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ABSTRACT
NANOS CALE CONFINEMENT AND INT ERFACI AL EFFECTS ON THE
DYNAMICS AND GLASS TRANSITION/ CRYST ALLINITY OF THIN
ADSORBED FI LMS ON SILICA NANOP ARTICLES
Rajesh Raman Madat hingal
Doctor of Philosophy
Temple Univer sit y, Januar y 2011
Doctoral Advisor y Co mmit t ee Chair: Pro f St ephanie L. Wunder
The research investigated in this dissertation has focused on understanding the
structure-property-function relationships of polymer nanocomposites. The properties of
composite systems are dictated by the properties of their components, typically fillers in a
polymer matrix. In nanocomposites, the polymer near an interface has significantly
different properties compared with the bulk polymer, and the contribution of the adsorbed
polymer to composite properties becomes increasingly important as the filler size
decreases. Despite many reports of highly favorable properties, the behavior of polymer
nanocomposites is not generally predictable, and thus requires a better understanding of
the interfacial region.

The ability to tailor the filler/matrix interaction and an

understanding of the impact of the interface on macroscopic properties are keys in the
design of nanocomposite properties.
In this original work the surface of silica nanoparticles was tailored by:
a) Changing the number of sites for polymer attachment by varying the surface silanols
and, b) By varying the size/curvature of nanoparticles. The effect of surface tailoring on
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the dynamic properties after the adsorption of two model polymers, amorphous
polymethyl methacrylate (PMMA) and semicrystalline polyethylene oxide (PEO) was
observed.
The interphase layer of polymers adsorbed to silica surfaces is affected by the
surface silanol density as well as the relative size of the polymer compared with the size
of the adsorbing substrate. The non-equilibrium adsorption of PMMA onto individual
colloidal Stöber silica (SiO2) particles, where Rparticle (100nm) > RPMMA (~6.5nm) was
compared with the adsorption onto fumed silica, where Rparticle (7nm) ~ RPMMA (6.5nm) <
Raggregate (~1000nm), both as a function of silanol density [SiOH] and hydrophobility. In
the former case, TEM images showed that the PMMA adsorbed onto individual
nanoparticles, so that the number of PMMA chains/bead could be calculated, whereas in
the latter case bridging of PMMA between aggregates occurred. The anchoring point
densities were comparable to the silanol densities, suggesting that PMMA adsorbed as
trains rather than loops. For hydrophilic SiO2, Tg increased with [SiOH], as more
carbonyl groups hydrogen bonded to the silanols, and was independent of particle
morphology. For methylated silica, (CH3)3-SiO2, the adsorption isotherms were identical
for colloidal and fumed silica, but T g was depressed for the former, and comparable to the
bulk value for the latter. The increased T g of PMMA adsorbed onto fumed (CH3)3-SiO2
was attributed to the larger loops formed by the bridging PMMA chains between the
silica aggregates.
For nanocomposites the interphase region becomes more important as the
surface/volume ratio of the nanoparticles increases. Polymers have chain dimensions
(characterized by the radius of gyration, R g) similar to the nanoparticles (Rnanoparticle)
iii

themselves, so that chain conformation, mobility and crystallinity can be affected by
Rg/Rnanoparticle. Here, both the glass transition temperature (T g) and degree of crystallinity
(Xc) of polyethylene oxide (PEO) on individual SiO2 nanoparticles of nominal 15, 50 and
100 nm diameter (2 RSiO2) , in which Rg (PEO) was greater, equal to or less than R SiO2
was investigated. Plateau adsorption of PEO on SiO2 nanoparticles (PEO-SiO2) increased
in the order PEO-SiO2 (100 nm) > PEO-SiO2 (50 nm) > PEO-SiO2 (15 nm). At plateau
adsorption after melting and solidification, the samples were completely amorphous. The
Tg of the adsorbed PEO increased in the order PEO-SiO2 (100 nm) > PEO-SiO2 (50 nm)
> PEO-SiO2 (15 nm); since the T gs were above 25oC in all cases, the PEO behaved more
like a brittle solid than an elastomer. For comparable amounts of PEO that were adsorbed
from solution but not melted, the melt endotherm increased in the order PEO-SiO2 (15
nm) > PEO-SiO2 (50 nm) > PEO-SiO2 (100 nm). These trends were interpreted as due to
an increase in loop/tail lengths and thus flexibility, with a concomitant ability to
crystallize, as Rg (PEO)/RSiO2 decreased and which was the result of less hydrogen bond
formation between the oxygens of PEO and the silanols (SiOH) of the SiO 2 as the
nanoparticle size decreased. This in turn was attributed to the energetically unfavorable
conformations necessary for the PEO chains to adopt in order to hydrogen bond with
silanols on the smaller nanoparticles.
The degradation behavior of amorphous PMMA and semicrystalline PEO on
silica (SiO2) nanoparticles as a function of silanol density and nanoparticle size was
investigated by derivative thermogravimetric analysis (DTGA) for adsorption amounts
below plateau adsorption. For PMMA T d decreased as the number of SiOH/C=O contacts
decreased, either from heat treatment of the SiO2, which reduced the silanol density, or as
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the nanoparticle size decreased, reducing the numbers of places that the PMMA chain
contacted the nanoparticles.
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GLOSSARY
Tg

Glass transition temperature is the reversible transition in amorphous
materials (or in amorphous regions within semicrystalline materials) from
a hard and relatively brittle state into a molten or rubber-like state

Rg

The radius of gyration is the average distance from the center of the
gravity to the chain segment. Rg of a polymer in a poor solvent is smaller
than in a good solvent.
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CHAPTER 1
INTRODUCTION
Polymer nanocomposites:
Nanostructured materials consist of phases with dimensions in the nanometer size
range (1 to 100 nm). This is the range where atomic and molecular phenomena
strongly influence the macroscopic material properties. It has been shown that the
mechanical1, electronic2, magnetic3, and optical properties4 of a material vary as a
function of the nanoscale domain size, while they are less sensitive to the size of
micron-scale domains. As a result, composite materials in which nanoparticles5,
nanofibers6, or nanotubes7 are dispersed in a matrix of another material, frequently
display different material properties than composites based on larger particles. The
definition of nanocomposite materials encompasses a large variety of systems made
of distinctly dissimilar components,where at least one component of the composite
has nanometer size dimensions. The general class of organic (polymer)/inorganic
(nanoparticles) nanocomposite materials is a fast growing area of research.
A defining feature of polymer nanocomposites is that the small size of the fillers leads
to a dramatic increase in interfacial area as compared to traditional composites. This
interfacial area creates a significant volume fraction of interfacial polymer with
properties different from the bulk polymer even at low loadings. The properties and
structure of this interfacial region are not yet known quantitatively, presenting a
challenge both for controlling and predicting the properties of polymer
nanocomposites.

Developing

nanocomposites

for

advanced

technological

applications, however, requires the ability to tailor the properties. An important goal

1

in polymer science is to understand molecular structure behavior and bonding at the
polymer/substrate interface.
A major challenge in achieving the ability to control and predict nanocomposite
properties is a quantitative understanding of the structure and properties of the
interfacial polymer at the boundary with the filler particles. In nanocomposites this
interfacial polymer constitutes a significant volume fraction of the composite even at
low filler concentrations (see Fig. 1), and has been shown to have properties different
from the bulk.

Figure 1.1

Figure 1.2

Interfacial regions as a function of filler particle size. The filler is shown in green, the
interfacial region in dark blue and the bulk polymer in pale blue.
1.1,

Large particles produce a low radius of curvature, and relatively less polymer

in the ‗interfacial region‘.
1.2,

The same volume of filler broken into smaller particles creates a higher radius

of curvature and more polymer in the interfacial region.
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―What is the size of the interfacial region?‖ This question has been difficult to
answer, in part because of the range of filler particle sizes in every nanocomposite,
and also because of the wide distribution of interparticle distances. In traditional
composites, the interface is critically important for controlling properties and has
been the focus of significant research. 8 The interface is defined in the literature as the
region in the vicinity of the nanoparticle surface, it is known that at the interfacial
region the properties of the polymer are different than the bulk polymer. It is not
exactly know how far from the nanoparticles surface does the properties of polymer
are perturbed. So it is very important to study the interfacial region and find out the
impact on the nanocomposite properties.9
Figure 1 implies conservatively that the interfacial volume occupies a large
percentage of the composite for spherical fillers of small radius even at low loading.
In contrast, the interface volume at these loadings is negligible in a traditional
composite. Given the large fraction of polymer in the interface, the fundamental
challenge to designing the properties of polymer nanocomposites is to understand the
role of filler chemical modification as a vehicle for controlling interfacial polymer
structure (and properties) with the goal of optimizing properties all the way from the
nanoscale to the macroscopic level. At this point, this understanding is only
qualitative and limits the ability to design composites with specific properties.
In order to study the interface of the nanocomposites, it is important to
understand the adsorption of polymers onto nanoparticles. The adsorption of
polymeric chains onto various substrates is governed by a competition between the
adsorption energy per polymer segment in contact with the substrate, the loss of
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conformational entropy due to chain confinement on the surface, and the interactions
between the polymer and the solvent. Several studies10-13 examined the displacement
of adsorbed polymer chains by other polymer species. In general, shorter chains may
be displaced by longer chains due to the fact that longer chains have more
‗‗adsorption sites‘‘ (i.e. segments) per chain and incur less conformational entropy
loss upon adsorption.There is a ∆H/adsorption site, which has not been measured.The
total ∆H depends on number of sites times ∆H per site, the purpose of experiments
was to try to determine the number of adsorption sites. This depends on number of
silanol groups and number accessible to polymer chain. In case of silica beads in
different radii, for small beads there is a trade off between adsorption ∆H to attach to
the SiOH and an entropy penalty if the chain has to adopt untainable conformations.
In general, polymer adsorption leads to the formation of a dense layer where the
number of polymer/ polymer contacts is increased, and the number of
polymer/solvent contacts decreases. Thus polymers immersed in a poor solvent will
strongly adsorb to a surface that is only weakly compatible (or even incompatible) to
reduce interactions with the unfavorable solvent. On the other hand, polymers in a
good solvent are less likely to adsorb even onto a strongly compatible substrate 14, 15.
Polymer adsorption and displacement has also been shown to be sensitive to the
concentrations of the polymeric species (a small concentration of strongly adsorbing
polymer may not displace a high concentration of weakly adsorbing polymer
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16, 17

.

CHAPTER 2
BACKGROUND AND OBJECTIVES

Statement of problem
The problem and biggest challenge in developing polymer nanocomposites for
advanced application is the limited ability to predict the final properties. While there
are numerous techniques readily available to tailor the surface chemistry and structure
of nanoparticles surfaces the impact of the nanoscale filler surface on the
morphology, dynamics and properties of the surrounding polymer chains cannot be
quantitatively predicted. Therefore, the properties of a significant volume fraction of
the polymer, the interfacial polymer, are unknown making it difficult to predict bulk
properties.
Background:
The unusual properties for nanocomposites arise because of three attributes of
nanofillers.
1.

Nanoscale fillers have different properties than the bulk filler:
For example, as the size of silicon nanoparticles decreases, the band gap

changes and the color of the particle changes18. As another example, singlewall
carbon nanotubes can exhibit stiffness, strength, and strain-to-failure that
substantially exceeds that of traditional micrometer-diameter carbon/graphite fiber19.
2.

Nanoscale fillers play the role of small mechanical, optical, and electrical
defects:
Micrometer-scale fillers are similar in size to the critical crack size causing
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early failure20 while nanofillers are an order of magnitude smaller. This can prevent
early failure, leading to nanocomposites with enhanced ductility and toughness21.
Similarly it has been shown that nanoparticles can increase the electrical breakdown
strength and endurance22 and are small optical scattering defects23.
3.

Nanofillers provide large interfacial are:
Due to large surface area of nano-fillers, nanocomposites have a large volume

of interfacial matrix material with properties different from the bulk polymer.
It is imperative to have a fundamental understanding of each of these aspects
to understand structure–property–function relationships in these materials and to
design composites with specific properties.

Objective:
In order to answer the questions this dissertation work focuses on the third and most
important aspect: the role of the interface in modifying the properties of the
composite. The fundamental challenge to designing the properties of polymer
nanocomposites is to understand the role of filler chemical modification as a vehicle
for controlling interfacial polymer structure (and properties) with the goal of
optimizing properties all the way from the nanoscale to the macroscopic level. It has
been shown that increases in Tg reflect a reduction in the mobility of the interfacial
polymer chains. On the other hand, in free-standing ultrathin films, Tg decreases24
Because of the small radius of curvature of the particles and the highly polydisperse
particle spacing in typical nanocomposite situations, the application of the thin film
work is not straightforward. From the extensive work done on thin films it is known
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that the effect of a surface can impact the polymer structure and properties more than
a radius of gyration away and that the chemical interaction at the surface is a critical
parameter that affects whether the Tg increases or decreases. This is important,
because we shall assert that Tg can then be used in bulk nanocomposite systems as a
measure of the particle/polymer interaction.
In order to achieve the objectives, these fundamental challenges are expressed into
two sets of questions:
1. Local Interfacial Properties ?
What is the effect of highly curved surfaces on the structure and dynamics of polymer
chains? What is the size of the interface region? How do enthalpic interactions and
entropic interactions control filler/matrix and the resulting structure, dynamics, and
properties of the polymer chains?
2. Consequences for Macroscopic Properties ?
How

does

the

interface

affect

macroscopic

properties

such

as

the

mechanical/rheological/optical/thermal stability etc.?

The question set 1 will be addressed by:
a)

Modifying the surface of nanoparticles by chemical and thermal treatment to

create new surfaces with varying points of attachment for the polymer chains, also
making the surfaces attractive or repelling toward the polymer chains.
b)

By changing the size/curvature of nanoparticles

The question set 2 which is critical to the applications of these materials in an
engineering context, will be addressed by studying the effects on the thermal
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degradation of nanocomposites. Degradation temperatures (T ds) are critical in
determining the end-use temperatures and stability of nanocomposites, and the effect
of the interface on Td will be investigated in detail.
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CHAPTER 3
EXPERIMENTAL AND INSTRUMENTATION

This chapter illustrates materials and an overview of the experimental techniques
employed in this research.
3.1

Materials

Silica Nanoparticle:
For this dissertation study silica, which is the most common filler was used. The
surface of silica and the adsorption of polymers on its surface has been subject of
many investigations25,

26

. For infrared studies of polymer adsorption on silica, the

choice of silica has to be made in such a way that they are nonporous, have a high
surface area and the surface chemistry is well understood 27. Infrared studies have led
to an acceptable picture of silica surface as containing unreactive siloxane groups,
hydrogen bonded hydroxyl groups and free hydroxyl groups which may be either
single or germinal28.The ―silica family tree‖ is shown in figure 3-1 gives an overview
of the most important synthetic and natural products. The different silica which we
have used in our study is highlighted in blue color. Today, synthetic silicas are firmly
rooted components or raw materials for a wide variety of high-technology products.
Silica used for the study was as follows:
a. Thermal/Pyrogenic silica :
This type of silica is also known as fumed Silica, Hydrophilic Aerosil
A380 and hydrophobic Aerosil R812 fumed SiO2 (Evonil Degussa GmbH,
Essen, Germany) were used.
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b. Stober silica:
Prepared by the Stöber process (Alfa Aesar, Lancaster, Ward Hill,
MA), were used as received, or after thermal treatment and/or chemical
modification with hexamethyldisilazane (HMDS) (Gelest, Inc. Morrisville,
PA). Chloroform, CHCl3 (Sigma-Aldrich, St. Louis, MO) was used as
received.
c. Colloidal silica:
Prepared by water-glass method Organosilicasol dispersed in
isoproponal (IPA)) with nominal diameters of (i) 10-15nm, IPA-ST (30 wt%
SiO2, lot no po601005); (ii) 40-50nm, IPA-ST-L (30 wt% SiO2, lot no
160766); and (iii) 70-100nm, IPA-ST-ZL (30 wt% SiO2, lot no 160877) were
kindly donated by Nissan Chemical America (Houston, TX) and used as
received. The SiO2 beads had densities of 2.2-2.6g/cm3 as reported by the
manufacturer.
Polymers:

In order to study the effect of nanoparticle surface modification on the polymer
chains, we decided to incorporate both types of polymer morphology into the study
namely, amorphous and semi-crystalline polymers and most important polymer in
each class was used.

Amorphous polymer:

They totally lack positionally order at the molecular level. Fully amorphous
polymers do not exhibit melting temperatures Tm, it only exhibits Tg. Atactic
10

polymethylmethacrylate with a molar mass of 75,000 g/mol was used as
received (Scientific Polymer Products, Inc, Ontario, NY).

Poly(methyl methacrylate)

Semi-crystalline polymer:

Semicrystalline polymers contain both crystalline and amorphous regions in
the same sample.Semicrystalline polymers have true Tm at which the ordered
regions break up and become disordered. In contrast, the amorphous regions
soften over a relatively wide temperature range (always lower than Tm) known
as the glass transition (Tg). Polyethylene oxide (PEO) with a molecular mass
of 100,000 g/mol (lot no 3001010010) was used as received (Scientific
Polymer Products, Inc, Ontario, NY)

Poly(ethylene oxide)
11

Figure 3-1: Different types of silica
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3.2

Sample preparation:

For fumed/StÖber silica: Polymer solutions of varying concentration were prepared in
10mL chloroform in 40 mL glass vials. After dissolution of the polymer, 0.3g of SiO2
was added to the polymer solutions. The resulting mixture was sonicated for 30
minutes to break up any SiO2 aggregates and disperse the SiO2. The vials were then
placed in a digital vortex mixer (Fisher Scientific) and mechanically agitated for 24hr
at 500 rpm. Every 8-10 hours the solution would be sonicated for 5 minutes to break
up any aggregates. TEM used to check aggregates.The suspension was then
centrifuged at 3200rpm for 30 min using a Fisher Marathon 3200 centrifuge. The
supernatant solution was discarded and the SiO2 with adsorbed polymer (polymer SiO2) was rinsed two- three times with CHCl3 to constant weight in order to remove
polymer in solution. The resulting polymer -SiO2/ polymer -CH3-SiO2 were dried in a
vacuum oven at RT for 24hrs and stored in a dessicator.
For colloidal silica (water glass): Polymer solutions of varying concentration were
prepared in 9.3mL chloroform. After complete dissolution of the polymer, 1mL of
colloidal SiO2 (containing 0.3g of SiO2 and 0.7mL of IPA) was added, resulting in a
total solution volume of 10mL. The colloidal silica is only available in IPA, but
CHCl3 is preferable for adsorption studies, since it is a noncompeting solvent for the
SiO2. The assumption is made that the small amount of IPA introduced with the SiO 2
does not affect the properties of CHCl3 significantly. The resulting mixtures were
sonicated for 30 minutes to disperse SiO2 in the solution. The vials were then placed
in a digital vortex mixer (Fisher Scientific, Pittsburgh, PA) and mechanically agitated
for 24 h at 500 rpm. The suspensions were then centrifuged at 10,000 rpm for 60 min
13

using a Sorvall RC 5B plus centrifuge (Thomas Scientific, Swedesboro, NJ). The
supernatant liquid was discarded and the SiO2/Polymer adsorbate was rinsed twothree times with CHCl3 to constant weight in order to remove nonadsorbed polymer.
The resulting polymer-SiO2 were dried in a vacuum oven at RT for 24hrs and
immediately stored in a desiccator.
Thermal/Chemical Modification of SiO2: The fumed/ StÖber SiO2 described ―as is‖
was used from the supplier as received, although in all cases the SiO2 was heated at
150°C and evacuated in a vacuum oven at RT for 12 hrs before use to remove
physisorbed water. The ―as-received‖ SiO2 was thermally modified by heat treatment
at 600°C and 1000°C for 6hrs. Thermally treated StÖber SiO2 samples were further
acid treated using 1M sulfuric acid (H2SO4) solution for 24hrs, and rinsed with
distilled water until a pH of 7.0 was achieved. The StÖber SiO2 heated to 1000oC was
made hydrophobic by chemical modification with hexamethyl disilazane (HMDS),
which reacts with isolated silanol groups and covers the surface with trimethyl methyl
groups (Si-O-(CH3)3); HMDS is also used in the commercial process to silanate
Aerosil R812. Samples were stored in a dessicator until further use.
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Figure 3-2 Schematic of thermal and chemical modification of silica

The HMDS reaction with the silica surface is shown below:
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3.3

Characterization:

3.3.1 Adsorption isotherms by thermogravimetric analysis (TGA):
The amount of adsorbed polymer was measured using thermogravimetric
analysis (TGA) on a TA instrument Hi-Res TGA 2950 (TA Instruments, New Castle,
DE) using a ramp rate of 10°C/min. Samples of approximately 10-15 mg were placed
in the sample pan and heated from ambient temperature to 800°C. Nitrogen was used
as a purge gas at a flow rate of 60 mL/min. In order to account for the silanol
condensation of SiO2, the beads were heated separately over the same temperature
range at the same scan rate. The amount of adsorbed polymer (mg of polymer /m2 of
SiO2) was obtained by subtracting the silanol weight loss from the total weight weight
loss (silanol condensation + polymer) of the polymer -SiO2 sample. Since small
quantities of adsorbed polymer were measured, the TGA calibration was checked by
thermally degrading known weights of polyethylene, with the smallest (0.8mg)
weight giving TGA losses between 100.6-101.2 weight %.
The adsorbed amount is calculated from the TGA weight loss, using the
following equation:
Adsorbed amount (mg/m2) = [(wt loss PMMA/wt of SiO2)(103mg/g)]/ [(SA/g)SiO2]
Where SA= surface area.
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Figure 3-3:

