reinforcing fillers in nanocomposites. 
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Table 5-4: Tensile properties of TPU-20 and silica nanocomposites 

Filler  Tensile Properties* 

Sample 
wt % Size (nm) M (MPa) TS (MPa) E (%) 

TPU-PTMO-20 - - 4.3±1.3 27.8±3.7 1000±30 

TPU-PTMO-20-S2-1 1 75 3.8±1.0 27.7±9.9 1070±20 

TPU-PTMO-20-S2-5 5 75 6.7±1.6 28.2±2.4 970±40 

TPU-PTMO-20-S2-10 10 75 6.7±1.4 30.9±2.9 950±90 

TPU-PTMO-20-S2-20 20 75 10.8±0.2 33.1±3.9 800±20 

TPU-PTMO-20-S2-40 40 75 37.0±3.0 23.6±5.4 430±30 

TPU-PTMO-20-S1-20 20 29 10.7±0.9 35.4±2.9 850±50 

TPU-PTMO-20-S3-20 20 215 8.6±4.1 19.6±3.1 830±40 

*M: Young’s Modulus  TS: Ultimate tensile strength at break E: Elongation at break  

 

Nanomechanical tests were also performed by using quasi-static indents on 

TPU/silica nanocomposite films to understand the relationship between the hardness 

and fracture toughness with respect to filler size. Table 5-5 summarizes the mechanical 

responses in terms of average values of the reduced modulus (Er) and hardness (H) for 

each sample, where both micro-hardness and contact stiffness (given by reduced 

modulus) increased as the silica particle size decreased in nanocomposites containing 20 

weight% silica loading. 

 

Table 5-5: Nanomechanical properties of nanocomposites containing 20 weight% silica 

Sample 
hc 

(nm) 

Er 

(MPa) 

H 

(MPa) 

Plasticity 

(Ductility) Index 

TPU-20 920±22 13.0±0.6 1.6±0.06 8.1 

TPU-20-S1-20 960±5 23.3±0.4 2.5±0.02 9.3 

TPU-20-S2-20 971±4 19.3±0.3 2.0±0.02 9.6 

TPU-20-S3-20 963±4 14.9±0.2 1.6±0.02 9.5 

hc – contact depth; Er – reduced modulus; H – microhardness. 

 

The ratio of Er/H is usually referred to as the plasticity or ductility index of the 

material, which reflects the relative amount of plastic indentation work [186] and 

correlates well with the fracture toughness [187]. As can be seen in Table 5-5, by 20 
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weight% silica loading, plasticity and hence the fracture toughness of the TPU/silica 

nanocomposites could be enhanced regardless of the particle size.  

Another interesting observation was the difference in the structure or the 

topography of the ruptured surfaces after tensile tests, when unfilled and silica filled 

TPU-PTMO-20 were compared. SEM micrographs of the ruptured surfaces for TPU-

PTMO-20 and TPU-PTMO-20-S2-20 are shown in Figure 5-14.  Figure 5-14 (a) shows 

a fairly clean surface for TPU-PTMO-20 after rupturing. On the other hand the Figure 

5-14 (b) shows a more complex and tethered rupture for TPU-PTMO-20-S2-20, 

indicating a different fracture mode. Similar behavior was also observed in our previous 

studies on poly(silicone-urea)/silica composites, where increased rupture surface area 

with silica loadings above 20 weight% was reported [188]. In addition to these, strain 

induced fiber formation during rupture was clearly noticed with silica incorporation, 

indicating a clear interaction between polyurethane-urea copolymer and silica 

nanoparticles as seen in Figure 5-14 (b).  

 

 
Figure 5-14: SEM images of tensile-fractured surfaces of (a) TPU-PTMO-20 and  (b) 

TPU-PTMO-20-S2-20. 
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Additional supporting observation on the formation of fibrous structures was 

also obtained when surface cracks induced on TPU-PTMO-20-S2-20 was examined 

(Figure 5-15). This SEM micrograph also reveals the contribution of the polymer-

particle interaction on the distribution of the particles in the polymeric matrix and the 

homogeneous distribution of the silica nanoparticles obtained by the solution blending 

used in this study for the preparation of the samples.  

 

 

Figure 5-15: SEM micrograph of a surface fracture on TPU-PTMO-20-S2-20. 
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5.3.6. Influence of Soft Segment Chemistry on Nanocomposite Properties 

In this final part of the study, the effect of soft segment chemistry is investigated 

by using poly(ethylene oxide), PEO, which has a lower molecular weight repeating unit 

compared to  poly(tetramethylene oxide), PTMO as the soft segment component. Table 

5-6 gives the compositions of the PEO based TPU/silica nanocomposites prepared in 

this study. In the coding, TPU-PEO-20 indicates a polyurethaneurea with PEO based 

soft segment and a hard segment content of 30% by weight, followed by the description 

of the silica used (S2) and the silica content (1-20) in weight percent.  

