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The structural entities, atomic or molecular, that constitute a material and

their spatial organization within the material largely determine the properties of

the material.  Different classes of materials respond to external forces often in

ways that are fundamentally connected to their structure.  Polymer melts exhibit

time-dependent viscoelastic behavior in response to external stresses.  If the

deformation is rapid then the response of the polymer is largely elastic, whereas

for sufficiently slow deformations the response is time-dependent and dissipative.

In the solid state, an amorphous polymer responds to sufficiently small forces

through local relaxations of segments of the molecules. Inorganic network glass

melts typically exhibit viscoelastic behavior in the vicinity of the glass transition

temperature, Tg, whereas below Tg ionic entities that compose the structure

undergo hopping processes in response the external perturbations.  This
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dissertation is largely devoted to understanding the response, or relaxations, of

two different classes of materials: polymer based nanocomposites and inorganic

network glasses, to external periodic mechanical perturbations.

Polymer nanocomposites, materials in which a polymer serves as the host

for nanomaterials, may possess properties that differ substantially from those of

the pure polymer. Interactions between polymer segments and the foreign

particles and the geometry, size, and dispersion of the foreign particles profoundly

influence the properties of the composite.  Small concentrations (~ few percent)

of particles of nano-scale dimensions have been shown to be particularly effective

at modifying the properties of the polymer because of the large interfacial area.

In this dissertation the influence of C60 fullerenes and of single walled carbon

nanotubes on the dynamical mechanical and rheological properties of PS and

PMMA is examined.

The second problem examined was the mechanical response of inorganic

network glasses based on tellurium oxide to mechanical perturbations.  Often

alkali oxides are included in the glass composition because they improve

processability of the glass melt by decreasing Tg.  Through a series of dynamic

mechanical and rheological experiments, it is shown that the relaxations which

characterize the response of the glass increase by up to an order of magnitude

when two distinct types of alkali ions are present compared to one.
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 Chapter 1: Introduction and Background

The structural entities, atomic or molecular, that constitute a material and

their spatial organization within the material (morphology) largely determine the

properties of the material.  Different classes of materials respond to external

forces often in ways that are fundamentally connected to their structure.  Polymer

melts exhibit time-dependent viscoelastic behavior in response to external

stresses.  If the deformation is rapid then the response of the polymer is largely

elastic, whereas for sufficiently slow deformations the response is time-dependent

and dissipative.  In the solid state an amorphous polymer responds to sufficiently

small forces through local relaxations of segments of the molecules.  Metals

respond elastically if the deformation is sufficiently small; at sufficiently large

stresses they plastically deform.  Inorganic network glass melts typically exhibit

viscoelastic behavior in the vicinity of the glass transition temperature, Tg,

whereas below Tg ionic entities that compose the structure undergo hopping

processes in response the external perturbations.  This thesis is largely devoted to

understanding the response, or relaxations, of two different classes of materials,

(1) polymer based nanocomposites and (2) inorganic network glasses, to external

periodic mechanical perturbations.

1.1 THE MECHANICAL RESPONSE OF POLYMERS: A BRIEF OVERVIEW

Amorphous polymers exhibit a primary α-relaxation, the glass transition,

denoted by a large change of the modulus as well as changes in the heat capacity



2

and specific volume.  Below the glass transition temperature, Tg, secondary

relaxations associated with monomers and chain segments occur.  In poly(methyl

methacrylate) (Figure 1.1), for example, three relaxation processes occur below

Tg
1,2.

Figure 1.1 – The repeat unit of PMMA is shown here with the sub-Tg relaxations
identified.

The β−relaxation, associated with local segmental relaxations are active just

below Tg.  The so called γ and δ relaxations are associated with motions of the

methyl groups attached to the main chain and with side group relaxations,

respectively. These relaxations provide the means by which the system dissipates

energy. At temperatures above Tg, the polymer chain undergoes long-range center

of mass motions.  If the chains are sufficiently longer than the entanglement

molecular weight, then the motion of the chain is accommodated by snake-like
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motions within the confines of a “tube,” or topological constraints, imposed by

neighboring chains as seen in Figure 1.23.

Figure 1.2 – A polymer is shown to be entangled in a mesh of other polymer
chains in the top diagram.  A polymer chain confined to an idealized
tube formed of constrains from other polymer chains is shown in the
bottom diagram.

The time that characterizes the motion of the chain throughout the tube of

length is the longest relaxation time of the chain 23
Re / ep NN∝τ , where N is the

number of chain segments and Ne is the number of segments between

entanglements.  This relaxation time controls the viscosity of the melt,
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REPNG τη 0≈ , where 0
NG  is the rubbery plateau modulus4.  The plateau modulus is

typically measured in a stress relaxation experiment in which the response,

0/)()( γσ ttG = , of the entangled polymer melt to a sudden imposed strain, 0γ , is

monitored.  A typical shape of G(t) is shown in Figure 1.3.