A typical TGA plot showing how to calculate adsorbed
amount of polymer/nm2 of silica.
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3.3.2 Conformation of polymers on nanoparticles by FOURIER TRANSFORMS
INFRARED SPECTROSCOPY:
The SiO2 and polymer -SiO2 were characterized using Fourier transforms
infrared spectroscopy (FTIR) in the transmission mode, with 256 scans and a
resolution of 2cm-1 using a Mattson Research Series 1 spectrometer (Mattson
Instruments, Madison, WI) equipped with a MCT detector. Samples were thinly
spread on polished 32cm sodium chloride salt plates. The fraction of bound and free
carbonyls of polymer adsorbed on SiO2 surfaces was estimated by deconvolution of
their FTIR spectra in the carbonyl-stretching region of 1700-1800 cm-1. OMNIC peak
resolve software was used for the curve fitting analysis. A Gaussian fit was assumed
for the free carbonyl and a mixed Gaussian-Lorentzian fit was used for the hydrogenbonded carbonyls. The relative amount of free and bound carbonyls was estimated by
the ratios of their areas.
3.3.3 Differential scanning Calorimetry:
The glass transition temperatures, Tg and melt enthalpy, of the polymer-SiO2/
polymer -SiO2-(CH3)3 samples were determined using a DSC 2920 (TA Instruments,
New Castle, DE). To increase the sensitivity of the measurements, high volume pans
(100μL) were used. Sample sizes of 25-30mg and 95-100mg were used for the fumed
and Stöber silicas, respectively; larger amounts of fumed silica could not be used
because of its low density. The measurements were obtained in the modulated
(MDSC) mode, at a ramp rate of 2.5°C and an oscillation of ±1°C for a period of
100s, between 0°C to 250°C, and under a nitrogen purge at a flow rate of 60 mL/min.
MDSC uses a sinusoidal modulated heating ramp that yields a profile in which the
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instantaneous heating rate is increased, resulting in increased sensitivity. Two heating
and one cooling scans were obtained. The data presented is from the first heating
cycle.
3.3.4 Transmission Electron microscopy:
TEM samples were prepared by placing 1µL of SiO2, SiO2-(CH3)3, polymer SiO2 or polymer -SiO2-(CH3)3 suspensions in water or ethanol, on a formvar
coated copper TEM grid (Ted Pella, Inc., Redding, CA). The liquid was allowed to
air dry while holding the grid with anti-capillary tweezers, leaving a thin coating of
sample on the grid. The TEM analysis was performed on a FEI Technai 12T electron
microscope with an operating voltage of 120 KeV.The TEM was done at West
Chester University, the assistance of Dr Fredrick Monson is acknowledged.
3.3.5 Dynamic light scattering (DLS) and zeta potential :
Measurements were obtained on a Malvern (Malvern Instruments Ltd,
Malvern, UK) Zetasizer Nano-ZS. All the zeta-potential measurements were
performed at 25 °C at an electric field strength of 30 V/cm. The natural (unbuffered)
pH of the aqueous samples was used.The measurements were done at Temple
University, School of Pharmacy at Dr Mark Ilies lab.
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CHAPTER: 4
DESIGN OF ENGINEERED SILICA NANOPARTICLE SURFACES:
CHARACTERIZATION OF SURFACE SILANOLS
4.1

Introduction:

The surface characteristics of silica are very important in the study of nanocomposites
and in any application in which silica nanoparticles are used. The silica (SiO2) surface
is widely employed in industry. For instance, it is used as an absorbent, a catalyst
support, a reinforcing agent, a component of chemical sensors, and in many
pharmaceutical applications29. Its efficiency and usefulness depend strongly on its
surface composition, i.e., silanol and water content. Water content is a key parameter
when SiO2 is used for applications which involve functionalization of the SiO 2. For
example the reactants used for grafting organic molecules onto SiO 2 may require
moisture (e.g. silane coupling agents) or may be moisture sensitive, so that the
presence of adsorbed water is not desired. The hydrophilic properties of silica are
useful in applications when it is employed as a desiccant. The silanol groups are the
main sites for adsorption of water and are the surface reactive sites. The nature,
concentration, distribution, accessibility, etc. of the silanol groups will determine the
chemical activity of the silica.
The surface structure of silica terminates either in a siloxane group (Si-O-Si) with the
oxygen on the surface or in one of several forms of silanol groups (Si-OH). There are
four main silanols (single, geminal, vicinal, H-bonded, or bridged) on the silica
surface and the silanol density is almost independent of the specific surface area. The
number and type of silanols can be determined quantitatively by various methods.
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The various methods employed for the determination of the surface silanol group
concentration include FTIR30, nuclear magnetic resonance (NMR)31

and

thermogravimetry (TGA)32. Silanol densities can be quantified by thermogravimetric
analysis, assuming that the weight loss results from the elimination of water from the
reaction of two silanols to form a siloxane bridge. The loss of water is shown in the
schematic 1 below.

Schematic-1
In this dissertation, TGA and FTIR spectroscopy were used to investigate the
distribution of surface silanols on the silicas and to detect the interactions of the
adsorbed polymers with the silica. The adsorption of polymers may depend on the
nature, number and distribution of surface silanols, so it was important to characterize
the silicas used. The adsorption is studied with three types of silica, one made from
dissolution and growth of sodium silicate, the other made by the Stöber process, in
which Si(OCH2CH3)4 is condensed via acid or base hydrolysis, and finally one made
from flame hydrolysis method fumed silica. All are nonporous colloidal silicas. In the
case of the Stöber /fumed silica, the nanoparticles were further heat treated, at
temperatures of 600oC and 1000oC. All of the nanobeads made by the Stöber process
were acid treated. The ―as-received‖ beads contained an organic contaminant,
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probably the result of residual –CH2CH3 groups, which were removed by the
treatment. There was no organic contaminant for beads heated to 600 oC or 1000oC.
The acid treatment increased the available silanols by hydrolysis. Surface silanols can
be single, SiOH or geminal, Si(OH)2, and can be found in various stages of hydrogen
bonding, which can be characterized by infrared33 in the region between 32003899cm-1 or by 29Si NMR spectroscopy.
4.2

Materials and methods:

The different types of silica used for the present study and their characteristics are
given in Table 4-1.The colloidal silica beads were received in water and isoproponal
(IPA) suspension. If necessary, for example for FTIR analysis, the solvent was
removed from the beads by evacuation overnight in vacuum at room temperature
(RT). The Stöber and fumed silica were further modified by chemical and thermal
methods, which were explained in detail in Chapter 3.
The surface of the different silicas was than characterized using FTIR and TGA.
FTIR was used to determine the relative amount of hydrogen bonded and isolated
silanols. TGA was used to determine the overall silanol density. The parameters used
to run the samples were discussed in Chapter 3.
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Table I Properties of SiO2
Manufacturer
SiO2 Type

Specific
Primary particle size

Designation
Fumed SiO2

surface area

A380

7nma

360±30 m2/g a

R812

7nma

260±30 m2/g a

115 nmb, 119 nm c

30 m2/g d

Dry powder

Stober SiO2
Dry powder
Nissan

ST

11.7 nm ± 2e, 15.2 ± 2b

199 ± 281 m2/g f

(water-glass)

ST-L

39.2 ± 4e, 46.2 ± 2b

63 ± 77 m2/g f

ST-ZL

96.6 ± 5e, 102.9 ± 3b

24-30 m2/g f

ST-XS

6.3 ± 2b

350 ± 632 m2/g f

ST-40

14.7 ± 4b

145 ± 254 m2/g f

ST-50

26.5 ± 3b

92 ± 116 m2/g f

ST-20L

45.4 ± 3b

56 ± 64 m2/g f

MP-1040

114.3 ± 5b

23 ± 25 m2/g f

SiO2
In isopropanol

Nissan
(water-glass)
SiO2
In isopropanol

a: provided by supplier

b: by DLS light scattering

c: by AFM

d: BET surface area

e: TEM

f: calculation by geometry
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Sample calculation for surface area/g from geometrical measurements:
Surface area(SA)/g

=

Surface Area/ρ.Volume

=

[4Πr2/(ρ.4Πr3/3)]

=

4/ρ.r

Where ρ

=

density

r

=

radius

mass

=

density.volume

SA (sphere)

=

4Πr2

Volume

=

4Πr3/3

For a 100nm nanoparticles with r = 50nm and ρ=2.2g/cm3
SA/g

=

27.27m2/g

The values we get from geometrical calculation is very close to a value of 30 m2/g
from BET measurements.

4.3

Results and Discussion:

Fig 3.1 shows a typical TGA plot. The formula shown below was used to calculate
the silanol density [SiOH] OH/nm2.

Here ∆m is the weight loss of water between 200-800 ◦C, NA is avogadro‘s number, S
is the surface area of silica and mTotal is the weight at 200◦C. Table I presents the
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calculated silanol densities obtained from the TGA data for the silica samples
investigated.
For each type of silica, the silanol density decreases with increase in heat treatment
temperature; at each heat treatment temperature acid hydrolysis increases the silanol
densities. The values for the Stöber ―as is‖ and ―as is‖ acid treated samples are too
high due to the large contributions of internal condensation of silanols or ethoxy
groups in the bulk silica. TGA cannot be used to account for this effect, since
rehydrolysis of siloxane linkages after heat treatment above 500-600oC is only
partially reversible, so it is not possible to recover, and thus quantify, the native ―as
is‖ surface.
In order to estimate the silanol density, the condensation of a nonporous sol
precipitated silica (which had no internal silanols) with a diameter of 100nm was
measured by TGA, giving a silanol density of ca 9 SiOH/nm2.
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Figure 4-1 Determination of silanol density using TGA
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A comparison between the Stöber and fumed silica indicates that the silanol density is
much greater for the former silica at comparable heat treatment temperatures. For
example, the silanol density at 1000oC is 0.19 SiOH/nm2 for fumed silica and 0.8
(heated) or 1.4 (heated + acid) SiOH/nm2 for Stöber silica, and at 600oC it is 0.70
SiOH/nm2 for fumed silica and 3.9 (heated) or 6.2 (heated + acid) SiOH/nm2 for
Stöber silica. In fact the ―as-is‖ fumed silica had a silanol density intermediate
between that of Stöber silica heated to 1000oC, and heated to 1000oC + acid.

The silanol density is seen to dramatically decrease as a function of heat treatment
temperature, as seen in Figure 4-2, for fumed silica. It is possible to regenerate some
SiOH groups by subsequent acid treatment. However, after heat treatment to
approximately 600 oC, it is not possible to regenerate SiOH densities of the :as
received‖ samples. Further, the regenerated SiOH appear to condense at lower
temperatures. Figure 4-3 shows a TGA plot of Stöber silica heated to 1000 ◦C and
1000◦C + acid treated. It can be seen that for the acid treated beads the
dehydroxylation step takes place at a lower temperature suggesting less energy is
required. One possibility is that upon rehydroxylation, the Si-O-Si bonds broken (to
form SiOH bonds) are close to each other. Thus upon reheating, they are in a more
favorable position to eliminate water, and so require less energy for the
dehydroxylation step.
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Lastly, the silanol density appears to be a function of nanoparticle size, as seen in
Figure 4-4. In particular, the silanol density increases with increase in nanoparticle
size.

Figure 4-2

Comparison of TGA plot for stober silica heated to 1000 ◦C and 1000◦C
+ acid treated
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Figure 4-3 [SiOH] of fumed silica ‗as-is‘as a function of temperature
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Figure 4-4

[SiOH] as a function of size for colloidal silica. Blue represents silica
beads in water and red is silica beads in iso-proponal.
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Table 4-2 Silanol density for all types of silica
Silanol densities

Sample

SiOH/nm2

STOBER SILICA
as-is

78a (9b)

as-is + piranha treated

65a (9b)

450°C

15.1

450°C + acid

23.3

600°C

3.9

600°C + acid

6.2

1000°C

0.8

1000°C + acid

1.2

FUMED SILICA
as-is

3.6

600°C

0.7

1000°C

0.2

COLLOIDAL SILICA
5 nm in H2O

0.9

10 nm in H2O

2.1

30 nm in H2O

4.1

50 nm in H2O

5.7

100 nm in H2O

8.7

15 nm in IPA

1.2

40 nm in IPA

6.3

100nm in IPA

9.5
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The silanol densities obtained using TGA are in reasonable agreement with the
literature data. For A380 fumed silica, the value reported by the manufacturer is 3.6
OH/nm2. For R812 hydrophobic fumed SiO2, a value of 0.54 is given by the supplier.
It is not possible to measure SiOH densities using TGA for hydrophobic fumed silica,
since heating eliminates CH3 groups from the silica.
FTIR is extremely useful in characterizing both the physically bound water on
the silica surface and the types of silanol groups on the SiO 2 surface. The frequency
shifts of physically bound water and the different types of silanols partially overlap.
However, the temperatures at which the water is removed and the silanols condense is
different. Figure 4-5 shows the FTIR spectra of Stöber silica as a function of
temperature. Physically adsorbed water was removed mainly around 150 ◦C. With
continued heating beyond 600◦C the peak associated with the hydrogen bonded
silanols disappears. If we compare the intensity of isolated silanol peak to the
hydrogen bonded silanol it can be seen that as the temperature increases the intensity
of isolated silanol peak increases and there is a corresponding decrease in the
hydrogen bonded silanols.
IR, Raman and NMR studies of the surface of different types of silica indicate
that the surface of fumed silica is not fully hydroxylated, with a low hydroxyl density
of ~ 3.6SiOH/nm2. About two-thirds of its surface may consist of type D2 siloxane
bridges that have already been dehydroxylated during the initial high manufacturing
temperature (>1000oC). However, the hydrolysis of three-fold rings D2, which is
suggested to be easy, is inconsistent with the experimental data showing that
hydrolysis is difficult. In the IR spectrum, the more isolated the silanol and the
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weaker the hydrogen bonding, the higher in frequency is the ∆OH stretching mode of
the silanols. Water also absorbs in this spectral region, with a broad band centered at
3400cm-1, and can hydrogen bond with the silanols. The FTIR spectra of silicas
consisting of SiO2, after dehydration, can be very different depending on the manner
it was made. Fumed silica, made by flame hydrolysis from SiCl4, has fewer silanols
than precipitated silica or silica gel, both prepared by acidification of sodium silicate
(usually with H2SO4), followed by precipitation of primary particles from solution,
with the former forming meso/macroporous and the latter microporous/mesoporous
structures. Apparent surface densities of silanols deduced form thermogravimetric
analysis range from 4 SiOH/nm2 for fumed silica to 14/12 SiOH/nm2 for
precipitated/silica gel. The SiO2 from Nissan is made by a similar process, except that
monodisperse beads are grown; the manufacture suggested (but did not measure) a
silanol density of 5-9 SiOH/nm2. A chromatographic silica (Merck) had a silanol
density of 7 SiOH/nm2. Silica prepared by the Stober process is called a ―gel‖, but has
different structure. However, detail band assignments in the literature have been made
based on fumed silica and precipitated silica and silica gels made by dissolution and
precipitation.
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Figure 4-5

FTIR of stober silica heated to various temperature

Table 4-3 FTIR band assignments34
Wave number
(cm-1)
3747
3710
3660
3520 ± 200
3400 ± 200
2972-2952
2960
2882-2862
1750-1725
1200-1000

Assignments

Intensity

Isolated Silanol
Geminal Silanol
Hydrogen bonded groups/Internal
silanols
Silanols H-bonded to adsorbed water
Adsorbed water
Methyl C-H antisymmetric stretch
Methyl antisymmetric stretch
Methyl C-H symmetric stretch
Methacrylate ester C=O
Si-O-Si strectching

Very strong
Medium
Medium
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Broad
Broad
Very strong
Medium
Very strong
Strong
Strong in siloxanes

There have been many experimental and modeling studies of silica made with a view
towards describing the silica surface. In order to compare silicas, water must first be
removed from the samples. In general, less water adsorbs on silicas with fewer
silanols. In order to observe water in a region where silica does not absorb, near IR
spectra between 5000- 5350cm-1, of the overtone and combination bands of water can
be monitored. A shoulder band at 5315cm-1 due to water molecules in which there is
at least one unbounded OH group on the outer surface33 is desorbed first. For gel and
precipitated silicas, removal of this water (at RT under vacuum) results in the
appearance of silanols at 3740cm-1. For fumed silica, dehydration results first in the
appearance of the peak at 3746cm-1 (isolated silanols). Further dehydration of water
molecules hydrogen bonded through two OH groups results in an increase in silanol
absorption between 3730 and 3675cm-1 for gel and precipitated silica, and between
3746 and 3700cm-1, with a shoulder near 3715cm-1 for fumed silica35. Lastly, the
absorption sharply decreases at 3748cm-1, but increases around 3742 and 3715cm-1 ;
There is good agreement between the amount of water determined by gravimetric
analysis and from near IR data, in which Beer‘s law is used to quantify the amount of
adsorbed water. Fumed silica, with the fewest silanols, can be successfully evacuated
at 25oC and 10-4Pa. The specific area for water adsorption (57m2/g) is lower than that
for nitrogen adsorption (215m2/g) on fumed silica, assuming that the molecular
surface area of water is 0.148nm2. Although there is some controversy, adsorbed
water can be removed from precipitated and gel silicas using similar conditions.
Thermal studies, where the spectra are obtained at successively higher temperatures,
show that below 500oC strongly hydrogen bonded silanols are eliminated. In the case
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of fumed silica, both weak components decrease in intensity. This indicates that most
of the hydrogen bonded silanols on fumed silica are involved in pairs. Between 540
and 580oC, weakly bonded silanols condense, resulting in a decrease in their intensity
around 3620cm-1. Above 580oC the intensity around the isolated silanol decreases
(and is the same as at 645oC), with an asymmetric decrease at lower wavenumbers,
and with a submaximum at 3680cm-1. The highest wavenumber peak at 3747cm-1
remains the same as a function of temperature.
The strongest absorptions are those of the H-bonded and weakly perturbed silanols,
and since most of the silanols can be exchanged with D2O, they are not internal
silanols. However, there are inner silanols on silicas prepared form solution before
thermal treatment, with exchangeable protons36, that have been used to explain the
large surface density of silanols of precipitated and gel silicas. This has been
postulated to occur from a surface gel layer of incompletely condensed polysilicic
acid. In the precipitated and gel samples, both have isolated silanols at 3742cm-1. The
precipitated has a band at 3660 (or3690 in Raman) and the gel has one at 3600cm-1
(or 3500-3520) both of these do not exchange completely. Both have broad band at
3500cm-1 (exchanges completely) but only the gel has another band at 3350cm-1
(exchanges completely). Thermal studies below 500 oC for both gel and precipitated
silicas do not result in a component at 3715cm-1 (due to pairs of silanols). Instead, the
spectra are better explained by hydrogen-bonded silanols in clusters of larger size, for
example by hydroxyl triplets (corresponding to ―holes‖ of SiOH). At 540 to 580 oC,
weakly bonded silanols condense, resulting in a decrease in their intensity, between
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3620 and 3700 cm-1. Above 580oC, the intensity around 3735cm-1 decreases (and is
the same as at 645oC), and is very asymmetric at low wavenumbers.
FTIR techniques to characterize hydroxyl groups in silica gel, we concentrate on the
fundamental absorption region between 3200 and 3800 cm-1 At low and moderate
temperatures the infrared spectra reveal a broad band (3300-3650 cm-1) due to
absorption of bridged hydroxyl group, and near 3750 cm-1 a sharp band appears due
to the free hydroxyl groups . Study of these bands enables the obtainment of valuable
information about the coverage of silica surface, specially if the hydroxyl groups are
bridged or free ones37.
The IR spectra of silicas exhibit a sharp band at 3747 cm-1 that is due to non-nearestneighbor (or non-interacting) isolated silanols. A shoulder band at lower
wavenumber, at approximately 3720 cm-1 (36903735 cm-1), is due to the terminal
silanol group of an H-bonded pair or chain of H-bonded silanols. The small broad
band centered near 3650~3670 cm-1 has been attributed to H-bonded silanols that are
perturbed owing to interparticle contact and have been called internal. The band due
to H-bonded pairs or chains of silanols is centered at ~3520 cm-1.38 When physisorbed
water is present, there is a broad peak centered at around 3400~3500 cm-1 that
partially overlaps the H-bonded silanols. Water is believed to adsorb on hydrophilic
sites of the silica surface, not on the siloxane bridges (Sis-O-Sis, where Sis is a surface
silicon atom). The relative intensity of the isolated silanol peak at 3747 cm-1
decreases with increasing amount of adsorbed water. The FTIR spectrum from 25◦C
to 200 ◦C shows the presence of hydrogen bonded water. The relative intensity of the
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3747 cm-1 band to the 3423 cm-1 band increases for the silica treated at the higher
temperature.39
Conclusions:
Thermogravimetric analysis was introduced as a one step, simple and fast to
determine of SiOH surface density. In a thermal scan of silica particles, it was
observed that the dehydration of water occurred below 200 ◦C, followed by
dehydroxylation above 200 ◦C. Most of the hydroxyl group weight loss was due to the
dehydroxylation of germinal and vicinal SiOH between 200◦C and 600◦C, while the
isolated silanols only disappeared above 600◦C. The dehydroxylation of the silanols
on the silica particles as a function of temperature was confirmed using FT-IR
spectroscopy. In the case of thermally modified silica as the treatment temperature
increased the silanol density decreased, but some of the silanol groups could be
recovered by acid treatment. It was observed that with decrease in size of the silica
nanoparticles, the silanol density also decreased, and the relative number of
isolated/hydrogen bonded silanols increased. The TGA-calculated OH/nm2 values
were in good agreement with the manufacturer specifications of commercially
available silica and were in good agreement with the values obtained by other
methods.
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CHAPTER 5
EFFECT OF PARTICLE STRUCTURE/SURFACE CHEMISTRY AND
SILANOL DENSITY OF SILICA NANOPARTICLES ON PMMA
5.1 Introduction
The interphase between polymers and inorganic surfaces is important for
applications in polymer-inorganic nanocomposites40 and polymers in confined spaces
such as nanopores and ultrathin polymer films41. Initial interest in the more common
exfoliated clay42, silica43, alumina, TiO2 and nanocomposites40, 44 has recently been
expanded to nanocomposites comprised of carbon nanotubes, graphite nanoplates,
layered silicates44-46 and graphene sheets47. The polymer chains in the interphase zone
typically have properties different than those in the bulk, with mobilities, as often
assessed by measurements of the glass transition temperature, T g, either increased or
decreased with respect to the bulk Tg. In nanocomposites, the interphase region
assumes dramatically increased importance due to the high volume fraction of the
polymer in this region46, and there is thus a great amount of research focused on
tailoring the properties of the interface to affect specific design criteria for a variety of
applications48-50.
Much experimental work has been carried out on the adsorption of polymers
onto planar substrates and on nanoparticles, taking into account the effects of
molecular weight, tacticity and solvent on the adsorbed interface layer. However,
there has been less attention paid to the effects of substrate morphology, in particular
the relationship between the size of the adsorbing chain relative to the size and state
of aggregation of the substrate, and also to the effects of surface chemistry, namely
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the number of available binding sites, on the adsorbed interphase layer. However, it is
often adsorption of polymers onto nanoparticles in different states of aggregation that
is important in nanocomposite and flocculation applications. Fumed silica, with its
complex structure is often employed, and is very different from single isolated
nanoparticles. In these cases, the polymer attaches via a non-equilibrium adsorption
mechanism. However, there are few studies on the non-equilibrium adsorption and
interphase properties of polymers adsorbed onto nanoparticle substrates with different
morphology and surface chemistry.
There is believed to be a correspondence between polymers adsorbed at
interfaces and polymers in confined spaces; in both cases the interaction between the
polymer and surface perturbs the chain properties. The investigation of the interphase
has either been carried out on thin polymer films, with the polymer sandwiched
between the inorganic particle or planar substrate and air, or on nanocomposites
themselves, where the interphase polymer region is actually sandwiched between the
inorganic filler and the bulk polymer. In the latter case, the concentration of
nanoparticles can be used to vary the interparticle spacing and the relative
contribution of the interphase region. Quantitative equivalence between polymer
nanocomposites and thin polymer films has been suggested when a correspondence is
made between the interparticle spacing and the film thickness51. In order to more
accurately mimic nanocomposites, polymers confined between silica plates have been
investigated52.
There is a large body of accumulated evidence, stemming from the original
observations of a decreased T g compared with the bulk for substrate-supported53 or
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free-standing54 polystyrene thin-films, and an increased Tg for SiO2 supported
polymethylmethacrylate (PMMA) thin films55, that both the air interface and the
interaction of the polymer with the underlying support affect the measured Tg, which
thus depends on film thickness56,
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. The air interface (free surface) results in T g