 

Table 5-6: Compositions of TPU-PEO/colloidal silica composites. 

Sample 
Hydrodynamic Diameter 

(DLS/nm) 

Silica Content 

(Weight %) 

TPU-PEO-30 - - 

TPU-PEO-30-S2-1 74 1 

TPU-PEO-30-S2-5 74 5 

TPU-PEO-30-S2-10 74 10 

TPU-PEO-30-S2-20 74 20 

TPU-PEO-30-S2-40 74 40 

 

In polyether urethanes and ureas, (−N−H) groups form hydrogen bonds with 

both the carbonyl (C=O) of the hard segments and the oxygen (−O−) in the polyether 

soft segments (Figure 5-16). The hydrogen bond energies calculated by quantum 

mechanical studies of urea-urea, urethane-urethane and urea-ether were reported to be 

21.8, 18.4 and 19.2 kJ/mol, respectively [160]. The similarity between hydrogen bond 

energies of these interactions indicates a fairly strong competition between carbonyl and 

ether towards (−N−H). Therefore, at constant soft segment molecular weight PEO based 

TPU results in higher phase mixing compared to PTMO based TPU due to higher ether-

urethaneurea interactions. When 20 weight% hard segment ratio was applied for PEO 

based copolymers, mechanically non-durable films were obtained due to phase-mixing. 

Therefore, hard segment content was increased to 30 weight% to be able to attain films 

that have mechanically identical properties with the films prepared by using PTMO 
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based soft segment and a hard segment content of 20% by weight. The results of the 

tensile tests will be discussed later in this chapter.  

 

Table 5-7: Tensile properties of TPU polymers with various soft segment components 

with molecular weight of 2000 g/mol and hard segment ratio.  

Sample Soft 
Segment  

Hard Segment 
Ratio (weight%) 

M 
(MPa) TS (MPa) E (%) 

TPU-20 PTMO 20 4.3±1.3 27.8±3.7 1000±30 

TPU-PEO-20 PEO 20 NA NA NA 

TPU-PEO-30 PEO 30 4.7±1.2 26.2±2.1 1150±30 

TPU-PEO-40 PEO 40 24.3±7.2 34.4±5.7 725±40 

 

 

The morphology and particle distribution in 20 and 40 wt% TPU/silica 

nanocomposite films was imaged by SEM at 100kX magnification. The images of silica 

filled nanocomposite samples given by Figure 5-17 (a and b) clearly show that silica 

particles had a randomly even distribution in the polymeric matrix. In addition, no 

evident agglomeration was detected during cross section (Figure 5-17 a) and surface 

imaging (Figure 5-17 b) of the nanocomposites. Figure 5-17 (b) also exhibits a rare 

surface crack, which enables us to see the distribution of silica particles upon drying. In 

addition to even distribution of the particles, no void formation (good particle-polymer 

interaction) around the particles was observed.  

 

 
 

Figure 5-16: Representation of hydrogen bonding in polyether based TPUs. 

 

 

N

C

H

O

O

N

C

H

O

O

Urethane-Urethane

C

O

C

N

C

H

O

O

Urethane-Ether



 110 

 

 
Figure 5-17: SEM micrographs of TPU-PEO-30-S2-20 at 100 kX magnification:         

(a) cross-section and (b) surface. 

 

FT-IR studies of neat copolymer and nanocomposites with 1, 5, 10, and 20 wt% 

silica filler amount were performed. ATR-IR spectra for carbonyl region (1800-1600 

cm-1) and ether region (1200 – 1000 cm-1) of neat copolymer (TPU-PEO-30) and 

representative nanocomposites are shown in Figure 5-18 and Figure 5-19, respectively. 