Figure 1.3 – The response of a typical polymer to a stress relaxation test is shown
here, with the plateau modulus and reptation time identified.

Both the plateau modulus and the reptation time are identified on the graph.  The

viscosity is specified by ∫
∞

=
0

)( dttGη 5.  The center of mass diffusion coefficient

of this chain is 
2

Re

−









∝

e
p N

ND .  For chains that are unentangled, N<Ne,

N
D p

1
Re ∝ .

Log G(t)

Log(time)

GN
o

τrep
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1.2 POLYMER NANOCOMPOSITES

SWNT/Polymer nanocomposites, materials in which a polymer serves as

the host for small weight fractions of SWNTs, possess properties that differ

substantially from those of the pure polymer.  SWNTs possess a Young’s

Modulus larger than 1 TPa, which is comparable to that of diamond (1.2 TPa)6-9

and a tensile strength of 20 and 200 GPa.  However, the nanotubes exhibit a

propensity to aggregate and form ropes or bundles because of a strong cohesive

attraction between nanotubes10.  Improvements of the properties of

nanocomposites are limited by the extent to which the SWNTs may be dispersed

throughout the host.  Dispersion is only achieved (1) with chemical

functionalization that increases the compatibility between the SWNTs and the

polymer host11-15 or (2) with the use of very small concentrations of SWNTs in a

polymer matrix that has cohesive interactions with the SWNTs9,16,17.  A number

of studies of the mechanical properties of relatively large amounts (> 1 wt. %)

multi-walled carbon nanotube/polymer nanocomposites have been completed6,18-

28.  Few studies have focused on the use of small amounts of nanotubes, despite

promising results29-31.

Interactions between polymer segments and the foreign particles and the

geometry and size of the foreign particles profoundly influence the properties of

the composite.  In contrast to macroscopic foreign particles, small concentrations

(~ few percent) of particles of nano-scale dimensions have been shown to be

particularly effective at modifying the properties of the polymer because of the

large interfacial area.  Examples include the use of organo-clay particles which
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have been shown to improve the mechanical and thermal properties by factors of

two or three with loadings of a few percent32-34.  Models based on conventional

composite theory have not been successful at explaining the unusually large

improvements in properties.  In this dissertation, the influence of fullerenes (C60,

“Buckyballs”) and of single walled carbon nanotubes on the dynamical

mechanical and rheological properties of PS and PMMA is examined.

Specifically, the objectives are:

•  Examine the dynamic mechanical properties of PMMA-carbon

nanotube nanocomposites.

•  Study the effect of small concentrations of C60 on PMMA bulk

rheological properties above Tg.

•  Determine the effect of dispersion on the mechanical properties of a

series of functionalized carbon nanotube/polystyrene nanocomposites.

1.3 BACKGROUND: STRUCTURE AND PROPERTIES OF INORGANIC GLASSES

In order to understand flow and transport processes that occur in glasses, it

is necessary to understand their structure. In general when liquids are cooled

quickly from the melt state, an amorphous phase, i.e. glass, is formed.  The most

common network inorganic glasses are silicates, of which window glass is an

example.  The basic unit of the silicate network is a tetrahedron, in which a silicon

atom is surrounded by four oxygens (see Figure 1.4).  The tetrahedra, connected

by bridging oxygens, are randomly oriented in space because they have been
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“frozen” into place by rapid quenching.  The silicon atoms are called network

formers.  Other network formers include tellurium, boron, and phosphorus.

Atoms called network modifiers can be added to the glass, and they depolymerize

the network.  Network modifiers are alkali and alkaline earth ions, which form

ionic bonds with oxygens.  These oxygens that are covalently bonded to one

network former and ionically bonded to one network modifier are called non-

bridging oxygens (NBOs).  Covalent and ionic bonds comprise the somewhat

depolymerized network.

Figure 1.4 – SiO2 Tetrahedral Structure

Most studies of glasses have f

historically been technologically most us

on understanding dynamical processes th

of the form NaxLi1-xTeO2.  In order to ac

tellurium oxides must be understood.  T

structure is not tetrahedral.  The basic

bipyrimidal structure, composed of two

bonds with an electron pair occupying th
Si
ocused on silicates because they have

eful.  However, this dissertation focuses

at occur in alkali tellurium oxide glasses

complish this, the molecular structure of

ellurites differ from silicates in that their

 unit of a tellurium oxide is a trigonal

 long bonds to oxygens and two short

e fifth place, as shown in Figure 1.5.
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Figure 1.5 – TeO2 Trigonal Bipyrimidal Structure

Tellurium oxide glass is composed of a three-dimensional network

structure in which these trigonal bipyramid units are connected with random

orientations.  The connectivity of this structure, which is the number of other

tellurium atoms that are directly bonded via an oxygen atom, is four. The addition

of alkali oxides creates NBOs, which are bonded ionicly to the alkali ions.  This

has the effect of breaking up the covalent network structure (depolymerization)

and creating mobile ion species in the material.  The addition of alkali ions has an

additional effect on the structure of tellurites.  Tetrahedral tellurium structural

units of the form TeO3/2 are created, as seen in Figure 1.635,36.