reductions compared with the bulk T g58, 59, as supported by computer simulations60,
while the substrate interface results in increases, decreases or no change in T g
depending on the interactions between the polymer and the substrate. The increase in
Tg for polymers at attractive surfaces is due mainly to enthalpic forces, which arise
from hydrogen bonding interactions in the case of PMMA52, while the decrease in T g
at free surfaces or in contact with repulsive surfaces has been attributed to: (i) a
liquid-like polymer layer53; (ii) one with decreased density61 at the air interface,
possibly as the result of chain disentanglement 62, 63, although no chain entanglement
effects were observed in ultrathin films between 4 and 88nm64 ; (iii) entropic effects
such as chain end segregation at the surface65; (iv) and chain confinement41.
Molecular dynamic simulations for repulsive nanoparticle-polymer interactions show
faster polymer dynamics relative to the pure melt, due to faster polymer motion and a
reduced polymer density near the surface of repulsive particles66, 67. Although twolayer models have been used to describe thin films, T g measurements of thin
fluorescent layers of polystyrene (PS) embedded in PS multilayers at different heights
between the substrate and free surface, showed that a T g gradient existed, suggesting
that the ―communication‖ between the layers is important for films of thicknesses of a
few tens of nms59, and it is generally believed that a distribution of relaxation times is
needed to describe the interfacial layer.
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The adsorption of polymers on inorganic surfaces has been assumed to be a
function only of the surface chemistry, and not of the surface geometry and thus the
accessibility of the surface to the polymer. More recently, the effect of surface
curvature of the nanoparticles, and the relationship between the nanoparticle and
polymer size has been considered, and has been shown to dramatically affect the
adsorption68. Surface geometry is indirectly addressed from the point of view of
nanoparticle agglomeration, which effectively decreases the surface area available for
particle-polymer interaction. Particle bridging of hard sphere fillers in dense
nanocomposite polymer melts has been investigated by computer simulations69.
Silica, SiO2 is an common filler, and studies of polymer adsorption onto silica
have been carried out on pyrogenic fumed and precipitated silicas, oxidized silicon, as
well as on layered silicates, all of which differ both in silanol density and surface
geometry. Rheological behavior of polymers is often investigated using pyrogenic
silica70. However, there have been no studies that address the combined problems of
surface and structural properties of SiO2, or have systematically investigated the
effect of silanol densities. The adsorption of PMMA on SiO 2 has been investigated
previously71-74. Hydrogen bonding interactions between the silanols of SiO 2 and the
carbonyl groups of PMMA are the sites of PMMA adsorption, and can be monitored
by IR spectroscopy75. These interactions, the conformation of the polymer chain
between interaction sites, and the effects of bridging between particles are important
factors to understand fundamental interphase and nanocomposite properties.
In the present study we investigate the behavior of monolayer and
submonolayer non-equilibrium adsorption of PMMA on well-characterized SiO2
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surfaces as a function of the type of silica, the variation in their surface properties and
degree of aggregation. In particular, we compare pyrogenic fumed silica, comprised
of fractal aggregates of clusters of 7-10nm size primary particles, with commercial
colloidal silica prepared by the Stöber process76, which are single particles with a
nominal 100nm particle size. In both cases, the silanol densities were varied by
various heat, acid and chemical treatments, and the plateau adsorption,
thermodynamic properties, and interaction of the PMMA with the silica compared.
5.2 Experimental Section
5.2.1 Materials
Atactic poly(methyl methacrylate) with a molar mass of 75,000 g/mol was
used as received (Scientific Polymer Products, Inc, Ontario, NY). Hydrophilic Aerosil
A380 and hydrophobic Aerosil R812 fumed SiO2 (Evonil Degussa GmbH, Essen,
Germany), and colloidal silica, prepared by the Stöber process76 (Alfa Aesar,
Lancaster, Ward Hill, MA), were used as received, or after thermal treatment and/or
chemical modification with hexamethyldisilazane (HMDS) (Gelest, Inc. Morrisville,
PA). Chloroform, CHCl3 (Sigma-Aldrich, St. Louis, MO) was used as received. The
properties of the SiO2 are given in Table I.
5.2.2 Thermal/Chemical Modification of SiO2: It is discussed in detail in chapter 3.
5.2.3 Sample preparation
PMMA solutions of varying concentration were prepared in 10mL chloroform
in 40 mL glass vials. After dissolution of the PMMA, 0.3g of SiO 2 was added to the
PMMA solutions. The resulting mixture was sonicated for 30 minutes to break up any
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SiO2 aggregates and disperse the SiO2. The vials were then placed in a digital vortex
mixer (Fisher Scientific) and mechanically agitated for 24hr at 500 rpm. Every 8-10
hours the solution would be sonicated for 5 minutes to break up any aggregates. The
suspension was then centrifuged at 3200rpm for 30 min using a Fisher Marathon
3200 centrifuge. The supernatant solution was discarded and the SiO 2 with adsorbed
PMMA (PMMA-SiO2) was rinsed two-three times with CHCl3 to constant weight in
order to remove PMMA in solution. The resulting PMMA-SiO2 or PMMA-SiO2(CH3)3 samples were dried in a vacuum oven at room temperature (RT) for 24hrs and
stored in a desiccators.
5.3

Characterization

5.3.1 Adsorption isotherms
The amount of adsorbed PMMA was measured using thermogravimetric
analysis (TGA) on a TA instrument Hi-Res TGA 2950 (TA Instruments, New Castle,
DE) using a ramp rate of 10°C/min. Samples of approximately 10-15 mg were placed
in the sample pan and heated from ambient temperature to 800°C. Nitrogen was used
as a purge gas at a flow rate of 60 mL/min. In order to account for the silanol
condensation of SiO2, the beads were heated separately over the same temperature
range at the same scan rate. The amount of adsorbed PMMA (mg of PMMA/m2 of
SiO2) was obtained by subtracting the silanol weight loss from the total weight weight
loss (silanol condensation + polymer) of the PMMA-SiO2 sample.

44

5.3.2 Characterization of SiO2 and PMMA-SiO2 by FTIR, Calorimetry, Dynamic
Light Scattering, Zeta Potential Measurements and TEM
The SiO2 and PMMA-SiO2 were characterized using Fourier transform
infrared spectroscopy (FTIR) in the transmission mode, with 256 scans and a
resolution of 2cm-1 using a Mattson Research Series 1 spectrometer (Mattson
Instruments, Madison, WI) equipped with a MCT detector. Samples were thinly
spread on polished 32cm sodium chloride salt plates. The fraction of bound and free
carbonyls of PMMA adsorbed on SiO2 surfaces was estimated by deconvolution of
their FTIR spectra in the carbonyl-stretching region of 1700-1800 cm-1. OMNIC peak
resolve software was used for the curve fitting analysis. A Gaussian fit was assumed
for the free carbonyl and a mixed Gaussian-Lorentzian fit was used for the hydrogenbonded carbonyls. The relative amount of free and bound carbonyls was estimated by
the ratio of their areas.
The glass transition temperatures, Tgs, of the PMMA-SiO2/PMMA-SiO2(CH3)3 samples were determined using a DSC 2920 (TA Instruments, New Castle,
DE). To increase sensitivity measurements were obtained in the modulated (MDSC)
mode77 using high volume pans (100μL) and the, with sample sizes of 25-30mg and
95-100mg for the fumed and Stöber silicas, respectively; larger amounts of fumed
silica could not be used because of its fractal morphology, making it difficult to
compact. MDSC data was acquired at a ramp rate of 2.5°C and an oscillation of ±1°C
for a period of 100s, between 0°C to 250°C, and under a nitrogen purge (flow rate of
60 mL/min). While measured T g values typically depend on the heating rate for bulk
polymers, an independence of T g with heating rate has been observed for thin films of
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stereoregular (i- or s-) PMMA on ozone treated silicon substrates78. Two heating and
one cooling scans were obtained. The data shown is from the first modulated heating
cycle and is presented as the derivative curve; the full widths at half maximum
(FWHM) are also obtained from the derivative plots. The first heating scan is a
representation of how the PMMA first adsorbed onto the silica.
TEM samples were prepared by placing 1µL of SiO2, SiO2-(CH3)3, PMMASiO2 or PMMA-SiO2-(CH3)3 suspensions in water or ethanol, on a formvar
coated copper TEM grid (Ted Pella, Inc., Redding, CA). The liquid was allowed to
air dry while holding the grid with anti-capillary tweezers, leaving a thin coating of
sample on the grid. The TEM analysis was performed on a FEI Technai 12T electron
microscope with an operating voltage of 120 KeV. Dynamic light scattering (DLS)
and zeta potential measurements were obtained on a Malvern (Malvern Instruments
Ltd, Malvern, UK) Zetasizer Nano-ZS. All the zeta-potential measurements were
performed at 25 °C at an electric field strength of 30 V/cm. The natural (unbuffered)
pH of the aqueous samples was used.
5.4

Results

5.4.1 Adsorption isotherms
The adsorption isotherms for PMMA from CHCl3 adsorbed onto ―as is‖,
heat/acid and chemically modified Stöber and fumed silica are shown in Figure 5-1.
The adsorption isotherms show an initial sharp increase into the plateau zone. A
summary of the plateau adsorption (Ads (mg/m2)) values is presented in Table II,
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Where,
Ads (mg/m2) = [(wt loss PMMA/wt loss SiO2)(103mg/g)]/ [(SA/g)SiO2]
Equation 1
and (surface area/gm)SiO2 = (SA/g)SiO2 = 380m2/g, 260m2/g or 3/ρSiO2r for the
hydrophilic, hydrophobic fumed silica and 100nm Stöber silica respectively, and the
[wt loss PMMA/wt loss SiO2] was obtained from the TGA data. The adsorption
isotherms for methylated Stöber and fumed silica were nearly identical, and had the
lowest values for all the silicas. For the hydrophilic silicas, the saturation adsorption
values found from the flat portion of the isotherms were lowest for the fumed silica
(1000oC) and highest for Stöber silica (―as-is). Adsorption isotherms for ―as-is‖ acid
treated Stöber silica (not shown) were identical to the ―as-is‖ Stöber silica.
In figure 5-1b the adsorbed amount is plotted as a function of silanol density
of silica and we note that as the silanol density increases the amount of polymer
adsorbed also increases.The plateau region is flatter for the Stöber compared with the
fumed silica, despite the fact that at equivalent solution concentrations, there was
always more excess PMMA in solution than deeded for plateau adsorption for the
former silica (since equivalent weights of silica were added, and the surface area of
the Stöber silica/surface area of the fumed silica  30/380 = 0.078).
If it is assumed that the density of the adsorbed PMMA is the same as that of
the bulk polymer (ρ = 1.19g/cc), then the calculated thicknesses of the adsorbed
layers at plateau adsorption using the surface areas of the fumed silica, and the
measured diameters of the Stöber silica, are presented in Table II.

47

Figure 5-1a: Adsorption isotherms for PMMA from CHCl3 onto Stöber silica: (▲)
―as-is‖; (♦) 600oC + acid; (■) 1000oC; (✲) 1000oC + acid; (●)
hydrophobic; and onto fumed silica: (▲) ―as-is‖; (■) 1000oC; (●)
hydrophobic.
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Figure 5-1b Mass of adsorbed polymer v/s the silanol density of silica
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5.4.2 FTIR and Zeta Potentials of Silicas
Figure 5-2 shows the FTIR spectra of the Stöber and fumed silica used in the
current study. SiO2 readily adsorbs water on the silica surface and exhibits a broad
band centered at ca. 3400cm-1`that overlaps with the silanol vibrations, as can be
observed in the ―as is‖ Stöber silica. Evacuation at 150°C removes the physisorbed
water layer and exposes the underlying surface hydroxyl groups4. The highest
frequency, sharp peak at 3747 cm-1 is characteristic of isolated surface silanols. All
peaks at lower frequency arise due to hydrogen-bonded or perturbed silanols79. Both
hydrophobically modified silicas have similar IR spectra (Figure 5-2g). There are no
isolated silanols, as they have reacted with HMDS, but a few hydrogen-bonded
silanols remain. The bands between 2800-3000 cm-1, representing the symmetric and
antisymmetric methyl (CH3) stretching vibrations, indicate the presence of methyl
groups on the SiO2 surface.
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Figure 5-2:

FTIR spectra of silica: (a) ―as-is‖ Stöber SiO2 ; (b) ―as-is‖ fumed SiO2;
(c) 600oC Stöber SiO2 ; (d) 600oC + acid Stöber SiO2; (e) 1000oC +
acid Stöber SiO2 ; (f) 1000oC fumed SiO2 (same as Stöber 1000oC) (g)
hydrophobic fumed SiO2-(CH3)3 (same as hydrophobic Stöber SiO2(CH3)3).
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The number of TMS groups that can react with aerosol and precipitated silicas
has been shown to be the same80. In the case of as-is Stöber silica, the presence of
uncondensed ethoxy groups, which remain from incomplete condensation of the
TEOS used in the synthesis, can also be observed in this spectral region (not shown).
There are differences in the FTIR spectra of ―as is‖ fumed silica compared
with colloidal (precipitated/gel) silicas, as discussed extensively in the literature 81;
Stöber silica can be considered a type of colloidal silica. In general, fumed silica has
fewer silanols/area than any ―as is‖ colloidal silica80, as also observed (Figure 5-2a
and b) in this investigation. Almost all of the SiOH in the ―as is‖ Stöber silica are
hydrogen bonded, while isolated silanols still occur on the ―as is‖ fumed silica
surface, as has been previously shown by 1H NMR analysis82
In the case of both the Stöber and fumed silica beads (Figure 5-2c and f),
increasing temperature of heat treatment decreases the total silanol density, and
increases the relative intensity of the isolated silanol peak (3747 cm-1) at the expense
of the hydrogen-bonded silanols (3600-3700cm-1), as previously observed by Morrow
et al80 for fumed and precipitated silicas. This is attributed to a condensation process
in which hydrogen bonded silanols containing an odd number of silanols condense to
liberate water in the process of creating a siloxane-bridge site and an isolated
silanol80, the chemical equation is described in chapter 3. At 1000°C there are no
hydrogen-bonded silanols for either Stöber or fumed silica (Figure 5-2f), and their
FTIR spectra exhibit only an isolated silanol peak at 3747cm-1. Subsequent acid
hydrolysis regenerates hydrogen-bonded silanols for the Stöber silica (Figure 5-2d
and e); the intensity of the 3660-3675 cm-1 hydrogen-bonded silanols increases while
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that of the 3747cm-1 peak decreases. After acid treatment of the Stöber silica heated
to 600oC and 1000oC, there is a similar increase in hydrogen-bonded silanols and a
decrease in the isolated silanol peak. However, acid hydrolysis never recovers the
silanol density of the original ―as-is‖ samples.
The decrease in silanol densities was confirmed by zeta potential analysis of
the silicas, and these results are presented in Table I. The zeta potential of silica is
negative, since it results from surface SiOH group dissociation to form SiO -. With
decreasing silanol density the zeta potential becomes more positive as fewer SiOH are
available to dissociate. For each type of silica, the zeta potential becomes more
positive with increasing heat treatment temperature, as the silanol groups condense.
The zeta potential of the Stöber silica is always more negative than the fumed silica,
due to the higher silanol density in the former case. The slight difference between the
heat and heat +acid treated samples is due to the expected decrease in zeta potential
with pH83.
5.4.2 FTIR of PMMA on Silica
5.4.2.1

2500-4000cm-1 Silanol Region

Representative spectra for PMMA adsorbed onto Stöber and fumed silica are
presented in Figures 5-3 to 5-8. With increasing amount of adsorbed PMMA, the
bands associated with CH2 and CH3 in the 2800-3000cm-1 region increase and since
PMMA is hydrophilic, the broad water band centered around 3400cm-1 also increases.
For both fumed and Stöber silica, the isolated silanol peak at 3747cm-1 decreased and
the hydrogen-bonded peak around 3660cm-1 increased with increasing amount of
adsorbed PMMA for all the hydrophilic silicas. However, in the case of the Stöber
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silica, the isolated silanol peak always disappeared with increasing PMMA
adsorption, whereas isolated silanols remained in the case of all the fumed silicas.
Since the disappearance of the isolated silanols can result either from
hydrogen bonding to the carbonyl of PMMA, or to the water that is associated with
the PMMA, all the silicas were exposed to moist air for several days, and their spectra
(not shown) taken. In all cases, the 3747cm-1 band remained, although it decreased
slightly in intensity with water adsorption.
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Figure 5-3:

FTIR spectra in silanol region of Stöber silica as-is (bottom) and
PMMA on Stöber silica as-is as a function of increasing (bottom to
top) amount of adsorbed PMMA; spectra corresponding to points
taken from Figure 1 (▲).
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Figure 5-4:

FTIR spectra in silanol region of Stöber silica heated to 600oC +acid
(bottom) and PMMA on Stöber silica heated to 600oC +acid as a
function of increasing (bottom to top) amount of adsorbed PMMA;
spectra corresponding to points taken from Figure 1 (♦).
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Figure 5-5:

FTIR spectra in silanol region of Stöber silica heated to 1000oC
(bottom) and PMMA on Stöber silica heated to 1000oC as a function
of increasing (bottom to top) amount of adsorbed PMMA; spectra
corresponding to points taken from Figure 1 (■).
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Figure 5-6:

FTIR spectra in silanol region of Stöber silica heated to 1000oC +acid
(bottom) and PMMA on Stöber silica heated to 1000oC +acid as a
function of increasing (bottom to top) amount of adsorbed PMMA;
spectra corresponding to points taken from Figure 1 (✲).
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Figure 5-7:

FTIR spectra in silanol region of Fumed silica as-is (bottom) and
PMMA on Fumed silica as-is as a function of increasing (bottom to
top) amount of adsorbed PMMA; spectra correspond to points taken
from Figure 1 (▲).
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Figure 5-8:

FTIR spectra in silanol region of Fumed silica heated to 1000oC
(bottom) and PMMA on Fumed silica heated to 1000oC as a function
of increasing (bottom to top) amount of adsorbed PMMA; spectra
correspond to points taken from Figure 1 (■).
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5.4.2.2