No significant change was detected in the N-H (3600-3000 cm-1) region of the matrices 

after filler incorporation (not shown here). Neat TPU-PEO-30 shows single hydrogen-

bonded urethane carbonyl stretch at 1715 cm-1 and ordered H-bonded urea carbonyl 

peak at 1630 cm-1 [160, 189]. No significant change, yet just a slight shoulder around 

1700 cm-1, was observed in urethane carbonyl region of the nanocomposites compared 

a 

b 
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to the neat polymer (Figure 5-18). On the other hand, the ordered H-bonded urea 

carbonyl peak at 1630 cm-1 slightly shifts to higher wavenumbers and a shoulder 

appears around 1655 cm-1. The shifts for ordered (1630-1645 cm-1) and disordered 

(1660-1670 cm-1) hydrogen-bonded urea groups for polyether based urea copolymers 

were reported by Yilgor et al [160]. Intensity of the peak showing the disordered H-

bonded carbonyl urea (1655 cm-1) increases with filler amount and a broad shoulder is 

seen in the spectrum of 20 weight% silica filled nanocomposite. These changes in urea 

carbonyl peak positions and intensities indicate that silica filler addition had a disruptive 

effect on H-bonding behavior of urea groups present in hard domains of the PEO based 

polyurethaneurea copolymer, while the urethane carbonyl groups were not affected by 

the presence of silica.  

 

 
Figure 5-18: ATR-IR investigation of carbonyl region of the neat copolymer (TPU-

PEO-30) and corresponding nanocomposites with filler loadings of 1-20wt%. 

 

 Similar to our observations for PTMO based systems, FT-IR spectra of the PEO 

based nanocomposites exhibit substantial changes in the ether region where C-O-C 

stretching peak (1700 cm-1) is present: peaks are both broadened and shifted to the 

lower wavenumbers (Figure 5-19). Broadening is attributed to overlapping of Si-O-Si 

stretching of silica filler and C-O-C of the polymeric matrix, while the shift of the peak 

positions to the right is attributed to the formation of new hydrogen bonds between the 

hydroxyl groups on the silica surface and the ether linkages in the PEO backbone. The 

shift to lower wavenumbers intensifies with increasing filler content due to increase in 

TPU-PEO-30-S2-20 
TPU-PEO-30-S2-10 
TPU-PEO-30-S2-5 
TPU-PEO-30-S2-1 
TPU-PEO-30 
 
 

1715 cm-1 1630 cm-1 

1655 cm-1 
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filler surface area and hence the hydroxyl groups interacting with the polymeric matrix. 

FTIR results indicate that silica nanoparticles strongly interact with soft segment matrix 

through hydrogen bonding. 

 

 

Figure 5-19: ATR-IR investigation of ether region of the neat copolymer (TPU-PEO-

30) and corresponding nanocomposites with filler loadings of 1-20wt%.  

 

The effect of filler content on the thermal properties was investigated by DSC 

analyses as shown in Figure 5-20. The samples were heated from -160 to 80°C with a 

heating rate of 10°C/min, and to avoid any effect of so-called ‘thermal history’, second 

heating profiles were used for DSC traces. As seen in Figure 5-20, TPU-PEO-30 neat 

copolymer exhibits a single endothermic peak at 53°C and melting temperature stays 

almost same for all nanocomposite systems. The heat of fusion obtained is directly 

proportional to the weight percentage of crystalline portion of TPU-PEO-30, which 

majorly stems from the soft segment PEO. DSC traces of the nanocomposites indicate 

that the amount of crystallinity of PEO in the TPU/silica nanocomposites was reduced 

with the increase in silica content. The decrease of the heat of fusion in nanocomposites 

indicating lower values of crystallinity is attributed to the interaction between soft 

segment ether groups and silica nanoparticles. The reduction of weight percentage of 

crystalline PEO is attributed to the constrained mobility of macromolecular chains in 

the polymeric matrix with silica incorporation. The movement, and hence the 

crystallizability, of the macromolecular chains, was limited due to strong interaction 

with the silica surface. Two mechanisms were reported in literature to explain the 

TPU-PEO-30-S2-20 
TPU-PEO-30-S2-10 
TPU-PEO-30-S2-5 
TPU-PEO-30-S2-1 
TPU-PEO-30 
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reduction in crystallinity of polymer chains caused by nano-sphere incorporation [190, 

191].  First mechanism underlines the spatial confinement of chains in the small 

volumes between nano-particles, which results in reduction in chain mobility and ability 

to attach a growing crystal.  Second mechanism points out the effective pinning of 

chains on particle surfaces. Therefore, fixed contact points form, and molecular motion 

is restricted. Although spatial confinement is plausible at high enough volume fractions 

of fillers in well-dispersed systems, pinning at interfaces may also be effective in 

crystallinity reduction as supported by hydrogen bonding interactions between soft 

segment of the copolymer and surface silanols on the silica surface, and the sharp 

decrease in heat of fusion even at low filler concentration.  