Figure 1.6 – TeO3/2 Tetrahedral Structures

In this structure, the tellurium has a connectivity of 1 or 2, greatly

reducing its ability to form a three-dimensional covalently bonded network.  The

Te

Te Te
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reduced connectivity also increases the ability of the local network to relax

because of the increased mobility of non-bridging oxygens.  The temperature also

has a significant effect on the structure.  The ratio of TeO3/2 to TeO4 arrangements

also increases as temperature is increased37,38.  The ratio of alkali ion composition

also affects this ratio.

The dynamic processes present in inorganic glasses are intimately related

to the structure.  The primary relaxation of network glasses involves long range

cooperative movements and the breaking and reforming of covalent bonds

(locally).  Thus, connectivity and structure around the tellurium atoms is

important.  Network modifiers are mobile in the structure.  Since ionic bonds are

weak and non-directional, mobile cations are relatively free to move between sites

near NBOs.

1.4 THE MIXED ALKALI EFFECT

When alkali ions are present in glasses, they exhibit a measurable

electrical conductivity.  When two different alkali ions are present in a glass, the

conductivity drops several orders of magnitude at a given temperature.  There

exists a deep minimum in the conductivity that is reduced as the temperature is

increased39-41.  The conductivity of single alkali glasses, at x = 0 and x = 1, is

much higher than the conductivity of the mixed alkali glasses, x = 0.25, x = 0.5,

and x = 0.75. Where x is defined as:

][][
][
LiNa

Nax
+

= (1.1)
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This phenomenon is commonly referred to as the mixed alkali effect.  The

mixed alkali effect is a general deviation from linear additivity of the properties of

glasses that contain more than one type of network modifier.  The properties that

are affected are those associated with long range motion of ions, such as ionic

conductivity.  Bulk static properties such as the specific volume are not affected.

Secondary relaxations associated with the mobility of ions can be examined by

mechanical relaxation experiments.

While there is no universally accepted theory for this behavior, a number

of theories have been successful at predicting many of its features.  The

conductivity results can be understood, qualitatively, based on the following42-44.

When an alkali ion occupies a site near a non-bridging oxygen, the surrounding

network configures itself to accommodate that particular species.  This is due in

part to size and polarizability effects.

Now consider a typical hopping event.  If an adjacent ion of type α jumps

into a site that has just been vacated by an α-ion, the site is already configured for

that specific ion.  Thus, there is a relatively small amount of energy associated

with accommodating the arrival of the new ion.  However, if a β-ion attempts to

jump into a site that has just been vacated by an α-ion, the site is not configured

for the β-ion.  Thus, the energy penalty for moving into the α-site is large because

the site must locally reconfigure itself by a relaxation process in the network.  The

same is true for an α-ion moving into a site recently vacated by an β-ion.  The

effect of which is to significantly decrease the total mobility of all ionic species in

the sample.  There are also fewer α-sites available to α-ions. The existence of
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fewer correctly configured sites, and the increased energy penalty to move into

incorrectly configured sites reduces the amount of hops an ion will make in a

given amount of time.  This effect lessens as the temperature increases and the

energy of the system increases.

The inorganic glass portion of this dissertation focuses on understanding

the ramifications of the mixed alkali effect above Tg.  Specifically the objective is

to investigate the primary relaxation of a series of mixed alkali tellurites using

viscoelastic rheology to determine how the primary relaxation is changed by

alkali ion substitution.
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Chapter 2: Carbon Nanotube/PMMA Nanocomposites

2.1 INTRODUCTION

Macroscopic composites, involving mixtures of polymers with non-

polymeric additives such as carbon fibers, have been an important class of

engineering materials for some time1. More recently, nanocomposites, in which

polymers serve as hosts for inorganic particles of nanoscale dimensions, have

become of scientific and technological interest.  These materials promise to be

excellent candidates for sensors, mechanical damping devices, and other

technologies requiring “functional” materials whose properties can be “tailored”.

Nanocomposites can exhibit properties that differ substantially from those of the

pure polymer.  Of particular interest is the use of single–walled carbon nanotubes

(SWNT) as reinforcing agents due to their extraordinary mechanical properties.

Their high aspect ratio and surface area to volume ratio suggest that small

amounts of SWNTs can change the properties of polymer composites.

Percolation behavior has been demonstrated in both electrical resistivity2 and

rheological behavior3 at relatively low concentrations.  In this regard, polymer-

based nanocomposites represent a new generation of materials that show

potentially greater promise as engineering materials than macroscopic

composites.