1700-1800-1 cm-1 Carbonyl Region

Figure 5 presents the FTIR spectra of PMMA and representative spectra of
PMMA adsorbed onto ―as-is‖ and hydrophobic fumed silica in the carbonyl region
1700 cm-1-1800-1 cm-1. Pure PMMA shows a strong single carbonyl stretch at 1732
cm-1, while PMMA adsorbed onto hydrophobic fumed SiO2 shows a broader single
band centered around 1734 cm-1. A doublet is observed for PMMA adsorbed onto the
hydrophilic fumed and Stöber SiO2, with a maximum at 1736cm-1 and a shoulder at
1712cm-1. In general36, ―free‖ carbonyls appear at higher wavenumber, so that the
peak centered at 1736 cm-1 is attributed to the carbonyl not hydrogen bonded with the
SiO2 surface. The shoulder at 1712cm-1 is then attributed to the carbonyl group which
hydrogen bonds with the surface silanols of SiO2 and is the known as the ―bound‖
carbonyl. As the amount of adsorbed PMMA increased on the hydrophilic silica, the
intensity of the bound carbonyl peak decreased, as shown in Figure 5-9.
Both neat PMMA and PMMA adsorbed to hydrophobic Stöber and fumed
silicas exhibited a single peak that could be well fit using a Gaussian function,
although there was a slight asymmetry at lower wavenumbers for the hydrophobic
silicas, which may arise from the small numbers of SiOH still remaining after
silanization. For all of the hydrophilic silicas, where two peaks (main plus shoulder)
were observed, the curves were best fit using a function comprised of both Gaussian
and Lorentzian components. Previous work suggests that if a two Gaussian fit is used
for the bound carbonyls, the very weak lower wavenumber component peak results
from the carbonyl bound to two adjacent SiOHs, but the dominant component results
from
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Figure 5-9:

FTIR spectra in carbonyl region for (—) PMMA; (—) PMMA bound
to hydrophobic fumed silica; and (—) PMMA bound to ―as-is‖ fumed
silica as a function of decreasing PMMA (---).
Inset: Curve fit using a mixed Gaussian-Lorentzian function for
PMMA bound to ―as-is‖ fumed silica.
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Single silanol adsorption25; our data was not sufficiently accurate to analyze
the data in this detail. The inset in Figure 5-9 shows the fitted curve for PMMA
adsorbed onto ―as-is‖ fumed SiO2. Assuming that the ratio of the areas of the bound
to total carbonyl peaks corresponds to the fraction of polymer segments which are in
contact with the SiO2 surface via hydrogen bonding (i.e. the bound fraction, BF)
compared to the total integrated intensity of all polymer segments, fC=Ob:

BF = fC=Ob

AC=Ob

=

Equation 2

AC=Ob + ε C=Ob AC=Of
ε C=Of
Here the ―b‖ bound and ―f‖ free integrated areas and adsorption coefficients
are AC=Ob and AC=Of, and εC=Ob and εC=Of, respectively. If for simplicity it is assumed
that the ―free‖ and ―bound‖ carbonyls have the same extinction coefficients, the ratio
of the absorption coefficient is one.
The results of these calculations are presented in Figure 5-10 For all types of
SiO2, the bound fraction decreases as the amount of adsorbed PMMA increases. At
comparable coverages for either the Stöber or fumed silica, the bound fraction
increases with increasing silanol density: fC=Ob (―as-is‖) > fC=Ob (600oC + acid) > fC=Ob
(1000oC + acid) for Stöber silica and fC=Ob (―as-is‖) > fC=Ob (1000oC) for fumed silica.
The bound fraction at a PMMA coverage of ca. 0.6mg/m2 is given in Table II, and
these points are highlighted (by an asterisk) in Figure 5-11. Lastly, the two types of
silica can be compared.
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Figure 5-10: Bound fraction of PMMA as a function of amount of adsorbed PMMA
on Stöber silica: (✻) 1000oC + acid; ( ) 600oC + acid and (▲) ―asis‖; and fumed silica: (■) 1000oC and (▲) ―as-is‖ fumed silica. Note:
✼ indicates points at ca. 0.6mg/m2
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The higher silanol densities shown in the FTIR spectra and zeta potential data for
Stöber silica compared with fumed silica result in higher bound fractions in the
former case.
An anchoring point density, that is the number of methacrylate monomers, or
―mers‖ bound to the silica, was then obtained by combining the amount of adsorbed
(Ads) (mg/m2) PMMA from the TGA data (Equation 1) and the bound fraction (BF),
from the FTIR data (Equation 2)
# Bound ―mers‖/area(nm2)
=

(Ads mg/m2)(10-3g/mg)(1m2/1018nm2)(BF)(1mole/Mo)(Namers/mole)

=

6.023(Ads)(BF)

Equation 3

and where Mo is the molar mass of a ―mer‖ = 100g/mol, that is, a single methyl
methacrylate unit, Na Avogadro‘s number, ρSiO2 = 2.0g/cm3 and the area of SiO2 was
380m2/g for fumed silica or the geometric area of the 100nm (r = 50nm) beads. The
results of these calculations are presented in Table III. Further, in the case of the
100nm Stöber silica, where the geometric area is known, and TEM results show that
the beads with adsorbed PMMA are isolated, it was possible to calculate the #PMMA
chains/bead.
# Polymers/bead
=

Adsorbed (mg/m2)(10-3g/mg) (1mole/7.5x104g) (NA) 4πr2 (1m2/1018nm2)

=

252 Ads

Equation 4
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The results of this calculation are presented in Table III.
Figure 5-11 show derivative MDSC plots of PMMA and PMMA adsorbed
onto Stöber and fumed silica with the same amount of adsorbed PMMA,
approximately 0.6mg/m2, except for the methylated silicas, where is was not possible
to adsorb that much PMMA. The samples for which the MDSC data were obtained
are marked (by asterisks) in Figure 5-10, which was in the plateau region for all the
samples except for the Stöber ‗as-is‖ and 600oC + acid silica. The values of T g and
the breadth of the transitions, described as the FWHM, ∆T1/2, are presented in Table
II. For the hydrophobic surfaces, there is a decrease in T g for Stöber silica, and no
change for the fumed silica. For the hydrophilic surfaces, T g increases with increasing
silanol density for both the Stöber and fumed silica. The insert in Figure 6 is a plot of
Tg versus mers/nm2. The largest shifts occur for the Stöber silica, since they have
higher silanol densities. From the original MDSC plots (not shown), values of the
change in heat capacity, ∆Cp, above and below the Tg can be measured. These results
are presented in Table II, and show there is a large diminution between neat PMMA
and PMMA adsorbed to SiO2. Further, for each type of silica, ∆Cp (hydrophobic) >
∆Cp (1000oC, 1000oC + acid) > ∆Cp (600oC + acid) > ∆Cp (as-is) SiO2, that is, it
decreases with increasing silanol density.
We have reported Tg, ∆Tg, and ∆Cp data for the first heating cycle. By doing
so, the data reflect the state of the PMMA chains as they are first adsorbed onto the
silica surfaces for a nonequilibrium adsorption process84, 85, and from a solvent that
does not compete for SiOH sites. The effects during the first heating cycle are most
pronounced, and which represents the chain conformation of the PMMA as it was
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adsorbed onto the substrate from a good solvent. After solvent evaporation, further
collapse of the chain can occur, so that more chain segments are in contact with the
surface, possibly through weak induced dipole interactions.
TEM images of ―as-is‖ Stöber and fumed silica with and without adsorbed
PMMA and similar images for fumed silica are shown in Figure 5-12. For all the
Stöber silica, with any quantity of adsorbed PMMA, the nanoparticles were isolated.
By contrast, the appearance of the fumed silica changed upon addition of PMMA,
when the TEM images were obtained by evaporation of the nanoparticles on the grids
from suspensions of the same concentration. The fumed silica with adsorbed PMMA
appeared less disperse and more dense than the native fumed silica.
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Figure 5-11: Derivative reversible heat flow Tg plots for PMMA (a) cast from
CHCl3 ; adsorbed onto (b) hydrophobic Stöber silica; (c) hydrophobic
fumed silica; (d) 1000oC fumed silica; (e) ―as-is‖ fumed silica; (f)
1000oC + acid Stöber silica; (g) 600oC + acid Stöber silica; (h) ―as-is‖
Stöber silica. The inset is a plot of T g versus mers/nm2. Data obtained
from points (✼) shown in Figure 5-10.
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Figure 5-12: TEM images of: (a) Stöber silica; (b) Stöber silica with
adsorbed PMMA (in plateau region); (c) fumed silica; and (d)
fumed silica with adsorbed PMMA (in plateau region).
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Discussion
The nonequilibrium adsorption of PMMA from CHCl3 solution onto the
surface of SiO2 nanoparticles, either single isolated 100nm spheres, or fractal
aggregates of fumed silica with a primary particle size of 7nm was investigated. The
native SiO2 surface contains siloxane and silanol groups, where the silanol groups
have been shown to be the sites for adsorption, through hydrogen bonding
interactions with the carbonyls of PMMA. CHCl3, which is a good solvent for
PMMA, was selected since the CHCl3 does not compete for the silanol sites on the
silica86. Adsorption isotherms were obtained for solutions below the overlap
concentration. The silanol densities were changed by heat and acid treatment, or
substantially eliminated by reaction with HDMS to hydrophobically modify the
surface.. The type and density of silanols play an important role in defining the
amount of adsorbed species75, and may thus also be expected to affect PMMA
binding. This in turn will affect the conformation of surface adsorbed species of
PMMA, in particular the formation of trains (in which the PMMA lies flat on the
surface), loops, tails and tie chains. The latter may occur if the radius of gyration of
the PMMA in solution is greater than the characteristic size of the surface, and thus
can form contacts between at least two particles. The lower the silanol density, and
the smaller the particle size with respect to that of the PMMA chain, the more likely it
is that loops and tails will form. Experimental and theoretical work indicates that the
chain at a surface adsorbs as an ellipsoid, with the chain dimensions parallel to the
surface similar Rg, but flattened perpendicular to the interface62.
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In the current investigation, the adsorbed PMMA is bounded on one side by
the substrate, and on the other side by air. In the case of thin films, these two
interfaces both influence properties and can have opposite effects 77. If it is assumed
that the density of PMMA is 1.19 g/cm3 (same as bulk) on the silica surface, the
thicknesses of the adsorbed layers would correspond to at most 3-8Å at plateau
adsorption (less for sub-monolayer adsorption) and the polymer chains may not form
uniform thin films. We have studied samples at equivalent adsorption amounts, and at
such small thicknesses that the air interface should be comparable for all the samples,
so that the underlying effects of the substrate and substrate morphology are expected
to be dominant. Our results may thus account for discrepancies reported in the
literature for PMMA adsorption on silica and alumina substrates with ill-defined
surface silanol densities. For example, in the case of i-PMMA on silica and alumina
oxide surfaces, surface relaxation times at 2-3nm from the air surface were strongly
affected by the substrate, with opposite results for alumina and silica 87.
When Stöber and fumed silica are heated, the silanols condensed to form
hydrophobic siloxane bridges, resulting in reduction of silanol density, [SiOH], as
determined both by FTIR and zeta potentialdata. For each type of silica, ‗as-is‘ SiO2
had the maximum and 1000 oC SiO2 had the fewest [SiOH] of the neat SiO2, with only
a few H-bonded SiOH on the hydrophobically modified SiO2. With decrease in
[SiOH], the sites for adsorption on the SiO2 surface decreased, thereby resulting in
decreased plateau adsorption of PMMA, as previously observed 74. Plateau adsorption
of PMMA tracked [SiOH], independent of the type of silica and was least for the
hydrophobic beads, where the surface was covered with methyl groups.
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The number of polymer segments which are directly adsorbed to the silica was
approximated by the number of bound carbonyls, those that were hydrogen bonded
with the silanol groups on the surface of SiO2, since these segments possesses a
characteristic IR band which shifts in frequency between the unbound and the
adsorbed bound state 84. Few bonded carbonyls were observed for PMMA adsorbed
to methylated Stöber or fumed silica, in agreement with previous data in which
PMMA adsorbed to fumed silica treated with HMDS did not show significant
amounts of the hydrogen bonded carbonyl peak88. The FTIR spectra of the
hydrophilic silica were analyzed and the bound and unbound (free) fractions of the
polymers estimated, and the anchoring point density obtained by combining the FTIR
and TGA data. The results of this calculation are presented in Table III. The
anchoring point density, namely the number of methyl methacrylate monomers (or
―mers‖) directly hydrogen bonded with the silica, increased with [SiOH], independent
of silica type.
The #mers/nm2 is in the range of total silanol densities for the ―as-is‖ Stöber
silica, and suggests that there are many trains, rather than loops in the adsorbed
PMMA. Reported values of silanol densities are between 4.9-8.8 SiOH/nm2 for
colloidal silica89-91, and the total silanol density decreases with increasing heat
treatment temperature, with values of 1.5 SiOH/nm2 at 600oC and 0.25 SiOH/nm2 at
1000C92. Thus it is reasonable that the isolated silanol peaks disappear for the Stöber
silica, since they are more likely to hydrogen bond to the carbonyl oxygens of PMMA
than the already hydrogen bonded silanols, although it has been reported in the case
of precipitated silicas that the most reactive silanol groups towards water molecules
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are the terminal silanols. However, the #mers/nm2 is greater than the reported values
of silanol densities at the higher heat treatment temperatures. In this investigation,
samples were heat treated, and TGA weight loss data gave silanol densities of 2
SiOH/nm2; the TGA was not obtained directly, so rehydration of strained siloxanes
could have occurred, as has been reported for fumed silica93.
In the case of the ―as is‖ fumed silica, the number of mers/nm2 (< 1.2/nm2)
was always less than the total silanol density, so it is reasonable that isolated silanol
peaks are always observed in the FTIR spectra. NMR data has shown that surface
silanols can be trapped at contact points between fumed silica globules, and that these
interparticle silanol groups, as well as silanols in the interstices between particles are
not accessible even to water molecules82. In the case of fumed silica, reported values
of silanol density are between 1.8 –2.7 SiOH/nm2, depending on the state of hydration
93

and decrease with increasing heat treatment temperature94, with a maximum

isolated silanol density of 1.8 SiOH/nm2 at 600oC) with increasing heat treatment
temperature 93. Here too, the #mers/nm2 was greater than reported silanol densities at
1000oC, and can also arise from the same reason as suggested above for the Stöber
silica93.
The most interesting (and perhaps useful) result reported here is that the
properties, in particular the Tg, of the adsorbed PMMA, when measured at equivalent
adsorbed amounts, depend directly only on the silanol density of the underlying silica
substrate, which in turn is directly related to the bound fraction of PMMA and thus
the anchoring point density (i.e. hydrogen bonded C=O/SiOH). This trend was
independent of the type of silica and the subset of these results is presented in Table
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4. The increase in anchoring point density with increasing silanol density (for
equivalent absorption amounts) is consistent with the view that the silanols are the
principal places on the silica surface to which the PMMA binds. It suggests that at
high silanol density, with many binding sites, the chains adopt a flatter, more planar
conformation, and with decreasing silanol density, a greater portion of the chains
must adopt conformations that do not directly bind to the surface. Instead, they
become ―loops‖ or ―tails‖ pinned to the surface by fewer binding sites.
For each type of silica, the bound fraction decreased with increased PMMA
coverage. These results are in agreement with previous trends reported in the
literature, where for PMMA adsorbed to fumed silica, the fraction of directly-bound
carbonyls decreased with the amount of adsorbed PMMA, and was fairly insensitive
to solvent or molar mass (19 to 587 kg/mol) of PMMA73, 88. In solution studies of
PMMA adsorbed to oxidized Si from CHCl3 chains adsorbed at earlier times in the
adsorption process adopted flatter conformations and had a higher fractions of bound
carbonyls, while chains adsorbed at later times had access to fewer adsorption sites
and had solution-like conformations84. In our study we have looked at bound fraction
as a function of silanol density.
However, we also observed that the number of bound monomers/nm2
increased with increased PMMA coverage. This confirms that we were observing
only PMMA chains that were in fact actually adsorbed to the silica surface, and not
chains trapped by attached chains. This is in contrast to thin film studies (e.g. of
stereoregular PMMA on ozone treated silicon), where, although the fraction of
bonded carbonyls increases with decreasing film thickness, due to the increased
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proximity of the PMMA chains to the substrate78, some chains are not in fact attached
to the substrate.
Since residual silanols remain on the fumed silica but not on the Stöber silica
at comparable PMMA coverages, and for the same silanol densities and the same
number of bound monomers/nm2, this strongly suggests that the PMMA on the fumed
silica bridges the primary particles, skipping silanol sites. TEM images of PMMA on
Stöber silica show individual beads, whereas TEM images of hydrophilic fumed silica
show denser aggregates compared with native fumed silica, when both are prepared
from solutions of equivalent concentration, but below the overlap concentration. This
further suggests that there may be bridging by PMMA chains between primary
particles of the fumed silica, as depicted in Figure 5-13. Eventually, at solution
concentrations above the overlap concentration, a gel formed in the case of the
hydrophilic fumed silicas, but not for any of the Stöber silicas, which had higher
silanol densities. This argument seems reasonable in view of the approximate Rg of
PMMA in CHCl3, which is larger than the dimensions of individual primary particles
of the fumed silica. The value of Rg = 6.5nm for PMMA in a theta solvent, but can
increase by a factor of 3 in a good solvent; comparison of intrinsic viscosity data for a
theta solvent and CHCl3 gives an expansion factor of ~ 3 and <r g> ~ 20nm in CHCl3
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, which is three times larger than the primary particle size of the fumed silica, but

smaller than the 100nm silica nanoparticles.
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Figure 5-13: Schematic of PMMA adsorption to Stöber and fumed silica: (a)
―as-is‖ Stöber; (b) 600 oC + acid Stöber; (c) 1000oC + acid Stöber; (d)
(CH3)3-Si; (e) ―as-is‖ fumed silicas.
Where the shaded region represents residual silanols.
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Previous work on PMMA adsorption onto Al2O3 showed that the anchoring
density, σ increased with particle size, and when Dparticle ~ ladsorbed polymer, the chains
were suggested to protrude outwardly from the surface of the particles68. In the
current work, the primary particles of fumed silica are connected (i.e. not isolated), so
that the PMMA chains adsorb to more than one primary particle, bypassing isolates
silanol sites on individual primary particles, and connect the particles by bridging
sequences.
Both hydrophobically modified silicas have almost overlapping adsorption
isotherms. However, Tg for CH3-fumed silica is similar to bulk PMMA, whereas T g
for CH3- Stöber silica is 20 oC lower. DeGennes96 proposed a model, which is
appropriate for the current work, to take into account T g depression in thin freestanding polymer films for the case when the thickness, h, is smaller than the coil
size, Ro. He proposed that there were two types of motions, those controlled by free
volume (characteristic of the bulk) and independent of chain length, and collective, or
sliding (something like reptative), motions along the chain, which required weaker
free volume, except for the end-groups. In this process, monomers (except the first)
jump into an already available space, requiring longer times for the larger ―kinks‖ in
the chain to move, since they need larger volumes, and thus create bottlenecks; along
a ―soft surface,‖ the chain ends move relatively easily. Therefore, in this model, the
collective motion of a loop, whose length, g, is much less than that of the total
number of monomers, N, of the chain, dominates the relaxation behavior. For Ro < h,
Tg increases with g, and for h~ R o (the midplane of the film is not connected to the
surface) the bulk Tg is expected. In the current work, h ~ 1nm and R g = 6.5nm,
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although the polymer is expected to compress in the direction perpendicular to the
surface62. The results of the model suggest that the reason that T g (PMMA on (CH3)3fumed silica) = (111.7) ~ Tg (bulk PMMA) = 111.0oC > Tg (PMMA on (CH3)3Stöber) = 92.4oC for identical adsorbed amounts of PMMA is that there are larger
loops in the methylated fumed silica. This is consistent with the results obtained for
the number, Nα, of ―mers‖ involved in the cooperative motion, which were greater for
fumed (250) compared with Stöber (157) silica.
Our data for adsorption of PMMA on ―as-is‖ fumed silica agrees well with
previously reported plateau adsorption data: ~2mg/m2 silica (4.5 x 105 g/mol97) >
~0.8mg/m2 silica (9 x 104 g/mol98) > 0.7mg/m2 (7.5 x 104 g/mol). For these samples,
the Tgs of the bound segments were all ca. 30oC higher than bulk PMMA at plateau
adsorption, and for the highest molar mass sample, an additional peak, close to bulk
PMMA, associated with loosely bound segments, was also observed 97. The Tg trends
observed in the current work, namely increased T gs for hydrophilic silica and similar
or depressed Tgs for methylated silica, are in agreement with previously reported data.
The first report of an increased T g for thin films of PMMA on an oxidized
silicon wafer suggested that the increase was due to hydrogen bonding between the
PMMA and the substrate, restricting chain mobility55. Increased electron densities
were observed by x-ray reflectrometry for atactic, syndiotactic and isotactic PMMA
near SiOx surfaces, indicating increased monomer density at this interface,
independent of film thickness (between 20 and 80nm investigated) 99. The Tg of thin
films of PMMA increased by up to 7oC on silicon oxide and decreased by 10 oC on
silicon oxide treated with HMDS, compared with the bulk value, as measured by
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local thermal analysis methods100. Subsequent work on isotactic PMMA adsorbed to
Si substrates with one free surface showed increases in T g for increasing film
thickness with a maximum increase of about 15 K for a 7-nm film101. In PMMA
adsorbed onto SiO2, the interaction with the substrate inhibited local dynamics,
increasing T g, whereas the surface in contact with air had the opposite effect,
enhancing the local dynamics and lowering T g, giving rise to an overall T g
dependence that varied with film thickness.
The width of the transition at T g, ∆T1/2 increased with respect to neat PMMA,
by less than the factor of two previously reported88, and this increased width is
sometimes attributed to a large range of relaxation times. The change in heat capacity
above and below Tg, ∆Cp, for neat PMMA agreed well (0.29Jg -1 oC-1) with previously
reported values97, 102. The value of ∆Cp for PMMA adsorbed onto ―as-is‖ fumed silica
(0.057Jg-1 oC-1) also agreed reasonably well with that previously reported (0.047Jg -1
o