To understand the influence of nanosilica incorporation on tensile properties, 

stress-strain analysis of the nanocomposites were performed. Representative stress-

strain curves for TPU-PEO-20 and its nanocomposites containing different amounts of 

74 nm S2 silica are provided in Figure 5-21. Detailed results regarding the analysis of 

the stress-strain studies are provided on Table 5-8, where M, TS and E denote Young’s 

modulus, ultimate tensile strength and elongation at break values, respectively.   

 

 

 
Figure 5-20: DSC traces of neat copolymer (TPU-PEO-30) and corresponding 

nanocomposites with filler loadings of 1-20wt%. 
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Figure 5-21: Stress-strain curves of the neat copolymer (TPU-PEO-30) and 

corresponding nanocomposites with filler loadings of 1-20wt%.  

 

Table 5-8: Mechanical test results of neat polymer and corresponding nanocomposites. 

Sample M (MPa) TS (MPa) E (%) 

TPU-PEO-30 4.7±1.2 26.2±2.1 1150±30 

TPU-PEO-30-S2-1 6.6±0.1 32.5±3.4 790±40 

TPU-PEO-30-S2-5 7.0±0.8 34.1±2.4 760±30 

TPU-PEO-30-S2-10 11.2±0.6 40.5±3.7 710±20 

TPU-PEO-30-S2-20 26.7±4.0 45.1±2.1 640±10 

*M: Young’s Modulus  TS: Ultimate tensile strength at break E: Elongation at break  

 

As seen in Figure 5-21 and Table 5-8, TPU-PEO-20 neat copolymer displays 

elastomeric properties with a modulus of about 4.7 MPa, ultimate tensile strength of 

about 26 MPa and elongation at break slightly over 1000%, which are similar to the 

mechanical properties of PTMO based TPU-20. Tensile tests show that both modulus 

and tensile strength significantly increased with filler amount, however even 1 weight% 

silica addition caused 30% decrease in percent elongation at break, which increases up 

to 45% at 20 wt% silica loading.  It is well known that in segmented polyurethanes the 

modulus is directly related to the type and amount of hard segment in the copolymer 

[192]. On the other hand, tensile strength and elongation at break reflect the combined 

effects of hard and soft segments or more precisely the overall morphology of the 

TPU-PEO-30-S2-20 
TPU-PEO-30-S2-10 
TPU-PEO-30-S2-5 
TPU-PEO-30-S2-1 
TPU-PEO-30 
 
 



 115 

copolymer. As shown by FT-IR spectra (Figure 5-18) silica particles seem to disturb the 

H-bonding behavior of the urea groups in hard segments, which act as well-distributed 

fillers in the polymeric matrix. The enhancement in both modulus and tensile strength 

of the nanocomposites indicates that overall morphology of the polymer was not 

disrupted while the presence of filler had a reinforcing effect due to the prominent 

interaction of the silica nanoparticles with the PEO based soft domains through 

hydrogen bonding. The decrease in elongation at break is thus attributed to the 

decreased mobility of PEO chains with respect to their strong interaction with silica 

surface.  

 

Table 5-9: Comparison of mechanical properties of PTMO and PEO based TPU/silica 

nanocomposites based on percent increase/decrease in Young’s modulus (M), ultimate 

tensile strength (TS) and elongation at break (E). Percent changes were given in 

comparison with the corresponding properties of the neat polymers.  

Sample 
Young’s Modulus 

(%Δ) 

Tensile Strength 

(%Δ) 

Elongation at 

Break (%Δ) 

TPU-PTMO-20-S2-1 -11.6 -0.4 +6.0 

TPU-PEO-30-S2-1 +40.4 +24.0 -31.3 

TPU-PTMO-20-S2-5 +55.8 +1.4 -3.5 

TPU-PEO-30-S2-5 +48.9 +30.1 -33.9 

TPU-PTMO-20-S2-10 +55.8 +11.2 -5.0 

TPU-PEO-30-S2-10 +138 +54.6 -38.3 

TPU-PTMO-20-S2-20 +151 +19.1 -21.0 

TPU-PEO-30-S2-20 +468 +72.1 -44.3 

 

Table 5-9 compares the changes in tensile behavior of PTMO and PEO based 

TPU nanocomposites. The increase in both modulus and tensile strength is substantially 

larger for PEO based nanocomposites when compared with those of PTMO based 

nanocomposites. On the other hand, the loss in elongation at break at 1-20 weight% 

filler incorporation is 0-21% and 31-45% for PTMO based and PEO based TPU/silica 

nanocomposites, respectively. This was attributed to the differences in hard segment 

content and soft segment chemistry of the copolymers. It was previously shown that 

polymer-silica interaction was majorly due to interaction between the soft segment ether 
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groups and the surface silanols of silica nanoparticles for PTMO based systems. On the 

other hand, as the hard segment content was increased for PEO based systems, it was 

presented that silica nanoparticles also interact with the urea carbonyl groups of the hard 

segments in addition to the prominent interaction between silica surface silanols and the 

ether groups of the soft segment. The nanoparticles interaction with soft and hard 

segments of the copolymer at the same time may increase the interconnectivity between 

the segments leading to a stiffer structure. 