SWNTs possess a Young’s Modulus larger than 1 TPa, which is

comparable to that of diamond (1.2 TPa)4-7 and a tensile strength of 20 and 200

GPa.  Mechanical studies of nanotube/polymer composites most often involve
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multiwalled nanotubes (MWNTs) with concentrations greater than 1 wt. %4,8-18.

The use of MWNTs is a result of their widely available compared to SWNTs,

though SWNTs offer superior mechanical properties. In addition, few studies

have focused on the mechanical properties of composites with smaller

concentrations of nanotubes2,19,20, even though low concentrations of nanotubes

have been shown to change the electrical properties of the matrix significantly2,15.

A major impediment to the development of molecular level

nanocomposites based on SWNT is that nanotubes are organized in bundles or

ropes, which are held together by strong van der Waals interactions: it is difficult

to disperse them as individual tubes in most polymeric matrices. Methods to

derivatize the SWNT in order to overcome the tube-tube interaction, and therefore

render them compatible with polymers, must additionally ensure the defect-free

structure of the tube sidewalls21-24.  Defect-free tube side walls are crucial to

maintain the extraordinary properties of the SWNT.  It has, however, been shown

that the monomer MMA and PMMA will intercalate into the bundles of SWNTs,

given a low enough SWNT concentration, without the need for chemical

alteration of the SWNT 7,25,26.

In this study, the dynamic mechanical properties of the

SWNT/poly(methylmethacrylate) (PMMA) nanocomposite were examined. The

nanocomposite was created by dispersion of the SWNTs in a monomer solution

followed by in-situ radical polymerization.  Below the glass transition

temperature (Tg), polymers can dissipate mechanical energy via segmental

relaxation processes27,28.  In PMMA these relaxations are the well-known α-
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relaxation (~110oC), associated with the onset of the glass transition temperature

(Tg), and the β transition (~50oC) which is the result of hindered rotation of the

side chain29. Measurements of the elastic modulus, E’, and the loss modulus, E”,

which are performed using a dynamic mechanical analyzer, enabled an

understanding of how the presence of the nanotubes influences the ability of

PMMA to store and dissipate mechanical energy.

2.2 EXPERIMENTAL

SWNT-based PMMA nanocomposites were prepared by in-situ

polymerization in solution.  Equal amounts of MMA and dimethyl formamide

(DMF) were added to the reactor along with 0.08 wt. % of the free radical

initiator 2,2-azobisisobutyronitrile (AIBN).  MMA, DMF, and AIBN were

obtained from Aldrich Chemical Co. and used as is.  The reaction flask and

contents were sparged with argon (99.999%) for 1 hour prior to introduction into

a silicon oil bath at the reaction temperature of 80oC. For the preparation of the

nanocomposites, the SWNTs (produced by laser ablation and purified according

to standard procedures30, donated by NASA JSC) were sonicated in DMF (~ 0.01

% (w/w)) and the resulting solution centrifuged and decanted prior to introduction

into the reaction flask. Samples were allowed to react for two hours and

subsequently precipitated in methanol, washed with hexane, and dried extensively

at room temperature under vacuum.  Calculation of the wt. % SWNT in the

samples was based on the solubility of SWNTs in DMF 13. The samples prepared

for this study are characterized in Table 2.1.
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Table 2.1 – Characterization of SWNT-based PMMA Nanocomposites

Sample wt. % SWNT Mw Mw/Mn

1 0 30700 1.7

2 0.0001 30600 1.7

3 0.001 30500 1.8

4: Mechanically
Tested Composite

0.014 30300 1.8

Previously, Jia et al. 13 developed SWNT/PMMA nanocomposites via an

in situ process by bulk polymerization.  In their study, SWNTs were introduced

into the reaction mixture in bulk. The SWNT concentration was varied from 1 to

20 wt. % and the authors noted an unusual effect on the polymerization in that the

higher the concentration of SWNT the more AIBN was needed.  This effect was

observed in a change in the time period for the observance of a viscosity change.

They suggested the AIBN opened the π-bonds of the SWNTs thus making it

possible for the SWNTs to link with each other as well as with the PMMA matrix.

The authors also noted the appearance of a new peak in the FTIR spectra of a

composite containing 20 wt. % SWNT and attributed this to the existence of a C-

C bond between the SWNTs and the PMMA. In the present study, the

experimental conditions were held constant across all samples prepared and no

changes were observed in the time period where a change in viscosity was noted.

Further, the SWNTs had no significant effect on the yields, molecular weights, or

Mw/Mn of the samples as noted in Table 2.1.