C-1), although the value was believed to be an upper limit97. The reduced value of

∆Cp originates from the reduced segmental mobility, and thus fewer degrees of
freedom, of the tightly bound PMMA. For the 1000 oC heat-treated and methylated
fumed silica, the former with few silanol, and the latter no silanol groups, ∆Cp
increased slightly. However, even on these hydrophobic surfaces, ∆Cp was a factor of
four less than for neat PMMA, while for s-PMMA intercalated in organophilic
montmorillonite, ∆Cp (~ 0.42Jg-1 oC-1) was similar to the value for neat polymer 103. In
the case of Stöber silica investigated here, there was a clear trend showing that ∆Cp
increased with decreased silanol density, and was highest for methylated silica.
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We have investigated films in which the layer thickness is much less than the
unperturbed dimensions of the chains, so confinement effects are expected. In the
case of PMMA on methylated substrates, dewetting can occur, as has been observed
in the case of polystyrene on glass61. Confinement effects have been evaluated in
terms of a ―cooperatively rearranging‖ region, CRR, defined by Adam and Gibbs as
the smallest region that could undergo a transition to a new configuration without a
simultaneous configurational change in the surroundings104. The size of this region is
characterized by a volume, V ~ ξ3
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, which has the largest value at T2, the

temperature where the configurational entropy of the chain is zero (or its lowest
value), and decreases in size with increased temperature106, as the number of available
configurations increase. The size of the CRR and the number of ―mers‖ (in the case of
polymers) involved in the cooperative motion, Nα can be calculated from specific heat
capacity measurements103, 107. When applied to polymers under confinement, the size
of the CRR has been shown to decrease with the length scale of confinement,
resulting in shorter relaxation times and lower T gs. However, finite size effects occur
even when the length scale of confinement is larger than the size of the CRR, both in
glass forming low molecular weight liquids in pores108 and polymers (syndiotactic
PMMA) intercalated in organophilic montmorillonite 103.
The values of ξ and Nα can be computed from103, 109:
ξ

=

[kbT2∆ (1/Cv)]/ρ∆T2]1/3

Equation 5

Nα

=

ρNAξ3/Mo

Equation 6

where NA is Avogadro‘s number, ∆T is the mean temperature fluctuation ~
∆T/2.5 (heating cycle) and ~ ∆T/4 (cooling cycle) and ∆T is the width of the
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transition between 16 and 84% of the total ∆Cp step, T the temperature, kB the
Boltzmann constant, ρ the density of the polymer (1.19g/cm3) for PMMA), Cv the
specific volume heat capacity (approximated by Cp, the heat capacity at constant
pressure), ∆(1/Cv) = (1/Cv)glass -(1/Cv)liquid, Mo the molar mass of a ―mer,‖ 100g/mol.
The values of ξ and Nα for neat PMMA, fumed and Stöber silica are presented
in Table II.
previously103,

The value of ξ for neat PMMA agrees well with those reported
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. In the study in which the PMMA was sandwiched between

organophilic montmorillonite, with estimated interlayer spacings of 2 and 140nm, ξ
decreased with decreasing confinement 103. In the case of PMMA capped gold
nanoparticles with different interfacial widths, σ ~ 0.2 to 4nm (obtained by varying
the solvent and solution concentration) and dispersed in a PMMA matrix, ξ varied
randomly between 2 and 3.5nm, independent of volume fraction (which was related
to interparticle spacing)110. The authors suggested that there were three regions: (i) σ
<< ξ, i.e. the interface is sharp, the segmental density decays to the bulk value
quickly, so that the mean relaxation is dominated by the surface layer, which for
gold/PMMA is expected to be enhanced, thus reducing T g; (ii) σ >> ξ, there is a
diffuse interface and an enhancement in segmental density, so that the relaxation
process is dominated by the slower relaxation of the bulk, thus enhancing T g; (iii) σ ~
ξ, ∆Tg ~ 0. Using this model, a crossover occurred in their system at σc ~ 2.5nm;
below σc,Tg was depressed. In the current investigation, the interface layer was less
than 1nm, while ξ ~ 2-3nm. Thus, a depression in Tg is expected for nonattractive
interfaces, as observed for CH3-fumed and CH3- Stöber silica.
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An increase for

attractive interfaces, as observed for the hydrophilic silica, is expected for the
surfaces where the surface layer has slowed dynamics, increasing T g.

Conclusions:
The effect of surface properties and morphology of two types of silica, fumed
and colloidal SiO2, on the adsorption of PMMA were compared. Fumed silica, made
by flame hydrolysis of SiCl4 has fewer native SiOH groups than does colloidal silica
prepared at much lower temperatures from TEOS. Further, fumed silica consists of
fractal aggregates of grape-like clusters containing primary particle sizes of ca. 7nm,
whereas the colloidal silica consists of individual 100nm SiO 2 nanoparticles. For
either silica, plateau PMMA adsorption increased with increasing SiOH density and
was least for hydrophobically (-CH3) modified SiO2. Similarly, the bound PMMA
fraction, as measured by the relative intensity of the hydrogen bonded carbonyl peak,
increased with increasing SiOH density, and no hydrogen bonded fraction was
observed for methylated SiO2. The bound fraction decreased with increasing amount
of adsorbed PMMA, but the number of ―mers‖/nm2 increased with the amount of
adsorbed PMMA, indicating that all of the PMMA was attached to the substrate. At
comparable PMMA coverage, for hydrophilic silica, Tg increased with increasing
SiOH density, bound fraction and #mers/nm2 for both Stöber and fumed silica and
decreased/remained the same for methylated SiO2, with respect to the Tg of bulk
PMMA. These results indicate that the hydrogen-bonding interaction between the
carbonyl group on PMMA and the SiOH of SiO2 restricts the mobility of the PMMA
chains and thus increased its Tg. The unchanged/reduced Tg for methylated silica was
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attributed to a model proposed by deGennes for polymers on nonattractive surfaces,
in which the dynamics were determined by the loop size, which was greater for
fumed methylated silica. TEM observation for the hydrophilic silica indicated that the
colloidal silica existed as separate nanoparticles after PMMA adsorption, but that the
fumed silica became denser, suggesting that bridging of PMMA chains occurred
between the primary particles of the fumed silica.
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Table 5-1. Properties of SiO2

SiO2 Type

SiO2 Name

A380

Fumed SiO2

Primary particle size
7nmaaggregate
b

size>1000nm

Specific

Zeta Potential,

surface area

pH

380±30 m2/g a

as-is

-28.4mV, 6.7

600oC

-27.3mV, 6.7

1000oC

-26.9mV, 6.8
7nma

R812

115nmb,119nmc,103 ± 6

Stober SiO2

d

nm

260±30 m2/g a
31 m2/g e

as-is

-41.9mV, 7.73

as-is + A

-39.4mV, 6.80

600oC

-35.1mV, 7.29

600oC + A

-34.2mV, 6.72

1000oC

-32.1mV, 7.28

1000oC + A

-31.7mV, 6.72

a: provided by supplier
b: by dynamic light scattering (DLS)
c: by atomic force microscopy (AFM)
d: by TEM
e: BET surface area
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Table 5-2 Summary of plateau absorption, layer thickness, T g and ∆T1/2, ξ and Nα for
PMMA on SiO2 at plateau adsorption
a

Sample

Plateau

Bound

Thickness

Tg

FWHM

∆Cp

ξc

(Ads)

Fraction

nm

°C

∆T1/2

Jg-1oC-1

nm

amount

(BF)b

Nαd

°C

mg/m2
PMMA

-----

110.96

13.30

0.29

2.4

97

0.3

92.38

21.92

0.080

2.8

157

0.47

0.4

142.60

20.14

0.061

2.7

141

0.57

0.7

150.76

30.64

0.042

0.69

0.8

164.92

40.27

0.023

3.0

199

0.2

111.74

16.38

0.070

3.3

250

(CH3)3
0.22
Stöber SiO2
1000°C
0.53
Stöber SiO2
1000°C

+

acid Stöber

0.59

SiO2
600°C

+

acid Stöber
SiO2

0.78

as-is Stöber
1.0
SiO2
(CH3)3
0.20
fumed SiO2
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Table 5-2 (continued)
1000°C
0.46

0.22

0.3

124.29

34.27

0.065

fumed SiO2
as-is fumed

1
0.59

0.32

0.4

139.73

SiO2

39.70

0.057

2.7
41

a

measured at a solution concentration of 40mg/mL; calculated from Equation 1; Ads

= adsorbed
b

calculated from Equation 2

c

calculated from Equation 5

d

calculated from Equation 6
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Table 5-3: Number of monomers(mers)/nm2 and polymer chains/bead as a function of adsorbed PMMA
Stöber ―as-is‖

Stöber 600°C + acid

Fumed ―as-is‖

Stöber 1000°C + acid

Fumed 1000°C

#
a

Ads

Adsa

mers/
BF

b

mg/m2

poly/
nm2 c

mers/ # poly/ Adsa
BF

b

mers/ # poly/ Adsa
BF

mg/m2

nm2 c

beadd mg/m2

2

1

0

2

1

56

0.55

.01

38

0.38

3

0.60*
1

0

2

1

86

Tg=151oC .57

.05

51

0.36

2

2

0

1

1

b

mers/ Adsa
BF

b

nm2 c beadd mg/m2

mers/
BFb

nm2 c mg/m2

nm2 c

beadd
0.62*
Tg=165oC 0.69

0.74

0.68

.57

.02

.61

0.57

0.57

.31

.18

1

9

7

0.11

1

8

7

0.13

1

1

.41

.41

0

0

.27

0.09

0

0

.32

0.10

0

0

0
0.37

.20

0
0.36

.22

0

0.84

0.59

.97

11

0.65

.51

.99

63

0.45

0.54

.46

14

0.33

.37

.73

0.31

0.31

.58

0.96

00.54

3.11

242

0.70

0.47

1.97

176

0.50

0.50

1.51

126

0.49

0.36

1.06

0.33

0.31

0.61

0.98

0.53

3.12

247

0.75

0.44

1.98

189

0.51

0.49

1.51

129

0.50

0.35

1.05

0.35

0.28

0.59

0.99

0.53

3.15

249

0.78

0.45

2.11

196

0.53

0.49

1.57

135

0.53

0.32

1.02

0.37

0.27

0.60
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Table 5-3 ( continued)
1.00

0.52

3.12

252

0.79

0.44

2.09

199

0.55

0.48

1.58

138

0.58*

0.52

0.34

1.06

0.41

0.26

0.64

0.59*

1.04

0.50

3.12

262

Tg=143oC 0.47

1.64

146

Tg=139oC 0.32

1.13

0.46

0.25

0.69

1.07

0.48

3.08

269

0.65

1.71

163

0.68

1.18

0.51

0.24

0.73

Tg=124oC 0.22

0.79

0.44

0.29

0.60*
0.72

0.28

1.21

* indicates data for which Tg values (shown) were measured; data had similar amounts of adsorbed PMMA.

a

calculated from Equation 1

b

calculated from Equation 2

c

calculated from Equation 3

d

calculated from Equation 4
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Table 5-4 Tg as a function of surface properties for PMMA adsorbed at ca. 0.6mg/m2
SiO2

zeta potential
mV

Bound

#mers/nm2 2

Tg oC

fraction1

1000oC fumed

-26.9

0.22

0.79

124.3

―as-is‖ fumed

-28.4

0.32

1.13

139.7

1000oC + A Stöber

-31.7

0.47

1.64

142.6

600oC + A Stöber

-34.2

0.57

2.05

150.8

―as-is‖ Stöber

-41.9

0.69

2.57

164.9

1

calculated from Equation 2

2

calculated fron Equation 3
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CHAPTER 6
CONFINEMENT EFFECTS OF POLY(ETHYLENE OXIDE) ON SILICA
NANOPARTICLES WITH RADII SMALLER AND LARGER Rg

Introduction
The interaction of poly(ethylene oxide), PEO, with surfaces is important in many
fields of research. It is relevant in the areas of colloid stability111, rheology112,

113

,

biocompatible114 and anti-fouling coatings, and polymer-mediated particle synthesis,
where the adsorbed polymer layer can resist compression, protein adsorption and prevent
flocculation. The conformational properties of PEO with surfaces are also important for
nanocomposites, in which one dimension is on the nano-length scale. Nanocomposites
are often composed of a polymer matrix and a nanoparticle reinforcing agent, typically an
inorganic material such as silica. The increasing use and development of nanocomposites
has fostered research and engineering of the interphase region, the area over which the
polymer interacts with the filler. The surface of the nanomaterial can be modified, often
by chemical means such as grafting and silanization or by adsorption, to modulate
polymer-particle interactions. Since the surface area in nanomaterials is large, and the
effects on polymer properties have been shown to propagate considerable distances from
the particle surface, the interphase region can significantly contribute to the material
properties. One application of PEO nanocomposites is in lithium ion batteries, where the
interaction of PEO with oxide surfaces has been investigated in charged
montmorillonites115 and has been shown to increase conductivity in the confined pores of
nanoporous alumina membranes116 and promote passivation of the lithium surface117. In
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PEO block copolymers and blends, dimensions are also in the nanoscale region, so that
crystallization kinetics and morphology are affected, resulting in useful applications such
as membranes that show significantly reduced oxygen permeability118.
There has thus been much research on the properties of polymers subjected to the
effects of confinement, particularly on the glass transition temperature, T g, in amorphous
polymers119, and crystalline growth and lamellar morphology in semicrystalline
polymers. In the case of poly(di-n-hexyl silane) crystallization was substantially hindered
in ultrathin films, in which a critical thickness of 15 nm was needed for nucleation of
crystal growth and in which the rate of crystallization was initially slow but increased
rapidly as the film approached 50 nm in thickness120,

121

. Tm, and Tc decreased

significantly for poly[ethylene-co-(vinyl acetate)] below film thicknesses of 30nm122. The
crystallization of semicrystalline PEO has been studied in several types of confined
spaces, such as diblock copolymers123-126 127, compatible128-131 and incompatible118, 132, 133
blends, in networks134, 135, thin136, 137 and ultra-thin138-140 films, pores116, 141, in nanolayer
assemblies of silicates115, 142 and polymers118, 132, 133 and on the surfaces of micro- and
nano-particles143.
The effects of confinement for PEO include an increase in the induction period
for crystallization141, and decreases in crystallization rates144, melt temperatures (Tm) and
enthalpies (∆Hm or percent crystallinity)116, 134, 135. The effects can be direct, for example
by inhibiting sizes of crystalline domains, and indirect, by affecting T g/mobility at the
crystal/amorphous/substrate interface136, 137, 144-146, since crystallization can only occur at
temperatures above Tg, where there are cooperative movements of large numbers of
connected monomers. At a temperature near the average T g of a blend of high Tg PMMA
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and low Tg PEO, decoupling of the local segmental dynamics of the PEO lead to
confinement effects on length scales of 1 nm, where there were small PEO enclosures of
high mobility in the relatively frozen PMMA matrix; at larger length scales the large
scale dynamics of this fast component was strongly slowed down130. A similar
confinement effect on small length scales was observed for PEO in a poly(vinyl acetate)
blend near the Tg of the blend131. When confined to thicknesses of ca. 20nm in nanolayer
assemblies composed of poly (ethylene-co-acrylic acid) (EAA)

132

or polystyrene (PS)

118

, PEO crystallized as single, very large, high-aspect-ratio lamellae, of lamellar spacing

22 nm, that resembled single crystals.
While the equilibrium structures of adsorbed polymer layers on planar surfaces
are well understood147,

148

, interest in nanocomposites and colloids has motivated both

theoretical and experimental work on the effects of curvature on polymer adsorption,
where it is found that the key parameter that controls the influence of curvature on the
structure of the interface is R/L, where R is the particle radius and L is the extension that
the same layer (a layer characterized by the same loop distribution profile) would have on
a flat surface149. Nanoparticles range from a few nm to ca. 100 nm, and thus their
dimensions can be in the same size range as that of the polymers with which they are
interacting. The size effect is expected to be prominent when the nanoparticle and
polymer chain dimensions are comparable. Whether chain dimensions are changed by the
incorporation of nanoparticles is still under debate and has recently been reviewed 150.
Experimental data for adsorption of PMMA from a good solvent onto reactive aluminum
oxide (Al2O3) particles showed a strong dependence of adsorption on surface curvature68.
For curved surfaces where 2Rparticle >> Rg polymer, adsorption similar to that on planar
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surfaces occurred. When 2Rparticle ~ Rg and when 2Rparticle ~ ladsorbed

layer,

the chains

extended outward, away from the surface68.
In the current work, PEO of molecular weight 100,000 g/mol, with a radius of
gyration (Rg) = 13.6 nm (in a theta solvent) is adsorbed from chloroform (CHCl3) onto
colloidal silica particles with nominal diameters of 15, 50 and 100 nm, which are in a
range smaller, comparable to and larger, respectively, than the polymer dimensions.
Adsorption isotherms are obtained to determine the amount of PEO adsorbed as a
function of nanoparticle size. TEM images are used to determine whether the PEO chains
form nanoparticle aggregates or adsorb to individual nanoparticles. Correlation of
calorimetric and FTIR data for the nanoparticles themselves and with adsorbed PEO
provides information on the influence of loop/tail sizes of PEO on the SiO 2 as a function
of nanoparticle size on the glass transition and crystallization behavior of the adsorbed
PEO.
Experimental
Materials
Polyethylene oxide (PEO) with a molecular mass of 100,000 g/mol (lot no
3001010010) was used as received (Scientific Polymer Products, Inc, Ontario, NY).
Organosilicasol (colloidal silica (SiO2)) dispersed in isoproponal (IPA)) with nominal
diameters of (i) 10-15nm, IPA-ST (30 wt% SiO2, lot no po601005); (ii) 40-50nm, IPAST-L (30 wt% SiO2, lot no 160766); and (iii) 70-100nm, IPA-ST-ZL (30 wt% SiO2, lot
no 160877) were kindly donated by Nissan Chemical America (Houston, TX) and used as
received. The SiO2 beads had densities of 2.2-2.6g/cm3 as reported by the manufacturer.
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Chloroform, CHCl3 (Sigma-Aldrich, St. Louis, MO) was used as received. The properties
of the SiO2 are given in Table I.
Sample preparation
PEO solutions of varying concentration were prepared in 9.3mL chloroform.
After complete dissolution of the PEO, 1mL of colloidal SiO 2 (containing 0.3g of SiO2
and 0.7mL of IPA) was added, resulting in a total solution volume of 10mL. The
colloidal silica is only available in IPA, but CHCl3 is preferable for adsorption studies,
since it is a noncompeting solvent for the SiO2. The assumption is made that the small
amount of IPA introduced with the SiO2 does not affect the properties of CHCl3
significantly. When dissolved even at low concentrations in IPA, PEO forms gels. The
resulting mixtures were sonicated for 30 minutes to disperse SiO 2 in the solution. The
vials were then placed in a digital vortex mixer (Fisher Scientific, Pittsburgh, PA) and
mechanically agitated for 24 h at 500 rpm. The suspensions were then centrifuged at
10,000 rpm for 60 min using a Sorvall RC 5B plus centrifuge (Thomas Scientific,
Swedesboro, NJ). The supernatant liquid was discarded and the SiO2/PEO adsorbate
(PEO-SiO2) was rinsed two- three times with CHCl3 to constant weight in order to
remove nonadsorbed PEO. The resulting PEO-SiO2 were dried in a vacuum oven at RT
for 24hrs and immediately stored in a desiccator.
Characterization
Adsorption isotherms
The amount of adsorbed PEO was measured using thermogravimetric analysis
(TGA) on a TA instrument Hi-Res TGA 2950 (TA Instruments, New Castle, DE) with a
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ramp rate of 10°C/min. Samples of approximately 10-15 mg were placed in the sample
pans and heated from ambient temperature to 800°C. Nitrogen was used as a purge gas at
a flow rate of 60 mL/min. In order to account for the silanol condensation of SiO 2, the
beads were heated separately over the same temperature range at the same scan rate. The
amount of adsorbed PEO (mg PEO/m2 SiO2) was obtained by subtracting the silanol
weight loss from the total weight loss (silanol condensation + PEO) of the PEO-SiO2
sample. Since small quantities of adsorbed PEO were measured, the TGA calibration was
checked by thermally degrading known weights of polyethylene, with the smallest
(0.8mg) weight giving TGA losses between 100.6-101.2 weight %.
Characterization of SiO2 and PEO-SiO2 by FTIR, Calorimetry, DLS, zeta
potential and TEM
The SiO2 and PEO-SiO2 were characterized by Fourier transform infrared
spectroscopy (FTIR) in the transmission mode, with 256 scans and a resolution of 2cm-1,
using a Mattson Research Series 1 spectrometer (Mattson Instruments, Madison, WI)
equipped with a MCT detector. Samples were thinly spread on polished 32 cm sodium
chloride salt plates. Dynamic light scattering (DLS) and zeta potential measurements on
the SiO2 nanoparticles were obtained on a Zeta Sizer Nano ZS (Malvern Instruments Inc.,
Westborough, MA). Disposable capillary cells (DTS1060) or dip cells were used for the
measurement of size and zeta potentials, respectively. All the zeta potential
measurements were performed at 25oC at electric field strengths of 3-5 V/cm, after
dilution (1/100), (IPA/H2O), from IPA, with pH values in the range of 7.1-7.5 after
dilution. The reported diameters use the z-average obtained by cumulant analysis.
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The glass transition temperatures, Tg, melt and crystallization temperatures, Tm
and Tc, and respective enthalpies, ΔH m and ΔHc of the PEO-SiO2 samples were
determined using a DSC 2920 (TA Instruments, New Castle, DE). To increase the
sensitivity of the measurements, high volume pans (100μL) and large sample sizes (95100mg) were used. The measurements were obtained at a ramp rate of 10°C/min between
-100°C to 100°C, and under a nitrogen purge at a flow rate of 60 mL/min. DSC data was
obtained for three heating and cooling cycles. The data reported is from the second
heating cycle.
TEM samples were prepared by placing 1µL of SiO2, or PEO-SiO2 suspensions in
water or ethanol, on formvar coated copper TEM grids (Ted Pella, Inc., Redding, CA).
The liquid was allowed to air dry while holding the grid with anti-capillary tweezers,
leaving a thin coating of sample on the grid. The TEM analysis was performed on a FEI
Technai 12T electron microscope with an operating voltage of 120 KeV.
Calculation of Number of Chains/Particle
The number of PEO chains per particle, NPEO/NSiO2 was calculated using the
following equations:
NPEO