Another tentative explanation can be based on the area density of oxygen atoms 

in the dominant ether segments that are in contact with the silica nanoparticle surface 

containing SiOH groups. An ethylene oxide monomer is ~4 Å long, a tetramethylene 

oxide monomer is about ~7 Å long, and both are about 4 Å wide and contain one 

oxygen atom prone to hydrogen bonds. Therefore, the area density of strongly bonded 

ether oxygens for an extended ether chain on the silica nanoparticles surface is ~6.0 and 

3.5 per nm2 for PEO and PTMO, respectively. The silica surface contains typically 4.6  

SiOH groups per nm2 [6], and thus the number density of attractive hydrogen bonds per 

interfacial area between the polyether segments and the silica surface can be 

substantially higher for PEO compared to PTMO based TPU, supporting higher elastic 

moduli and tensile strength. 
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5.4. CONCLUSIONS 

In the second part of this dissertation, polymer-filler interactions in polyether 

based thermoplastic polyurethane (TPU)/silica nanocomposites were studied. For this 

purpose, the effect of (i) filler size, (ii) filler loading and (iii) soft segment chemistry on 

the morphology as well as on the thermal and mechanical properties of the 

nanocomposite systems was studied. The nanocomposites were effectively prepared by 

solution blending in iso-propyl alcohol. The TPU copolymer consisted of polyurethane 

prepolymer with alternating soft polyether segments and hard isocyanate segments, 

further linked by diamine chain extenders into polyurethane-urea. Three different silica 

nanoparticles with average diameters of 29, 74 and 215 nm were prepared in our 

laboratories and used as fillers in amounts varying between 1 and 40 weight%. To 

investigate the influence of soft segment chemistry, poly(tetramethylene oxide), PTMO, 

and poly(ethylene oxide), PEO, were used as soft segment components in two different 

copolymers along with bis(4-isocyanatocyclohexyl)methane as diisocyanate and 2-

methyl-1,5-diaminopentane as chain extender. Samples were characterized by FTIR 

spectroscopy, scanning electron microscopy (SEM), thermal analysis, tensile tests and 

nanoindentation to understand the influence of the nanoparticle size, content and soft 

segment chemistry on the ultimate properties of the resultant nanocomposites. 

Solution blending using a common solvent avoided the agglomeration of silica 

nanoparticles and produced homogeneous nanocomposites of both copolymers as 

evidenced by SEM results. FTIR studies showed stronger interaction between silica 

particles and the polyether matrices, as compared to the urethaneurea hard segments. 

However, soft segment Tg remained the same regardless of soft segment chemistry, the 

silica size or the amount of incorporation. Even distribution of silica nanoparticles in the 

polyurethane-urea matrices enhanced the mechanical properties of the nanocomposites, 

which primarily dependent on the size of the silica nanoparticles and amount of loading. 

Increased filler content up to about 20% by weight lead to materials with higher elastic 

moduli and tensile strength values, while further increase resulted in loss of the 

elastomeric properties of PTMO-based systems. Incorporation of silica nanoparticles 

with smaller particle sizes provided better enhancement in the modulus and tensile 

strength of the nanocomposites formed, while retaining their elastomeric properties. In 

addition to enhance tensile properties, fracture toughness of the nanocomposites were 
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improved, regardless of the silica particle size. Moreover, thermal stability of 

nanocomposites was improved due to thermal insulation effect of silica.  

Similar trend was observed in the tensile properties of PEO-based systems, 

however higher level of improvement was obtained both for elastic moduli and tensile 

strength with silica loading. This was attributed to the differences in hard segment 

content and soft segment chemistry of the copolymers. In addition to the major 

interaction between silica surface and ether sites of the soft segment, silica 

incorporation also affected the ordering in the hard segment. On the other hand, due to 

the substantial interaction between ether sites of the soft segment and silanol groups on 

the silica surface, crystallizability of the PEO soft segment decreased with the silica 

content. 

In summary, we have introduced a simple method to prepare nanocomposites of 

polyether based TPU/silica nanocomposites with a range of mechanical properties and 

homogeneous distribution of silica particles using solution blending of a copolymer 

solution and silica sols “as synthesized and aged” in common solvents at room 

temperature. 
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