Molecular weights and polydispersity indices (Mw/Mn) were determined

by gel permeation chromatography (GPC), calibrated with polystyrene standards,



19

in THF with a solvent flow rate of 1 mL/min on a Waters Styragel HR 5E (7.8 X

300 mm) column, Waters 410 Differential Refractometer, Waters 996 Photodiode

Array Detector, and analyzed with Waters Millennium 2010 Chromatography

Manager, GPC software version 2.0. 1H NMR (nuclear magnetic resonance)

spectra were obtained at room temperature on a QE-300 MHz spectrometer using

10% (w/v) solutions in deuterated chloroform with the solvent proton as the

internal reference.  For the nanocomposites, the polymer was separated from the

SWNT by centrifugation of a dilute solution in THF at 6000 rpm for

approximately six hours before characterization by GPC and 1H NMR.

Microstructure and tacticity of the PMMA were determined by 1H NMR

spectroscopy.  Table 2.2 details the observed tacticities for each of the samples.

Dyad placements are designated m for meso (isotactic) and r for racemic

(syndiotactic).  The triads that give different shifts of the α-methyl groups are mm

(isotactic), rm (which is equivalent to mr) (heterotactic), and rr (syndiotactic).

The fraction of each triad is obtained by calculating the area of the respective

peaks.  This analysis was done using the software WinNuts by Windows.  The

results in Table 2.2 indicate that all samples were predominantly syndiotactic and

the stereochemical structure of the polymerized samples was, within error, not

affected by the addition of the SWNTs.  The results agree, within error, with those

of PMMA obtained by free radical polymerization in DMF31.
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Table 2.2 – Tacticies of PMMA Samples

Sample Diad Distributions Triad Distribution from αααα-Methyl
Spectrum

m
(isotactic)

r
(syndio
-tactic)

rr
(syndio-
tactic)

mr
(heterotactic)

mm
(isotactic)

1 0.24 0.76 0.58 0.35 0.07

2 0.25 0.75 0.58 0.35 0.07

3 0.25 0.75 0.58 0.34 0.08

4:
Mechanically

Tested
Composite

0.24 0.76 0.62 0.29 0.10

Samples were also characterized by thermal gravimetric analysis (TGA) in

nitrogen at a heating rate of 10oC/minute using a TA Instruments SdTQ600.

Figure 2.1a shows the residual weight (%) vs. temperature and Figure 2.1b the

time derivative of the residual weight (mg/oC) for all samples and demonstrates

no difference in degradation temperature between the samples.  The two

degradation processes observed in Figure 2.1 are attributed to (1) chain end

initiation of scission from the vinylidene ends resulting from bimolecular radical

termination during polymerization (270oC) and (2) random internal scission of the

polymer chain (360oC) 32-34.

Dynamical mechanical measurements of the temperature dependencies of

the elastic moduli, E’(T) and loss moduli, E’’(T) (and hence the damping factor

tan δ = E” / E’) were performed on rectangular bar samples (dimensions
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approximately 20x10x1 mm3) of PMMA and one SWNT/PMMA nanocomposite

(Sample 4, containing 0.014 wt. % SWNT) using a dynamic mechanical analyzer

in the rectangular tension mode.   The α and β transitions in the mechanical

response were identified by the presence of peaks in tan(δ).  The samples were

clamped with a consistent 40 cNm torque in all tests to achieve consistent and

reproducible results.  An initial strain sweep was performed at room temperature

to determine an appropriate strain for testing in the temperature ramp mode.  The

strain applied for the temperature ramp experiments was 0.0025 for both the pure

PMMA sample the PMMA-SWNT nanocomposites.  The strain provided for the

largest linear response that was within the capabilities of the instrument.  The

samples were in the linear viscoelastic region under every strain that the machine

could produce at 25oC.

The temperature ramp tests were performed between –150oC and 100oC.

This temperature range was selected to avoid large-scale deformation of the

sample due to passing through the glass (α) transition.  The samples were cooled

with liquid nitrogen to –150oC and given 10 minutes to equilibrate at that

temperature.  The test proceeded at 1oC/minute with a measurement time of 30

seconds.

2.3 RESULTS AND DISCUSSION

The dynamic mechanical response of PMMA is now discussed in order to

establish a context for the subsequent discussion of the influence of the SWNTs

on the mechanical response of the nanocomposites.  The temperature dependence

of the elastic modulus, E’, and of the damping factor, tan (δ), are shown in Figure
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Figure 2.2 – The temperature dependence of the elastic modulus, E’, and the
damping factor, tan δ, for PMMA are shown here for two
frequencies, 10 rad/s and 100 rad/s  The β and γ transition are
identified in the figure.
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2.2 for PMMA at frequencies of 10 rad./sec. and at 100 rad/sec.  At both

frequencies, the elastic modulus decreases from 5.0 x 1010 dynes/cm2 with

increasing temperature.  A small transition occurs in E’ at ~ -125oC and a larger

transition occurs at approximately 50oC.  The transitions in E’ are accompanied

by peaks in tan(δ), with the β transition being the larger transition occurring at

higher temperatures.  This transition is related to the hindered rotation of the side

chain, and a coordinated twisting motion of the main chain29,35.  The smaller

transition at -125 oC is believed to be associated with the methyl group rotation35.