=

[m(PEO + SiO2) ∙ fPEO ∙ NA]/Mw

Equation 1

NSiO2

=

[m(PEO + SiO2) ∙ fSiO2]/[ρSiO2 (4/3)(DSiO2/2)3]

Equation 2

NPEO/NSiO2

=

[fPEO ∙ NA ∙ ρSiO2 ∙ (DSiO2/2]]/[3 ∙ fSiO2 ∙ Mw]

Equation 3

=

ΓNA 4ΠRSiO2 2 (10-3g/mg)(109nm/m)2/Mw

=

Γ (mg/m2) RSiO22 (nm2) (0.076)
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Here, NA is Avogadro‘s number, fPEO and fSiO2 are the mass fractions of PMMA and SiO2,
respectively, determined from the TGA data, mPEO + SiO2 is the total mass of the particles
after adsorption, the density of silica, ρSiO2 = 2.2g/cm3, RSiO2 (nm) = DSiO2 (nm)/2 was
taken from the TEM data for the samples, M w = 105g/mole for PEO and Γ is the adsorbed
amount in mg/m2.
Results
The results of the TEM and zeta analysis of the particles are given in Table I. The
average zeta potential values (), which were obtained in water (i.e. after a 1/100 dilution
of the IPA suspension in water), become slightly more positive with decreasing bead size,
suggesting slightly different underlying charge densities. Previous investigations of
fumed silica also have shown that the surface charge density and zeta potential increase
with decreasing SBET, i.e. with increasing size151. However, in pure isopropanol, the
surface is expected to be uncharged.
Figure 6-1 show FTIR spectra of colloidal silica particles of nominal 15, 50 and
100 nm size, evaporated from the IPA solutions. The spectra appear very similar to FTIR
spectra of comparable sized beads originally in water 152, with isolated silanol bands at
3742cm-1, hydrogen-bonded silanols at ca. 3660cm-1, inner silanols inaccessible to
adsorbates between 3650–3680cm-1, and a broad water band centered at 3400cm-1.
However, storage of the beads in isopropanol results in a Si-O-C(CH3)3 bond; SiOH are
known to react with alcohols such as methanol to form Si-O-C linkages153. The ratio of
isolated to hydrogen bonded silanols, I3742/I3660, increases with decreasing bead size for
both neat SiO2152 and for SiO2 that has partially reacted with IPA.
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Figure 6-1:

FTIR spectra of nominal (---) 15nm; (---) 50; and (---) 100nm diameter
silica nanoparticles evaporated from isopropanol, and the SiO2 with
intermediate (- - -), (- - -), (- - -) and plateau adsorption (. . .), (. . .), (. . .)
amounts of adsorbed PEO. Isolated (3742 cm-1), hydrogen bonded (3660
cm-1) silanols and methyl/methylene vibrations (< 2900 cm-1) are
indicated.
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It is not possible to obtain silanol densities for these SiO 2 particles by
thermogravimetric analysis, since, despite the manufacture‘s indication that SiO 2 made
by the water glass process should be fully condensed, the TGA weight loss of the larger
beads gives physically unreasonable SiOH densities. However, the difference in the TGA
data between the beads in water and in isopropanol, when converted into ―silanol
densities‖, can be used to estimate the percentage of silanols that have reacted with
isopropanol, if it is assumed that the beads have similar silanol densities to begin with.
The difference between the weight losses in the two cases can be obtained by assuming
that: (i) 1 water molecule (MW = 18) is evolved for every 2 SiOH, or a mass of 9 is lost
for every SiOH; (ii) degradation of the –C-(CH3)3 results in a weight loss of 57, possibly
abstracting a hydrogen, so that the SiOH left behind can condense with another SiOH.
Using these assumptions, only a small (1%) fraction of SiOH has reacted with IPA.
Adsorption isotherms for PMMA onto the nominal 15, 50 and 100 nm silica are
shown in Figure 6-2. The isotherms are never completely flat, but change slope above a
solution concentration of ca. 10mg/ml. The slight increase in slope above a concentration
of 10mg/ml may suggest that chains not directly adsorbed to the particles become trapped
by the adsorbed chains. The overlap concentration for the PEO in a theta solvent is
estimated1 as 16.6mg/mL. Although the nanoparticles have been rinsed three times, some
entrapment may have occurred. The adsorption amounts are presented in Table II, along
with the results of calculations of the thickness of the adsorbed layer, assuming a uniform
layer with the density of PEO intermediate between that of the amorphous and crystalline
densities of 1.03 and 1.13 g/mol, respectively154. The layer thicknesses determined by

1

C* = (M/NA)/(4/3)Rg3, M = 100,000g/mol and N A = Avogadro‘s number
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TGA at plateau adsorption (ca 0.5 to 1 nm) are consistent with values observed for other
tightly bound monolayers97. The number of PEO chains/SiO2 nanoparticle, calculated
from Equation 3 is also reported.
TEM images of the silica are presented in Figure 3, for samples with equilibrium
amounts of adsorbed PEO. There was no difference in size for samples with or without
PEO. The images show that individual particles, and not particles entrapped in polymer,
or nanoparticles bridged by polymer, were obtained. This is in contrast to adsorption of
PEO onto fumed silica, where PEO was suggested to bridge the primary particles due to
the much larger size (Rg) of the PEO compared with the size of primary particles of the
fumed silica155.
The FTIR data of PEO adsorbed onto the nominal 15, 50 and 100nm SiO 2 for
intermediate and the plateau adsorption regions are presented in Figure 6-2. For the
nominal 15 nm SiO2, residual isolated silanol bands are observed at plateau adsorption,
but disappear for the nominal 50 and 100 nm SiO 2. Isolated silanols are observed for all
the silica at lower amounts of adsorbed PEO, and the relative intensity of the
isolated/hydrogen bonded silanols (I3742/I3660) decreases with increasing amount of
adsorbed PEO.
Heating the samples to 150oC for 4 h resulted in complete disappearance of the
melting endotherms. The derivative DSC traces at plateau adsorption for the nominal 15,
50 and 100 nm PEO-SiO2, which were heated at 150oC for 4 h are shown in Figure 6-4.
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Figure 6-2:

Adsorption isotherms for PMMA onto nominal (▲) 15; (●) 50; and (■)
100 nm diameter SiO2 nanoparticles.
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Figure 6-3:

(Top) TEM images of nominal 15, 50 and 100 nm diameter silica
nanoparticles for samples with equilibrium amounts of adsorbed PEO.
(Bottom) Schematic of relative size of PEO (Rg) and Rnanoaparticle for
nominal 15, 50 and 100 nm diameter silica.
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The data is summarized in Table III, and show that T g increases while ΔCp
decreases for PEO as the nanoparticle size decreases.
Repeatedly heating the samples in the DSC to 100 oC, which kept the samples
above Tm for < 7 minutes, did not change the trends in ΔHm, Tm or Tg. Since the trends
observed for all the cycles were similar, the complete results of the second heating cycle
are reported (Table II) and are shown in Figures 5a, 5b & 5c for the nominal 15, 50 and
100 nm PEO-SiO2. There are several clear trends:
i.

At low adsorption amounts for all sizes of PEO-SiO2, only a Tg is observed;

ii.

ΔCp (normalized with respect to the amount of SiO2 and crystalline PEO)
increases with increasing amount of adsorbed PEO;

iii.

For each PEO-SiO2, as the amount of adsorbed PEO increases, a melt endotherm
appears;

iv.

For comparable amounts of adsorbed PEO, as shown in Figure 6-8 for ca. 0.5 to
0.64 mg PEO/m2

a) the melt endotherm increases in the order PEO-SiO2 (15 nm) > PEO-SiO2 (50 nm)
> PEO-SiO2 (100 nm); in fact at ca. 0.5mg/nm2, no endotherm is observed for the
100nm SiO2;
b) ΔCp increases in the order PEO-SiO2 (15 nm) > PEO-SiO2 (50 nm) > PEO-SiO2
(100 nm);
v.

p

increases in the order PEO-SiO2 (15 nm) > PEO-SiO2

(50 nm) > PEO-SiO2 (100 nm);
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vi.

For each PEO-SiO2, Tg first decreases and then increases as shown in Figure 6-9.
It does so at an amount of adsorbed PEO where a melt endotherm first appears,
and where two Tgs and/or two crystallization exotherms are sometimes observed.
Note that the lower temperature Tgs are connected by the dotted lines in Figure 69, and represent the Tgs color coded (yellow arrows) in Figure 6-5 to 6-7. As
discussed below (vida infra), the lower Tgs are assigned to amorphous PEO
segments adsorbed to the SiO2, while the higher Tg values (color coded purple)
are assigned to PEO segments that are tie chains between the crystalline lamellae.

The Values of percent crystallinity were estimated by assuming % crystallinity =
ΔHm/ΔHmo where ΔHmo = 205J/g is the value for a 100% crystalline sample156. The value
reported for the neat PEO sample was that measured for a sample crystallized from
CHCl3. For the PEO-SiO2 nanocomposites, % crystallinity was further normalized for the
amount of PEO on the SiO2.
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Figure 6-4:

DTGA traces for PEO adsorbed onto nominal 15, 50 and 100 nm SiO 2
nanoparticles at plateau adsorption after heating at 150 oC for 4 h.
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Figure 6-5:

DSC traces for PEO adsorbed onto nominal 15nm SiO2 nanoparticles as a
function of increasing amount of adsorbed PEO (top to bottom) for each
SiO2 size. Yellow arrows indicate lower values of T g, postulated to arise
from adsorbed PEO segments. Purple arrows indicate higher values of T g
postulated to arise from PEO ties chains between crystallites.
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Figure 6-6:

DSC traces for PEO adsorbed onto nominal 50 nm SiO2 nanoparticles as a
function of increasing amount of adsorbed PEO (top to bottom) for each
SiO2 size. Yellow arrows indicate lower values of T g, postulated to arise
from adsorbed PEO segments.
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Figure 6-7:

DSC traces for PEO adsorbed onto nominal 100nm SiO2 nanoparticles as
a function of increasing amount of adsorbed PEO (top to bottom) for each
SiO2 size. Yellow arrows indicate lower values of T g, postulated to arise
from adsorbed PEO segments. Purple arrows indicate higher values of T g
postulated to arise from PEO ties chains between crystallites.
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Figure 6-8:

DSC traces of PEO adsorbed onto nominal 15, 50 and 100nm SiO 2
nanoparticles at similar ca. 0.5 to 0.64 mg PEO/m2 .
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Figure 6-9:

∆Hc for nominal (▲) 15nm, (●) 50nm and (■) 100nm, and Tg for (∆)
15nm, (○) 50nm and (□) 100nm, as a function of amount of adsorbed
PEO. The lower Tg values (see text), tentatively assigned to adsorbed PEO
segments, are connected by dotted lines. When two T gs were observed, the
higher Tg, not connected by lines, was tentatively assigned to tie chains
between crystallites.
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Discussion
PEO of molar mass 100,000 was adsorbed onto colloidal silica nanoparticles of
nominal 15, 50 and 100 nm diameter, from solutions of CHCl3/isopropanol (9.3/0.7, v/v).
CHCl3 is a theta solvent for low molar mass PEO, and does not competitively bond to the
silica surface. The isopropanol was included since the nanoparticles were only available
without a silanization agent in this solvent. An important consideration for polymer
adsorption on nanoparticles is the relative size of the polymer compared with the size of
the nanoparticle. If it is assumed that the CHCl3/isopropanol mixture is a theta solvent for
the higher molar mass PEO, then Rg is estimated to be 13.6 nm (D = 26nm), using R g =
(Nb2/6)1/2, where N is the degree of polymerization and bPEO = 0.70nm157, although a
slightly better solvent could increase this value to at most 23.1 nm2. Thus, the dimensions
of the PEO were larger than, comparable to and smaller than the nominal 15nm, 50 and
100 nm diameter SiO2 nanoparticles, respectively. This is shown schematically in Figure
6-3.
The properties of the PEO/SiO2 were investigated after adsorption from CHCl3
solution and thus reflect polymer conformations in this state. In addition, samples at
plateau adsorption were investigated after they had completely melted on the SiO 2. The
possible sites for adsorption of the PEO on the nanoparticle surface are: (i) dipole
interactions of the electronegative oxygen of PEO and the silanol (SiOH) groups of silica;
and (ii) much weaker hydrophobic interactions of the ethylene, –CH2CH2-, groups of
PEO with the siloxane, Si-O-Si, groups of silica158. The stronger dipole interactions are
the more likely place for PEO adsorption from CHCl3 and the PEO is believed to interact
In a very good solvent, r2 = 2ro2, 5 - 3 ~ M1/2; for  >> 1,  ~ M1/10 and therefore rg
= 23.1 nm.
2
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with SiO2 via an acid-base reaction in which the lone pair electrons of the ether oxygen
act as the Lewis base and the surface silanols are strong Bronsted acids, resulting in
hydrogen bond formation159. However, after melting, the –(CH2CH2)- groups of PEO can
also interact via weaker van der Waals interactions with the Si-O-Si groups of silica.
Plateau adsorption values3 for PEO (100K) increased with increase in
nanoparticle size, from 0.45 mgPEO/m2 SiO2 for 15nm, to 0.75 mg PEO/m2 SiO2 for 50 nm, to 1
mgPEO/m2 SiO2 for 100 nm SiO2. The increase in plateau adsorption with increasing particle
size has previously been observed for PEO on polystyrene lattices, where adlayer
thicknesses in water doubled on 550 nm compared with 29nm spheres160, and for
poly(methyl methacrylate) on Al2O3 nanoparticles68, and is predicted from theoretical
models of adsorption onto colloids. The plateau adsorption values reported here for PEO
on SiO2 are consistent with those previously reported. For lower molar mass PEO (6K) 161
and (7.5K and 18.5K) on 0.6, 0.86 and 1.5nm SiO2113, adsorption plateaus of 0.37mg/m2
and 0.35mg/m2, respectively, were obtained. Adsorption isotherms of PEO (600K) on
fumed silica (316m2/g) gave 1100 mg PEO/g SiO2 = 0.60 mg PEO/m2

4155

. Values of

0.8mg/m2 have been reported for PEO (8x106) on 1nm diameter SiO2 with a surface area
of 3.18m2/g.159 In the case of PEO (10K, 100K and 600K) values of (0.40, 0.57 and 0.74
mg/m2SiO2), respectively, were reported for silica with a specific surface area of 17.6m2/g
and average diameter of 0.7nm162. The adsorption isotherms were less steep than the high

3

Plateau adsorption values are reported either as mg PEO/m2 SiO2 or as mg PEO/g SiO2,
and the relation between the two is:
mgPEO/m2 SiO2 = (mgPEO/gSiO2)/[specific surface area SiO2 (m2/g)]
and specific surface area of SiO2 = SASiO2 (m2/gSiO2) = [3/g/cm3) r(nm)]
4
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affinity adsorption isotherms of PEO onto 1nm diameter159 and fumed155 SiO2 from
water.
The loop/tail sizes of the PEO on the adsorbed SiO2 nanoparticles are determined
by the number of segment contacts that occur as a function of nanoparticle size, and this
in turn will affect both Tg and the degree of crystallization. As discussed further below
(vida infra), it is possible to compare the number of silanol groups/area on the silica with
the number of ether oxygens of the adsorbed PEO chains (Table II) and this can be used
to make qualitative comparisons of loop sizes for PEO adsorbed onto the nominal 15, 50
and 100 nm SiO2. Before doing so, it is useful to briefly review the terminology used to
describe adsorbed polymer segments and discuss the qualitative changes that occur in the
FTIR spectra with PEO adsorption.
In general, adsorbed polymer segments can be described as: (i) trains (segments in
direct contact with surface); (ii) loops of varying size (bordered by two trains); and (iii)
tails (anchored by one train)147,

148

. In scaling descriptions of equilibrium polymer

adsorption onto colloidal particles149, the adsorbed polymer has been modeled as an inner
(self-similar) region made of overlapping loops and tails, surrounded by a ―mushroom‖
region consisting of a few loops and tails that behaved as isolated chains.
Although the IR spectra of the nanobeads of SiO2 (Figure 1) are different from
each other, they all have similar bands, but with different relative intensities of the
isolated (3740 cm-1) SiOH, hydrogen bonded/inner (3660 cm-1) SiOH and water (3500
cm-1) vibrations. The increased condensation observed by TGA with increasing
nanoparticle size, coupled with the similar zeta potential of all size nanoparticles,
suggests that although there is a higher proportion of uncondensed silanols in the interior
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of the larger nanoparticles, the surface properties are similar for all nanoparticle sizes.
This surface thus is similar to that postulated for the Al2O3 nanoparticles, which was
assumed to have the same chemical make-up for all particle sizes68. As was true in that
case, the segment-level adsorption mechanism of hydrogen bonding interactions with
SiOH (most likely isolated sialnols, vida infra) in the current investigation is independent
of surface curvature, since the monomer size of PEO (< 0.5nm) is much smaller than the
smallest particle size (diameter = 15nm) investigated.
With this in mind, the most dramatic change in the FTIR spectra is the decrease in
intensity of the isolated silanol group vibration and relative increase in intensity of the
hydrogen bonded silanols with PEO adsorption for all the nanobeads. When the ether
oxygens of PEO interact with isolated silanols, there is a frequency shift to lower values
and an intensity increase in this region as hydrogen-bonded silanols are formed. This
result is consistent with isolated silanols rather than hydrogen-bonded silanols as the
principal sites for adsorption or chemical reaction with adsorbates, although it is possible
that the terminal SiOH in a string of H-bonded silanols also participates in PEO bonding,
as has been observed for other adsorbates163-166. It has previously been suggested that
isolated silanols are the principal sites of PEO adsorption on silica 155, 158, 159.
While it is clear that hydrogen bonding of PEO to SiOH increases with PEO
adsorption, it was not possible to quantify the number of ether oxygens hydrogen bonded
with the isolated silanols. This is because the intensity increase is the result of both an
increase in the number of H-bonded silanols with PEO adsorption, and also because the
intensity of the bands is enhanced due to the increased polarity of the hydrogen bonded
vibrations. The latter was demonstrated by ab initio quantum chemical calculations of a
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PEO fragment and a silanol group of a silica cluster, which showed enhancement of the
diplole moment and intensity of the ≡SiO–H bond due to the hydrogen bonding155.
Nevertheless, it is possible to make comparisons between the three nanoparticle
sizes by comparing the number of ether oxygens of PEO with the number of isolated
silanols (SiOHiso) on the silica nanoparticles (Table II). For PEO of MW 100K there are
2.27 x 103 O/molecule. At plateau adsorption, there are thus 5.7 x 10 3, 5.4 x 104 and 3.9 x
105 oxygen atoms/nanoparticle for the 15, 50 and 100nm SiO 2, respectively. For
comparison, assuming 1 isolated SiOHiso/nm2, there are 3 x 102, 3.3 x 103 and 1.9 x 104
isolated silanols/nanoparticle for the 15, 50 and 100nm SiO2, respectively. The ratio of
O/SiOHisolated at plateau adsorption is thus approximately the same (13, 11 and 13 for the
16, 50 and 100nm SiO2, respectively) for the three size nanoparticles, and there are more
than sufficient oxygens in each case to hydrogen bond with all the isolated silanols.
(Even if the ether oxygens could hydrogen bond with any silanol, both isolated and
hydrogen bonded, and assuming 5 SiOH/nm2, there would still be ca. 2.5 O/SiOH at
plateau adsorption.) However, at plateau adsorption, the isolated silanol peak completely
disappears for the 100 nm SiO2, but persists for the 15 nm SiO2.
The fact that: (i) all the isolated silanols are hydrogen bonded in the case of the
100nm SiO2, but residual silanols remain in the case of the 15nm SiO 2 at plateau
adsorption; and (ii) the number of O/SiOHiso is the approximately same for all bead sizes,
means that there are a greater proportion of loops/tails for PEO on the smaller diameter
nanoparticles. For the larger nanoparticles, more ether oxygens are pinned down to the
silica surface, while for the smaller nanoparticles, more ether oxygens skip SiOH iso sites.
Similarly, for comparable adsorbed amounts (Table II), which are achieved for the 15, 50
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and 100 nm SiO2 at 0.52, 0.61 and 0.55 mg/m2, there are 13.3, 8.7 and 6.6 O/SiOH iso,
respectively, indicating that the loop/tail size between SiOH iso decreases with increasing
nanoparticle size.
For the 15 nm nanoparticles, only 1-2.5 chains (Table II) adsorb to each SiO2
nanoparticle. The lack of further hydrogen-bond formation for the adsorbed PEO chains,
despite the availability of isolated silanol (SiOH iso) sites, suggests that further hydrogenbond formation would require that the PEO chains adopt energetically unfavorable
conformations where the configurational entropy penalty was too high. This results from
the small spatial extent of the nanoparticle (R), compared with the dimensions of the
most-probable conformation of the PEO chains (R g), so that the PEO chain would have to
become more compact than its most probable conformation in order to continue H-bond
formation.
Further, the lack of adsorption of more PEO chains to the nanoparticles, despite
the availability of SiOHiso sites for adsorption, suggests that those PEO chains already on
the surface are not lying flat, but are in a ―mushroom‖ conformations that have high
segment densities near the surface, and large tails, preventing intrusion of incoming
chains by steric repulsion. These results are consistent with theoretical models of
polymers adsorbed to nanoparticles. The relative importance of the mushroom region was
shown to increase as the radius of the particle (R) decreased relative to the dimensions of
an adsorbed polymer of N monomers of size ―a‖ (Kuhn length)

149

. Theoretical models

for which Rnanoparticle < Rg, indicate there is on average only one adsorbed polymer chain
per nanoparticle, and predict self-similar monomer density profiles that extend a distance
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Rnanoparticle from the surface with two large tails149, 167; in one model, average loop lengths
were insensitive to surface curvature, but tails became longer for smaller particles 168.
By contrast, for the 100nm SiO2, the adsorption of PEO chains continues until all
SiOHiso are hydrogen bonded with adsorbed or incoming PEO chains. In this case, the
PEO chains H-bond with the available SiOHiso, with less perturbation to the most
probable conformation, since R > R g. Theoretical models predict a flatter polymer chain
conformation in this regime. For aN1/2 < R < aN3/5, most of the adsorbed polymer is
predicted to be located in the inner, self-similar region, with a few loops and tails
protruding into the solution, and when R > aN3/5, the mushroom region vanishes, and
curvature is not relevant 149.
The results presented here are also consistent with theoretical models that
consider the influence of particle size on the minimum adsorption energy per unit surface
area for irreversible polymer adsorption. The adsorption energy was found to be
insufficient to compensate the entropy loss on adsorption for very small particles, but
adsorption on larger particles, with more adsorption sites, could take place 16. The effect
of nanoparticles on polymer chain dimensions in nanocomposites has also been
considered. Although there is differing experimental evidence, for the size range
investigated here, chain dimensions should either be unaffected or increased169.
The loop/tail size distribution resulting from the decreased number of contacts on
small versus large nanoparticles (compared with R g) has ramifications for both Tg and T m
(Tables II and III). The loops/tails on the smallest bead sizes would be larger compared
with the loops/tails on the larger size beads and thus be more mobile (decreased Tg) and
freer to crystallize (increased ∆Hm, Xc). After having melted on the nanoparticles (Table
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III), only a Tg is observed for PEO adsorbed on the SiO2 and decreases in the order Tg (15
nm) < Tg (50 nm) < Tg (100 nm), suggesting larger loop sizes (from a smaller number of
contacts), and thus greater flexibility for the smaller nanoparticles. This trend is observed
despite the much greater amount of PEO on the larger nanoparticles; T g for polymers on
attractive interfaces typically decreases with increasing adsorbed amounts97. The
observed T gs are 38, 43 and 48 oC for the 15, 50 and 100 nm SiO2, respectively, and are
all ca 100oC higher than for neat PEO (-50oC). The Tgs are all above 25oC, indicating that
the material on the surface of the nanoparticles behaves more like a brittle solid than a
flexible elastomer at room temperature. Further, ∆Cp increases for the PEO as the
nanoparticle size decreases, indicating greater degrees of freedom for the PEO on the
smaller nanoparticles.
For the samples investigated after PEO was adsorbed from CHCl3 solution, only a
Tg is observed at the lowest adsorbed amounts for all three nanoparticle sizes, in
agreement with theoretical predictions indicating that flat conformations of whole chains
initially adsorb170, and experimental ESR data for PEO, which showed that the fraction of
trains in a 10K spin labeled PEO polymer composed of trains, loops and tails on SiO 2
decreased (from 0.6 to 0.4) with increasing PEO concentration and contained more
loops/tails as the adsorption proceeded162. With increasing adsorption for all the
nanoparticles, the observed T g initially decreases, suggesting that the PEO loops/tails
increase in size, and thus are more flexible. At even higher adsorptions, which are a
function of nanoparticle size, the loops are sufficiently large that crystallization can
occur. At this point, one or two T gs are observed, which both increase in temperature
(become less mobile) with PEO adsorption. We tentatively attribute this effect to the
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appeareance of tie chains between the crystallites. The tie chains can have higher Tss due
to the constraints arising from attachment to the crystalline lamellae and are only possible
once the chains have crystallized.
∆Cps for PEO on SiO2 are significantly less than ∆Cp for the neat PEO, as has
been previously observed171, and results from the restricted degrees of freedom of the
PEO pinned to a solid surface. Values of ∆Cp for the PEO on all nanoparticle sizes
increase with increase in adsorption amount. This trend is consistent with increased
degrees of freedom for the PEO as more is attached further from the nanoparticle surface.
However, ∆Cps increase with decease in nanoparticle size for both the PEO adsorbed
from solution and for the PEO adsorbed from solution that was subsequently melted. This
further indicates that the loop/tail sizes are larger for PEO on the smaller nanoparticles,
where the increased degrees of freedom are reflected in the higher values of the heat
capacities.
The larger loop/tail size for the smaller nanoparticles is also manifest in the
crystallization behavior. For the 15nm SiO2, despite the comparatively low values of
adsorption/m2, the chains crystallize, while for the 100 nm SiO2, at adsorption/m2 (0.55)
amounts that are the same as for equilibrium adsorption for the 15nm SiO 2, only a Tg is
observed. The latter indicates that the PEO loops between H-bonding sites are too short
and immobile to crystallize.
There is a discrepancy between the layer thickness determined by TGA, which
was only ca 0.5 to 1 nm (Table II), and the thickness of PEO lamellae necessary for the
measured Tms of the PEO on the nanoparticles. Tm and Tc values are almost the same as
for the neat PEO, although enthalpies (and thus degrees of crystallinity) are reduced. This
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strongly suggests that the loop/tail lengths are sufficiently long that crystallization occurs
into lamellar structures with sizes comparable to neat PEO. Since PEO lamellae of
thicknesses between 8-20 nm have T m of 63oC133,
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, lamellar thicknesses of this size

must have formed on the nanoparticles; smaller thicknesses would have lower T ms.
Although the DSC data is reported for dried SiO2-PEO constructs, it is important to
remember that crystallization originally occurred from CHCl3 solution, and that we are
probing the properties of the solution crystallized chains.
Since it was not possible to measure the thickness (d) of the adsorbed PEO layer
on SiO2 in CHCl3, due to the similarities of the refractive indices (SiO 2 = 1.46, PEO =
1.4539, CHCl3 = 1.4460), we used a relationship that was developed from dynamic light
scattering (DLS) data for the thickness (d) of the adsorbed layer of PEO chains on silica
particles (less than 200nm) in water, d = 0.018M0.52. If we assume that this relationship
applies for PEO in CHCl3, d ≈ 7 nm for PEO = 100kDa. Alternatively, for grafted
chains, brush heights have been shown to be comparable to ungrafted chain
dimensions143, so that for PEO the brush heights ≈ Rg = 13.6-23.1 for a theta/good
solvent, respectively. Thus, when crystallization of PEO occurred on the nanoparticles in
solution, it was confined to a dimension of an order of magnitude between 7-23 nm
perpendicular to the SiO2 surface, much larger than the thickness measured by TGA after
drying.
There are in principal two ways that a polymer can nucleate on a surface, namely
in a flat-on (chain axis normal to the surface) or edge-on (chain axis parallel to the
surface) orientation, shown schematically in Figure 8. Whether crystallization occurs in
solution, or is nucleated on the surface, one dimension would have to be consistent with
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the < 1 nm thickness of the adsorbed PEO layer, and one dimension would have to be
consistent with the measured Tms. Since the cross-sectional area of a PEO chain in a
crystal lattice is 0.214nm2 172, the crystal would have to be long and narrow with ca 4-5
chains (1/0.214nm) in one direction. These restrictions suggest either that long thin
crystals are formed, or that the surface is very heterogeneous after solvent evaporation,
with the PEO lamellae dispersed intermittently on the nanoparticles between amorphous
PEO segments or a bare silica surface.
If we consider PEO crystallization onto the 15 nm SiO 2, the similarity in size
between the lamellar thickness required by the measured T ms and nanoparticle size, as
well as the fact that there is only ca 2 PEO chains/nanoparticle, suggests that the original
nucleation was not on the nanoparticles, but was instead crystallized in the CHCl3, with
the crystallite tethered to the nanoparticle by the adsorbed PEO segments. PEO
homopolymer crystallizes in a 72 helical structure with a chain axis repeat distance of
1.95 nm, corresponding to 0.28 nm per monomer unit 154, with the extended chain length
given by L = l N, where l = 0.2783nm, and N = number of monomers173-175. Therefore for
PEO (100kDa), N = 2273, L = 633nm. If the lamellar thickness is ca 15 nm, one PEO
chain could fold at most 42 times in the crystallite, and two chains could fold 84 times, so
that the cross-sectional area would be ca 9-18 nm2 . In view of the theoretical models that
suggest long polymer tails occur on nanoparticles smaller than R g, it is plausible that the
PEO segments in the middle of the chain are amorphous and anchored to the
nanoparticle, and that the tails crystallize in the solution, as shown schematically in
Figure 6-10.
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Flat-on

Random

Edge-on

Figure 6-10: Schematics of (a) flat-on, random and edge-on PEO crystals; (b) nominal
50 or 100 nm SiO2 with increasing PEO adsorption, left to right; (c)
nominal 15 nm SiO2 with increasing PEO adsorption, left to right.
122

Conclusions
Polyethylene oxide (PEO) of MW = 1 x 105 g/mol and Rg = 13.6 nm was
adsorbed onto 15, 50 and 100 diameter silica (SiO2) nanoparticles from chloroform
solution. Transmission electron microscopy (TEM) images showed that up through the
plateau region, PEO adsorbed onto isolated spheres, with no evidence of bridging or
aggregation.

At

plateau adsorption,

there were ca.

2,

24 and 170 PEO

chains/nanoparticle, for the 15, 50 and 100nm SiO2, respectively. This indicates that it is
possible to capture single molecules of PEO on isolated nanoparticles. PEO adsorption
occurred through hydrogen bond formation of the ether oxygens with the isolated silanols
of SiO2. The disappearance of the isolated silanols at plateau adsorption for the large, but
not the small nanoparticles, suggested that the silanols on the smaller particles were
sterically prohibited to the PEO chains. In order to hydrogen bond with these silanols, the
PEO chain would have had to adopt energetically unfavorable conformations where the
configurational entropy penalty of formation was high. At low adsorption amounts for all
sizes of SiO2, only a Tg was observed, due to a predominance of trains of PEO segments.
As the amount of adsorbed PEO increased, a melt endotherm appeared, due to the
increasing number and length of loops and dangling ends. For comparable amounts of
adsorbed PEO, the melt endotherm increased in the order PEO-SiO2 (15 nm) > PEO-SiO2
(50 nm) > PEO-SiO2 (100 nm). In all cases, Tg first decreased and then increased at PEO
coverages where a melt endotherm first appeared. This was interpreted as in increase in
loop/tail lengths and thus flexibility as more PEO chains adsorbed. With further increase
in loop/tail length, the chains could crystallize, and the increased T gs were attributed to
the formation of tie chains between the crystallites.
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Table 6-1 Properties of colloidal silica in isopropanol (IPA)
Manufacturer

Nominal

Diameter Diameter

a

Designation

diameter

by TEM

by DLS

Potential

(nm)

(nm)

(nm)

(mV)
± 3mV

ST

15

11.7 ± 2

15.2 ± 2

-40.8

ST-L

50

39.2 ± 4

46.2 ± 2

-42.0

ST-ZL

100

96.6 ± 5

102.9 ± 3

-44.2

a

diluted 1 IPA/100 H2O
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Table 6-2 Summary of amount of adsorbed PEO, layer thickness (h), PEO chains/SiO 2 nanoparticle,
Oxygens/SiOHiso, Tg, Tm, Tc, ∆Hm, and ∆Hc,for PEO on SiO2 nanoparticles
a

Sample Ads.
am‘t

#PEO

nm

chains/

PEO

SiO2

mg/m2

particle

PEO
Cast

h

b

Tm

c

d

SiOHiso

o

J/g

64.8

----

#O/

-

C

Tc

∆Hc

Tg

e

cryst

o

J/g

°C

J/goC

136.2

66

43.2

125.9

-50.4

0.76

----

0

----

----

17.7

0.031

∆Hm

%

C

∆Cp

----

from
CHCl3

PEO-

0.21

0.20

1.0

5.4

SiO2
15 nm
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Table 6-2 continued
0.28

0.27

1.3

7.2

63.9

3.6

0.33

0.31

1.6

8.8

63.2

8.1

0.40

0.48

0.52

PEO-

0.31

0.38

0.46

0.50

0.30

1.9

2.3

2.5

9.3

10.2

12.3

13.3

4.4

62.6

64.1

64.1

----

46.9
1.2

30.7

2.9

59.0

24.4

108.1

----

44.0

0

SiO2
50nm
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6.7

0.034

-5.6

0.041

43.4

2.0

-32.7

0.4

41.9

5.0

5.7

0.060

-35.3

0.4

-11.7

0.017

44.0

47.2

3.5

0.082

-31.4

2.1

-7.8

0.02

47.4

87.1

13.3

0.14

-32.0

2.1

-5.8

0.028

----

----

40.4

0.011

Table 6-2 continued
0.42

0.40

12.7

6.0

----

----

0 ----

----

20.9

0.025

0.61

0.58

18.4

8.7

----

----

0 ----

----

9.0

0.034

0.64

0.61

19.3

9.2

63.4

5.3

1.3

40.1

2.4

-1.2

0.021

0.74

0.70

22.3

10.6

62.9

14.2

3.0

43.1

4.8

2.4

0.053

-32.7

1.4

42.8,

13.1

9.5

0.070

-33.1

6.2

----

----

17.6

0.016

0 ----

----

6.8

0.021

0.79

PEO-

0.75

23.9

11.3

63.1

39.2

0.55

0.52

84.2

6.6

----

----

0.74

0.70

113

8.9

----

----

10.5

0

SiO2
100
nm
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Table 6-2 continued
0.95

0.100 145

11.4

----

----

0.99

0.94

151

11.9

----

----

1.05

1.0

160

12.6

63.1

5.1

1.13

a

1.1

thickness = h =

b

173

13.6

PEO)(mgPEO/mSiO2

63.3

2

23.1

SiO2

2

0 ----

----

3.7

0.029

0

----

----

-18.9

0.016

1.7

44.1

3.4

7.5

0.037

-15.1

0.015

14.7

0.05

-6.7

0.024

5.7

h = massPEO

11.2

PEO

number of oxygen (O) adsorbed/nanobead = (O/chain) (#chains) = (2272.7) (# chains)

number of isolated silanols (SiOHiso)/nanobead = (1 SiOHiso/nm2
= 2.9 x 104 (100nm).
c

44.5

normalized for wt of PEO

d

assuming 100% crystallinity = 205J/g

e

corrected for amount of silica and % crystallinity
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2

= 4.3 x 102 (15nm); = 4.8 x 103 (50nm);

Table 6-3 Summary of amount of adsorbed PEO, layer thickness (h), PEO
chains/SiO2 nanoparticle, Oxygens/SiOHiso, Tg

c,for

PEO on SiO2 nanoparticles

heated at 100oC for 4 h.
Sample

Ads.

a

h

#PEO

am‘t PEO

nm

chains/

b

#O/

Tg

p

J/goC

SiOHiso

SiO2

mg/m2

particle

15 nm SiO2

0.52

0.50

2.52

13.3

34.1

0.012

50 nm SiO2

0.79

0.75

23.91

11.3

42.8

0.08

100nm SiO2

1.13

1.1

173.10

13.6

51.1

0.07

a

b

PEO)(mgPEO/mSiO2

2

SiO2

2

h = massPEO

PEO

number of oxygen (O) adsorbed/nanobead = (O/chain) (#chains) = (2272.7) (# chains)
number of isolated silanols (SiOHiso)/nanobead = (1 SiOHiso/nm2

(15nm); = 4.8 x 103 (50nm);

= 2.9 x 104 (100nm).

c

corrected for amount of silica and % crystallinity
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2

= 4.3 x 102

CHAPTER 7:
THERMAL DEGRADATION OF PMMA ON SiO2 NANOPARTICLE
AS A FUNCTION OF SiO2 SIZE AND SILANOL DENSITY
1.

Introduction
The degradation temperature, Td, is an important parameter for characterizing

polymers since the Td determines upper limits on their processing and use
temperatures. There is extensive evidence that for composites, often made from
inorganic fillers in a polymer matrix, the properties of the polymer adjacent or
adsorbed to the inorganic material are different than the properties of the bulk
polymer. In the case of nanocomposites, the high surface to volume ratio dramatically
increases the amount of surface bound polymer, and thus the properties of
nanocomposites can be significantly influenced by the properties of this interphase
layer.
Addition of inorganics to polymers is also used to enhance fire retardancy.
Unlike the use of halogenated fire retardants, where flammability is reduced by
changing the chemistry in the flame176, addition of inorganics promote char formation
in the condensed phase. This has been shown, for example for fillers such as silica
gel/K2CO3 and the polymers polypropylene, nylon, polymethylmethacrylate,
poly(vinyl alcohol), cellulose, and to a lesser extent polystyrene and styreneacrylonitrile177. Char formation is believed to reduce the amount of small volatile
polymer pyrolysis fragments that would otherwise be used as fuel for burning in the
gas phase. The high surface area of inorganic nanofillers that form nanocomposites is
also believed to further enhance fire retardancy by a similar mechanism178.

130

Polyoctahedral silsesquioxanes (POSS), in which there is an even smaller SiO1.5 core
surrounded by organic groups, promotes char formation when incorporated into
polymers179. Polymer-clay nanocomposites exhibit higher thermal stability and
reduced rates of heat release in the cone calorimeter 180. The suggested mechanisms
are that due to thermal barriers that protect the polymer from fire, and mass transport
barriers that makes it difficult for degradation products to leave the polymer 180. In the
case of polymethyl methacrylate (PMMA)/clay nanocomposites, as the PMMA
undergoes thermal degradation, a barrier results from clay accumulation at the
surface, decreasing the heat release rate181. In situ radical polymerization of MMA
and colloidal silica (ca 12 nm) reduced the peak heat release rate by 50% 182
Thermogravimetric analysis (TGA) has often been used to characterize the
degradation properties of composites and nanocomposites. In a composite or
nanocomposite, TGA measures both the interphase and bulk material. In order to
assess the properties of the polymer adjacent to the inorganic surface, in the
interphase region, ultrathin films of polymers have been investigated 183. This is the
approach taken here, since it dramatically enhances the contribution of the polymers
adjacent to the surface.
In the case of radically polymerized PMMA, degradation184,

185

has been

shown to be initiated at the head-to-head linkages (ca 160 oC)186, unsaturated ends (ca
270 oC)187, and finally along the polymer backbone (ca 360

o

C)188,

189

. The

contribution from initiation at the head-to-head linkages is small, while that from
unsaturated ends, which result from disproportionation reactions during the
termination step in the polymerization, increases with decreasing molecular weight 189.
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The degradation has also been investigated as a function of tacticity of the PMMA183,
190

In the current investigation, the degradation temperature of amorphous atactic
PMMA has been measured on silica nanoparticles at or below plateau adsorption
coverage of the polymer. Td was measured as a function of silanol density on
monolithic 100 nm colloidal (Stöber) silica and A380 fumed silica (fractal aggregates
of 7 nm primary size particles), where the silanol densities were changed by heat and
acid treatment, and on monolithic 15, 40 and 100 nm colloidal (acid glass) SiO 2. after
adsorption from isopropanol solutions. As the silanol density was varied, we were
interested in whether the number of hydrogen bond contacts between the PMMA and
SiOH groups of the SiO2 affected Td. As the nanoparticle size was changed, we
expected that the number of contact points between the PMMA and SiO 2 would
change and also affect Td.
2.