The location of the transitions, particularly the β transition, is very sensitive to

frequency and shifts to higher temperature with increasing frequency, as expected.

The activation energy associated with the β transition peak is 21.7 kcal/mol and is

comparable to values previously published for PMMA29,35.

DMA experiments were performed on sample 4, with 0.014 wt. % SWNT,

at the same frequencies and the results, E’ and tan δ are plotted as a function of

temperature in Figure 2.3.  While the curves are qualitatively similar, there are

three quantitative differences.  First, Figures 2.4a and 2.4b show that E’ is

appreciably larger for sample 4 at the lowest temperatures with the values being

frequency dependent.  The values of E’ at –150oC are 5.5 x 1010 dyne/cm2 for a

frequency of 10 radians/second and 7.2 x 1010 dyne/cm2 for a frequency of 100

radians/second.  Secondly, at higher temperatures, the E’(T) for both sets of

samples are virtually identical, indicating that pure PMMA and the

nanocomposite exhibit similar β transition temperatures and identical glass
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Figure 2.3 – The temperature dependence of the elastic modulus, E’, and the
damping factor, tan(δ), for 0.014 wt% SWNT-PMMA
nanocomposite are shown here for two frequencies, 10 rad/s and 100
rad/s  The β and γ transition are identified in the figure.
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Figure 2.4 – Comparison of the elastic moduli for pure PMMA and for the
SWNT-PMMA nanocomposites is shown here at two frequencies,
(a) 10 rad/s and (b) 100 rad/s cases.



27

Figure 2.5 – The frequency dependence of the secondary (β) relaxation
temperature is shown here for PMMA and for the SWNT-PMMA
nanocomposite, as well as a pure PMMA reference35.

Figure 2.6 – The frequency dependence of the glass (α) transition temperature is
shown here for PMMA and for the SWNT-PMMA nanocomposite.
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transition temperatures (Figures 2.5 and 2.6).  The NMR (Table 2.2) and TGA

(Figure 2.1) studies indicate that the PMMA component of all the nanocomposites

possess the same microstructure and thermal degradation features as those of pure

PMMA.  These findings rule out the possibility that changes in microstructure of

the PMMA could be responsible for the considerable change in the mechanical

properties of the SWNT/PMMA nanocomposites.

The influence of the β transition on E’(T) is demonstrated in Figure 2.7,

which shows the relationship between E’Comp./E’PMMA and tan(δ).  The

convergence of the E’(T) at higher T indicates that the α-transition, which is

associated with translational dynamics of chains, dominates the mechanical

response in this temperature range. The activation energy for the β relaxation in

the nanocomposite was determined to be 17.8 kcal/mol, which is slightly lower

than that of the pure PMMA, but is within experimental error.

One of the most widely used models for predicting the behavior of

polymer composites is the Halpin-Tsai Model36,37 and this has been recently

applied successfully for a system of layered silicate based polymer

nanocomposites38.  Such an analysis predicts that the modulus for the composite

is,

SWNT

SWNT

PMMA

Comp

E
E

ηφ
ζηφ

−
+=

1
1

'
'

(2.1)

where E’PMMA, and E’Comp are the elastic moduli for pure PMMA and the modulus

of the composite respectively; φSWNT is the volume fraction of the single-walled
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tan(δ)

Figure 2.7 – The temperature dependence of the ratio of the elastic moduli of the
SWNT-PMMA nanocomposite and the PMMA at a frequency of 100
rad/s is shown here.  The SWNT-PMMA nanocomposite’s tan(δ) as
a function of temperature is included as a reference.
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carbon nanotube (8.3 x 10-5 for a SWNT wt. % of 0.014); ζ is a shape parameter

and η is defined by,

ζ
η

+
−=

PMMASWNT

PMMASWNT

EE
EE

'/'
1'/'

(2.2).

If the assumptions are made that; E’SWNT = 1.0 x 1013 dyne/cm2 (1.0 Tpa)4,7, the

nanotube diameter is 15Å and the nanotube length is 2µm (which produce ζ≈1300

and η=0.133), the calculated elastic modulus of the composite is indistinguishable

from the pure PMMA.   Clearly the effect of the nanotubes on the elastic modulus

exceeds the predictions based on the Halpin-Tsai model.  It is important to note,

parenthetically, that this type of model has been used to predict changes in the

modulus of composites when the additive forms a continuous reinforcing phase4.

It would therefore have been expected to over estimate E’Comp, however it does

not capture the enhancement of E’ Comp (T) at lower temperatures.