Experimental

2.1

Materials

Atactic polymethyl methacrylate with a molar mass of 75,000 g/mol was used
as received (Scientific Polymer Products, Inc, Ontario, NY). Hydrophilic Aerosil
A380 and hydrophobic Aerosil R812 fumed SiO2 (Evonil Degussa GmbH, Essen,
Germany), and colloidal silica, prepared by the Stöber process76 (Alfa Aesar,
Lancaster, Ward Hill, MA), were used as received (= 2.07 g/cm3), or after thermal
treatment/acid

(H2SO4)

treatment

or

chemical

modification

with

hexamethyldisilazane (HMDS) (Gelest, Inc. Morrisville, PA). Organosilicasol
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(colloidal silica) dispersed in isoproponal (IPA) with nominal diameters of (i) 1015nm, IPA-ST (30 wt% SiO2, lot no po601005); (ii) 40-50nm, IPA-ST-L (30 wt%
SiO2, lot no 160766); and (iii) 70-100nm, IPA-ST-ZL (30 wt% SiO2, lot no 160877)
were kindly donated by Nissan Chemical America (Houston, TX) and used as
received. The Nissan SiO2 beads had densities of 2.2-2.6g/cm3 as reported by the
manufacturer. Chloroform, CHCl3 (Sigma-Aldrich, St. Louis, MO) was used as
received. The properties of the SiO2 are given in Table I.
The dry SiO2 nanoparticles (Stöber and fumed) were heat/acid treated as
previously described191. Briefly, the ―as-received‖ SiO2 was thermally modified by
heat treatment at 600°C and 1000°C for 6 hrs, further acid treated using 1M sulfuric
acid (H2SO4) solution for 24hrs, and rinsed with distilled water until a pH of 7.0 was
achieved. The SiO2 heated to 1000oC was made hydrophobic by chemical
modification with hexamethyl disilazane (HMDS), which reacts with isolated silanol
groups and covers the surface with trimethyl methyl groups (Si-O-(CH3)3); HMDS is
also used in the commercial process to silanate Aerosil R812.
2.2

Adsorption

The PMMA solutions were adsorbed onto the SiO 2 nanoparticles as discussed
in previous publications191,

192

. Briefly, PMMA was dissolved in CHCl3 at

concentrations below the overlap concentration. For powdered SiO2, dispersions
were prepared by adding the SiO2 to the polymer solutions and sonicated for ca 30
minutes to break up any aggregates. The samples were vortexed (vortex mixer, Fisher
Scientific, Pittsburgh, PA) for ca 24 h and periodically sonicated. For the Nissan SiO2
in IPA, appropriate amounts of the SiO2 suspensions were added to the polymer
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solutions in CHCl3 and sonicated/vortexed as above. In this case the final samples
contained 7% (by volume) of IPA in the CHCl3.
The suspensions were centrifuged at 3200rpm for 30 min using a Fisher
Marathon 3200 centrifuge. The supernatant liquid was discarded and the SiO 2 with
adsorbed PMMA (PMMA-SiO2) was rinsed two- three times with CHCl3 to constant
weight in order to remove PMMA. The resulting PMMA-SiO2 was dried in a vacuum
oven at RT and stored in a desiccator.
2.3

Characterization

The amount of adsorbed PMMA was measured using thermogravimetric
analysis (TGA) on a TA instrument Hi-Res TGA 2950 (TA Instruments, New Castle,
DE) with a ramp rate of 10°C/min. Samples of approximately 10-15 mg were placed
in the sample pans and heated from ambient temperature to 800°C. Nitrogen was used
as a purge gas at a flow rate of 60 mL/min. In order to account for the silanol
condensation of SiO2, the beads were heated separately over the same temperature
range at the same scan rate, and this weight loss subtracted from that of the polymer
and SiO2.
3.

Results and Discussion
Silanol Densities
Silanol densities can be quantified by thermogravimetric analysis, assuming

that the weight loss results from the elimination of water from the reaction of two
silanols to form a siloxane bridge.
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The mechanism of loss of water is shown in the schematic 1 below.

Scheme 1
The silanol densities of the silica were estimated by TGA analysis, as shown
in Figure 1, monitoring the evolution of water that results from the silanol
condensation. The silanol density was calculated using the following formula:

OH/nm2 = (2 m NA/MH20)/S m200

Equation 1

Here ∆m is the weight loss of water (g) between 200-800 ◦C, NA is
Avogadro‘s number, S is the surface area (m2/g) of silica (Table I) and m200 is the
sample weight at 200◦C. The start of the sample weight at 200 oC eliminates inclusion
of physically adsorbed water in the calculations for silanol density. The end point of
800 oC is used since condensation of internal silanols begins is high due to the large
contributions of internal condensation of silanols or ethoxy groups in the bulk silica,
and are not reported. TGA cannot be used to account for this effect, since
rehydrolysis of siloxane linkages after heat treatment above 500-600oC is only
partially reversible, so it is not possible to recover, and thus quantify, the native ―as
is‖ surface.
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Figure 7-1.

TGA curve of SiO2 indicating region used to determine silanol
densities of SiO2. Inset is formula used to obtain silanol density; m =
change in mass (g) as indicated; m200 = mass in grams at 200 oC, NA =
Avogadro‘s number, MH2O = molar mass of water, S = surface area
obtained from Table I.
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The silanol densities, [SiOH], obtained from the TGA data are presented in
Table I. Figure 7-2 & 7-3 presents [SiOH] of fumed silica as a function of heat
treatment temperature and [SiOH] as a function of nanoparticle size for Nissan SiO 2
respectively.
Silanol densities of ―as is‖ Stöber SiO2 are greater than fumed silica since
Stöber SiO2 is prepared at low temperatures, whereas fumed silica is made by flame
hydrolysis193.
The silanol densities of the Nissan SiO2 increase with increasing nanoparticle
size, as has been observed previously194. Note that for the Nissan SiO2 in IPA, the
solvent covalently binds to some of the silanol sites on the SiO 2 surface191 and
increases the weight loss above that expected for elimination of water. Since the
Nissan nanoparticles are all made by the same process, silanol densities obtained
from the SiO2 in water should be used.
Identification and quantification of surface silanols of SiO 2
determined by methods such as FTIR37,

38, 195, 196

29

have been

, nuclear magnetic resonance

(NMR)32 or thermogravimetric analysis (TGA)31, 37. Silanol densities measured using
TGA have been shown to be in reasonable agreement with values obtained by
NMR197. The value obtained here for A380 fumed silica is similar to the value
reported by the manufacturer (2.2 OH/nm2).
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Figure 7-2.

Silanol densities [SiOH] of fumed SiO2 as a function of heat treatment
temperature, determined by TGA.
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Figure 7-3.

Silanol densities [SiOH] of Nissan SiO2 as a function of nanoparticle
size (■); (●) indicate condensation of nanoparticles in IPA, where the
IPA has covalently attached to the SiO2.
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Degradation Temperatures

Effect of Silanol Densities of Silica Nanoparticles on Td of PMMA-Nanocomposites:
A typical TGA and dTGA plot is shown in Figure 7-4. The degradation
temperatures, Tds, measured from the maxima in the dTGA curves, with the
corresponding amount of adsorbed PMMA, for all the samples are compiled in Table
II. The dTGA curves for neat PMMA and PMMA as a function of submonolayer
coverage are shown in Figure 7-5 for methylated 100 nm Stöber and R812 fumed
silica.
The methylated 100 nm Stöber and R812 fumed silica are expected to be nonadsorbing surfaces for the polar PMMA. Previous differential scanning calorimetry
(DSC) data have shown that the glass transition temperatures (T gs) are slightly less
than (Tg = 92.4 oC for 100 nm CH3- Stöber) or the same (Tg = 111.7 oC for R812) as
that of neat PMMA (Tg = 110 oC). Here, the Td values almost the same as that of neat
PMMA, consistent with the lack of any specific interaction that might affect how the
chains decompose.
The situation is different when PMMA is adsorbed, again at submonolayer
coverage, to hydrophilic silica. Figure 7-6 to Figure 7-10 presents dTGA data for ―as
is‖, 600 oC + acid, and 1000 oC + acid Stöber SiO2. In all cases, the amount of
adsorbed PMMA was at or below plateau adsorption as previously determined by
adsorption isotherms191.
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Figure 7-4.

TGA and dTGA curves for neat PMMA.
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Figure 7-5.

dTGA curves for neat PMMA and PMMA adsorbed at plateau
coverage for methylated 100 nm Stöber and R812 fumed silica.
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Note that in the case of the Stöber ―as is‖ SiO2, the degradation due to residual
ethoxy groups of the tetraethyl orthosilicate (TEOS), Si (OC2H5)4 used to make the
SiO2 is observed at ca 500 oC. For the heat treated SiO2, these groups are already
removed by thermal degradation. For all of the 100 nm Stöber SiO2, at plateau
coverage, Td is at least 20 oC higher than the value (352.50 oC) of neat PMMA. For
each type of SiO2, Td increases as the amount of adsorbed PMMA decreases. These
trends, also observed for the fumed SiO2, are shown in Figure 7-11.
The increase in Td values with decreased PMMA coverage reflects the
increase in hydrogen bond interactions known to exist between the carbonyl groups of
PMMA and the silanol groups of the SiO2. With less PMMA adsorption, the chains
adopt flatter conformations that can form a greater number of hydrogen bonds/chain
with the SiO2. Further, for a given adsorption amount (indicated for example by the
vertical line in Figure 7-11), Td decreases in the order 100 nm Stöber ―as is‖ ≥ 100
nm Stöber (600 oC + acid) > 100 nm Stöber (1000 oC + acid) > fumed SiO2 (―as is‖)
> fumed SiO2 (1000 oC). This is in the same order as silanol density on the SiO 2
surfaces (Table I). The similarity between the ―as is‖ and 600 oC Stöber SiO2 is due
to the decrease in SiOH sites due to residual Si-O-CH2CH3 groups in the former case,
and silanol condensation in the latter case. Thus, as the silanol density of the SiO2
increases, for the same amount of adsorbed PMMA, there are a greater number of
hydrogen bonds between the SiOH groups of the SiO2 and the carbonyls of the
PMMA, as shown schematically in Figure 7-11.
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Figure 7-6.

dTGA curves for ―as is‖ 600 oC + acid Stöber SiO2, each as a function
of PMMA adsorption at below or equal to plateau coverage.
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Figure 7-7.

dTGA curves for 600 oC + acid Stöber SiO2 as a function of PMMA
adsorption at below or equal to plateau coverage.
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Figure 7-8.

dTGA curves for 1000 oC + acid Stöber SiO2, as a function of PMMA
adsorption at below or equal to plateau coverage.
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Effect of Size of Silica Nanoparticles on Td of PMMA-Nanocomposites:

Lastly, PMMA was adsorbed to SiO2 nanoparticles of three nominal sizes, 15,
40, and 100 nm. In this case also (Figure 7-12), as the amount of adsorbed PMMA
decreased, Td also decreased, for the same reason discussed above, namely that the
chains adopt flatter conformations that can form a greater number of hydrogen
bonds/chain with the SiO2, as shown schematically in the figure. In addition, as seen
by vertical line shown in Figure 7-12, for the same amount of adsorbed PMMA, T d
increases in the order Td (100 nm) > Td (40 nm) > Td (100 nm). Since the radius of
gyration, Rg, of the PMMA is estimated to be 6.5 nm, R SiO2/ Rg ~ 7.7/1, 3/1 and 1.2/1
for the 100, 40 and 15 nm SiO2, respectively. That is, as the size of the SiO 2
nanoparticle increases compared with the size of the PMMA, the PMMA molecules
can adopt flatter conformations and thus form more hydrogen bonded interactions
with the silanols of the SiO2. As discussed elsewhere, it is energetically unfavorable
for the polymer chains to adopt conformations in which the entropy decrease due to
chain contraction (to hydrogen bond with the silanols) is not offset by the enthalpy
gain due to these hydrogen bond interactions.
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Table 7-1 Properties of SiO2
SiO2 Type

Fumed
Dry powder

Manufacturer
Designation

Nissan
(water-glass)
in water

a

Silanol densities
SiOH/nm2

Specific
surface area

2

a

A380

7nm

360±30 m /g

R812

7nma

260±30 m2/g a

Stober
Dry powder

Nissan
(water-glass)
in
isopropanol

Primary particle size

3.6
0.7
0.2
0.54a

N/Ag
―as is‖
3.9
600 oC
6.2
600 oC + A
0.8
1000 oC
1.2 1000 oC + A
1.2

115 nmb, 119 nm c

30 m2/g d

ST

11.7 nm ± 2e, 15.2 ± 2b

233 m2/g f

ST-L

39.2 ± 4e, 46.2 ± 2b

70 m2/g f

6.3

ST-ZL

96.6 ± 5e, 102.9 ± 3b

28 m2/g f

9.5

ST-XS

6.3 ± 2b

432 m2/g f

0.9

ST-40

14.7 ± 4b

185 m2/g f

2.1

ST-50

26.5 ± 3b

103 m2/g f

4.1

ST-20L

45.4 ± 3b

60 m2/g f

5.7

MP-1040

114.3 ± 5b

24 m2/g f

8.7

a: provided by supplier; b: by DLS light scattering; c: by AFM;
e: TEM; f: calculation by geometry; g: cannot be determined
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―as is‖
600 oC
1000 oC

d: BET surface area;

Figure 7-9.

dTGA curves for 15nm colloidal SiO2,

as a function of PMMA

adsorption at below or equal to plateau coverage.
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Figure 7-10. dTGA curves for 100 colloidal SiO2, as a function of PMMA
adsorption at below or equal to plateau coverage.
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Higher decomposition temperatures compared with pure PMMA were
observed for silica/PMMA composites; hydrogen bonds between the PMMA and
SiO2 were suggested to interrupt depropogation of the chain198. Melt blends of
PMMA with organo-modified montmorillonite (OMMT) showed improved thermal
stability199, which increased with OMMT loading200.
The increase in modulus with time at high temperatures for PMMA silica
composites, which increased with SiO2 surface area and concentration, was attributed
to a chemical reaction between the PMMA and silanols that acted as crosslink sites 201.
The degradation of PMMA in air increased with increased surface area of added SiO 2
nanoparticles202. However, in the case of MMA polymerized with 13 wt% of ca 12
nm colloidal SiO2, there was also little effect on T d; random initiation of chain
scission of the PMMA increased from 374 oC to 378 oC by addition of the SiO2182.
Increases in thermal stability were observed for hydrophobically modified fumed
SiO2 (ca 4% loading) possibly due to radical trapping203, 204. The degradation of ultra
thin films of isotactic (i-) and syndiotactic (s-) PMMA showed that tacticity and
adsorbed amount affected Td, but was lower than the bulk values for both i- and sPMMA183.
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Table 7-2 Degradation temperatures, Td, for PMMA on SiO2
PMMA
Neat
Td = 352.5
SiO2 Type
15nm
40nm
100nm
Ads
Ads
Td
Td
Ads amt
amt
amt
Colloidal
0.36
380
0.42
386.2
0.54
water glass
0.45 369.2 0.51
379.4
0.61
(Nissan)
0.54
366
0.67
375.4
0.78

400.1
395.6
389

0.58

364.2

0.75

373.1

0.95

387.2

0.65

361.6

0.89

369.2

1.13

385.6

Ads
amt
0.62

383.9

600◦C + A
Ads
Td
amt
0.55
389.1

0.74
0.84

378.1
374.7

0.65
0.70

382.6
381.4

0.45
0.50

385.2
380.4

0.99
1.07

372.1
370.1

0.75
0.78

375.5
373.4

0.51
0.58

378.3
377.6

0.81

370.1

0.64

376.1

as-is

Colloidal
Stöber
(Lancaster)

Td

Td

1000◦C + A
Ads
Td
amt
0.38
388.7

◦

1000 C + A +HMDS

Ads
amt
0.11

385.1

1000 ◦C
Ads
Td
amt
0.09
381

0.13

382.7

0.31

0.49

375.6

0.53

as-is

Fumed
(Evonik)

Td

0.10

354

0.21

353.6

0.29

352.4

R812
Ads amt

Td

0.09

351.3

371

0.13

347.9

0.35

370

0.21

345.1

370.9

0.46

371

0.24

340.1

0.59

368.3

0.51

368

0.72

365

0.6

366
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Figure 7-11. Td as a function of amount of adsorbed PMMA on Stöber and fumed
SiO2 for: (■) ―as is‖ Stöber; (□) 600 + acid Stöber; (X) 1000 oC + acid
Stöber; (●) ―as is‖ fumed; and (○) 1000 oC fumed SiO2. Vertical line is
a guide to the eye to indicate Td at the same amount of adsorbed
PMMA. Schematic shows how low and high silanol densities affect
hydrogen bond formation between the SiOH and C=O of PMMA.
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Figure 7-12.

Td as a function of amount of adsorbed PMMA on nominal (∆)
15; (*) 40; and (▲) 100 nm SiO2 nanoparticles. Vertical line is
a guide to the eye to indicate T d at the same amount of
adsorbed PMMA. Schematic shows how size of nanoparticles
affect hydrogen bond formation between the SiOH and C=O of
PMMA
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4.

Conclusions:
In the current investigation, the effects were largest for PMMA in direct

contact with the hydrophilic SiO2. The maximum Td measured was ca 400oC for
PMMA at the lowest adsorbed amount on the SiO2 nanoparticles, which allowed the
flattest conformations on the surface (the 100 nm SiO2). This was a ca 50 oC increase
compared with Td for the neat PMMA used in this investigation, where only the
degradation observed was random scission along the polymer backbone. As discussed
previously191, Tg was shown to decrease on hydrophilic SiO2 as the adsorbed amount
decreased. Thus our results are consistent with the view, modeled for isotactic
polypropylene reinforced with carbon nanofibers, and invoked for poly(furfuryl
alcohol)/SiO2 hybrids205 that increased thermal stability is associated with
nanoconfinement effects, i.e. sites of reduced segmental mobility, which prevent
thermally induced chain scission206. Increases in Td and Tg for PMMA/mesoporous
SiO2 nanocomposites in air were attributed to confinement effects of the PMMA in
the nanochannels207. The lack of change in T d and Tg for PMMA on hydrophobically
modified SiO2 in the current investigation is consistent with this interpretation.
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CHAPTER: 8
CONCLUSIONS
In this dissertation we started with the idea that can we use surface tailoring of
nanoparticles as a vehicle to understand what happens at the interface and once we
know what is soing to at the interface region can we predict the final properties of the
nanocomposites. We have successfully shown that we can indeed shown that we can
indeed predict the final properties.
In the study of the effect of surface properties and morphology of two types of
silica, fumed and colloidal SiO2, on the adsorption of PMMA it was found that,
Fumed silica, has fewer native SiOH groups than does colloidal silica prepared at
much lower temperatures from TEOS. Further, fumed silica consists of fractal
aggregates of grape-like clusters containing primary particle sizes of ca. 7nm,
whereas the colloidal silica consists of individual 100nm SiO2 nanoparticles. For
either silica, plateau PMMA adsorption increased with increasing SiOH density and
was least for hydrophobically (-CH3) modified SiO2. Similarly, the bound PMMA
fraction, as measured by the relative intensity of the hydrogen bonded carbonyl peak,
increased with increasing SiOH density, and no hydrogen bonded fraction was
observed for methylated SiO2. The bound fraction decreased with increasing amount
of adsorbed PMMA, but the number of ―mers‖/nm2 increased with the amount of
adsorbed PMMA, indicating that all of the PMMA was attached to the substrate. At
comparable PMMA coverage, for hydrophilic silica, Tg increased with increasing
SiOH density, bound fraction and #mers/nm2 for both Stöber and fumed silica and
decreased/remained the same for methylated SiO2, with respect to the Tg of bulk
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PMMA. These results indicate that the hydrogen-bonding interaction between the
carbonyl group on PMMA and the SiOH of SiO2 restricts the mobility of the PMMA
chains and thus increased its Tg. The unchanged/reduced Tg for methylated silica was
attributed to a model proposed by deGennes for polymers on nonattractive surfaces,
in which the dynamics were determined by the loop size, which was greater for
fumed methylated silica. TEM observation for the hydrophilic silica indicated that the
colloidal silica existed as separate nanoparticles after PMMA adsorption, but that the
fumed silica became denser, suggesting that bridging of PMMA chains occurred
between the primary particles of the fumed silica.
In the study of effect of curvature of silica nanoparticles on polymers,
polyethylene oxide (PEO) of MW = 1 x 105 g/mol and Rg = 13.6 nm was adsorbed
onto 15, 50 and 100 diameter silica (SiO2) nanoparticles from chloroform solution.
Transmission electron microscopy (TEM) images showed that up through the plateau
region, PEO adsorbed onto isolated spheres, with no evidence of bridging or
aggregation. At plateau adsorption, there were ca. 2, 24 and 170 PEO
chains/nanoparticle, for the 15, 50 and 100nm SiO2, respectively. This indicates that it
is possible to capture single molecules of PEO on isolated nanoparticles. PEO
adsorption occurred through hydrogen bond formation of the ether oxygens with the
isolated silanols of SiO2.

The disappearance of the isolated silanols at plateau

adsorption for the large, but not the small nanoparticles, suggested that the silanols on
the smaller particles were sterically prohibited to the PEO chains. In order to
hydrogen bond with these silanols, the PEO chain would have had to adopt
energetically unfavorable conformations where the configurational entropy penalty of
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formation was high. At low adsorption amounts for all sizes of SiO 2, only a Tg was
observed, due to a predominance of trains of PEO segments. As the amount of
adsorbed PEO increased, a melt endotherm appeared, due to the increasing number
and length of loops and dangling ends. For comparable amounts of adsorbed PEO, the
melt endotherm increased in the order PEO-SiO2 (15 nm) > PEO-SiO2 (50 nm) >
PEO-SiO2 (100 nm). In all cases, Tg first decreased and then increased at PEO
coverages where a melt endotherm first appeared. This was interpreted as in increase
in loop/tail lengths and thus flexibility as more PEO chains adsorbed. With further
increase in loop/tail length, the chains could crystallize, and the increased T gs were
attributed to the formation of tie chains between the crystallites.
When thermal stability of PMMA nanocomposites were studied it was found
that the maximum Td measured was ca 400oC for PMMA at the lowest adsorbed
amount on the SiO2 nanoparticles, which allowed the flattest conformations on the
surface (the 100 nm SiO2). This was a ca 50 oC increase compared with Td for the
neat PMMA used in this investigation, where only the degradation observed was
random scission along the polymer backbone. Thus our results are consistent with the
view, that increased thermal stability is associated with nanoconfinement effects, i.e.
sites of reduced segmental mobility, which prevent thermally induced chain scission.
As the number of silanols on the surface increases more polymer chain lie flat on the
surface resulting in increase in the Td of the nanocomposites. With increase in size of
nanoparticles the silanols increase and we have higher Td for large nanoparticles
composites than for smaller nanocomposites.
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