Since the theory that describes traditional composites does not explain the

increase of the modulus observed in the PMMA-SWNT composite there must be

another explanation.  It has been shown through simulations and experiments that

the properties of polymers near interfaces can vary greatly from those in the

bulk39-41. These interfacial interactions can affect a range of both dynamic

properties, such as Tg, and static properties, such as density.  There have been

many observations of strong interactions between polymers and carbon

nanotubes.  Czrew et al. and McCarthy et al. have demonstrated that the

electronic properties of the polymer and SWNT are modified when there is a
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strong cohesive interaction42,43.  Wood et al. and Zhao et al. have investigated

using the change in Raman spectroscopy of the SWNTs in a polymer matrix as a

method for measuring the stress fields in a composite44-46.  Bower et al. found

polymer ball-like structures around carbon nanotubes that had been pulled out of a

composite47, indicating that stress transfer between the SWNT and the matrix is

strong enough to dislodge polymer chains from the matrix.

The main focus of mechanical measurements of nanocomposites has been

on the transfer of stress from the polymer matrix to the carbon nanotube. Studies

have shown that the adhesion between the matrix and the nanotube is strong

enough to fracture the nanotubes14,48,49. There are several methods to make the

stress transfer more efficient.  One method is to add a third phase that has good

cohesion with both the matrix and the nanotube.  Jin et al. and Gong et al. have

demonstrated that there is a maximum in the amount of the third phase that is

beneficial to the composite’s mechanical properties9,18.  The paper by Jin et al.

indicates that poly(vinylidene flouride) PVDF has a better cohesive interaction

with MWNTs than PMMA.

That the nanotubes contribute far more than is expected from volume

additivity at low temperatures is consistent with a cohesive interaction between

the nanotubes and the polymer host.  This interaction is corroborated by previous

Raman spectroscopy studies of SWNT/PMMA systems.  It has been shown that

the breathing modes of the SWNTs are upshifted in frequency, indicating that the

SWNTs are under more stress than when they are not in the composite.  This is

believed to occur because PMMA intercalates between the bundles of carbon
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nanotubes and exerts stress on the nanotubes7,25,26.  At low concentrations this

intercalation is enough to disperse SWNTs evenly throughout the matrix7,23,25,26,

though there is probably not enough to form a percolating network2.  In fact, this

strong interaction between PMMA and SWNTs has been utilized in the

purification and cutting of SWNTs.

The reason that the composite modulus is significantly higher than the

modulus of the pure PMMA is that the properties of the PMMA matrix itself are

changed in the vicinity of the SWNTs by the cohesive interaction.  A crude

estimate the fraction of PMMA in the sample that might be affected by the

nanotube interactions is now made.  The first assumption is that the nanotubes are

exfoliated from bundles and that the tube-tube interaction is small.  Second, the

nanotubes are assumed to be straight and not bent in the composite. Third, the

relatively long-range cohesive interaction has been shown to extend tens of

nanometers from a surface and is thus to be 10 Rg (~50 nm) for this calculation.

The volume fraction of the affected PMMA in the composite is then represented

by:









−+= 1)(

2

2

*
SWNT

SWNT
SWNTPMMA r

Rrφφ (2.3),

where rSWNT is the radius of the nanotube, which is assumed to be 7.5Å,  and R is

the radius away from the SWNT’s surface that is affected by its presence and is

assumed to be ~50 nm. Under these conditions φPMMA* = 0.35.  Thus a significant

portion of the composite is affected by the presence of the SWNT, due to their

high surface area.  This demonstrates why the traditional composite equations

were unable to account for the increase in modulus observed in the SWNT
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composite.  The fraction of PMMA that is affected by the presence of the

nanotubes must be accounted for appropriately in the modeling of the composite.

2.4 CONCLUDING REMARKS

The addition of 0.014 wt. % SWNT to PMMA has a quantitative effect on

the temperature dependencies of the elastic modulus, E’(T).  At low temperatures,

the elastic moduli of the SWNT/PMMA nanocomposite exhibited appreciably

larger values than PMMA.  At higher T, in the vicinity of the α-transition, the E’s

for PMMA and the SWNT/PMMA nanocomposite were virtually identical.  At

high temperatures, the translational dynamics of the chains control the response of

the sample.  The SWNTs, at such low concentrations (0.014 wt. %) had little

influence on the α-transition.  Finally, the nanotubes have a much greater

influence on the properties of the composite than would be expected with

traditional composite theory.  This research shows the exciting possibilities of

combining nanomaterials with polymers that interact with one another to produce

composites with unexpected properties.
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Chapter 3: The Role of Dispersion and Interfacial Interactions in
the Dynamic Mechanical Response of SWNT-PS Nanocomposites

3.1 INTRODUCTION

Macroscopic polymer-based composites, wherein a polymer serves as the

host for a macroscopic filler, are important engineering materials.  These

materials are easily processed and exhibit properties that exceed those of the pure

polymer1. The new generation of polymer-based nanocomposites, in which the

polymer served as a host for particles of nano-scale dimensions, show

considerable promise. Single-walled carbon nanotubes (SWNTs) possess a

Young’s Modulus larger than 1 TPa, which is comparable to that of diamond (1.2

TPa)2-5 and tensile strengths between 20 and 200 GPa. The development of

polymer composites based on carbon nanotubes has been slowed by the fact that

the tubes aggregate in the polymer matrix.  Aggregation limits their overall

effectiveness of improving the (mechanical) properties of the polymer.

Dispersion of the nanotubes within the polymer host is enhanced by

functionalizing the nanotubes, thereby increasing the degree of compatibility with

the polymer6-10.  In studies of the electrical conductivity of polymer

nanocomposites it has been demonstrated that the functionalized SWNTs forms

percolating networks at volume fractions an order of magnitude lower than those

formed with pristine SWNTs7,11.  The transfer of stress between the polymer host

and the nanotubes is facilitated by functionalization and this leads to enhanced

mechanical properties12.  A study by Geng et al. demonstrates that the elastic
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modulus of the nanocomposites can be changed appreciably with relatively low

(1-4%) concentrations of nanotubes13.

Systematic studies involving varying concentrations of functionalized and

unfunctionalized nanotubes devoted toward understanding the mechanism by

which nanotubes enhance the mechanical properties of polymers are uncommon.

Mitchell et al. showed that functionalized SWNTs as low as 1.5 wt. % can form a

percolating network in PS hosts which has a significant effect on the viscoelastic

behavior of the material.  These nanocomposites were shown to form a

percolating mechanical network at 1.5 wt. %, inducing pseudo-elastic behavior9.

Enhancements in the glass transition temperature of these materials, beyond that

of pure PS, have also been documented in these PS-based materials by Pham et

al14. More recently, a paper has been submitted by Hadjiev et al. that uses Raman

spectroscopy to elucidate the enhancement of the interfacial stress transfer of the

functionalized nanotubes when compared to the pristine nanotubes in polystyrene.

In this chapter, dynamic mechanical analysis is used to examine the effect

of dispersion of functionalized 4-(10-Hydroxydecyl) benzoate, SWNTs and

pristine SWNTs on the mechanical properties of polystyrene.

3.2 EXPERIMENTAL

The PS nanocomposite samples were created by the same method as

detailed by Mitchell et al9. In preparation for testing in the DMTA, the samples

were further processed according to the following procedure.  First the samples

were dried in a vacuum oven at 150oC for 2 days.  After being removed from the

oven, they were pressed between two sheets of aluminum foil at 210oC for 1
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minutes to the desired thickness.  The samples were then cut to size and loaded

into the testing geometry.

Dynamical mechanical measurements of the temperature dependencies of

the elastic moduli, E’(T) and loss moduli, E”(T) (and hence the damping factor

tan δ = E” / E’) were performed on rectangular bar samples (dimensions

approximately 12 x 8 x 1 mm3) of the PS nanocomposites using a dynamic

mechanical analyzer in the rectangular tension mode.  The samples were clamped

with a consistent 40cNm torque in all tests to achieve consistent and reproducible

results.  An initial strain sweep was performed at a temperature of –150oC to

determine an appropriate strain for testing in the temperature ramp mode. The

strain applied for the temperature ramp experiments was 0.01% for all samples.

This strain provided for the largest linear response that was within the capabilities

of the instrument.

The temperature ramp tests were performed between –150oC and 100oC.

This temperature range was selected to avoid large-scale deformation of the

sample due to the glass (α) transition.  The samples were cooled with liquid

nitrogen to –150oC and given 10 minutes to equilibrate at that temperature.  The

test proceeded by taking a single viscoelastic data point every 5oC.

The thin films samples were prepared by dissolving the nanocomposites in

toluene.  The films were then spun onto silicon oxide wafers at 4000 rpm.  The

optical micrographs were taken at a magnification of 500x with a Zeiss Axiovert

405M optical microscope.
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3.3 RESULTS AND DISCUSSION

The temperature dependencies of the elastic moduli of PS-SWNT

nanocomposites with varying concentrations of nanocomposite are illustrated in

Figure 3.1.  The magnitudes and temperature dependencies of the magnitude of

the complex modulus, 22 "'* EEE += , for PS and PS-SWNT(0.5%) are

comparable, though *E  of the nanocomposite is consistently higher for T <

70°C. *E of the nanocomposite containing 2 wt. % SWNT, was approximately

10% larger than that of pure PS. A further increase in the SWNT concentration to

3 wt. % does not have a measurable effect on *E .  Melt rheological

measurements of these materials by Mitchell et al. yield results consistent with

these findings, increasing the nanotube concentration from 2 to 3 wt. % has no

measurable effect on *E 9.  Figure 3.1b shows the damping factor, tan(δ)=E”/E’,

for the pristine SWNT nanocomposites.  There are no peaks in the tan(δ) data

because at 100 rad/s the sub-Tg β relaxation merged with the primary

relaxation15,16.  At low frequencies, relaxations are distributed across a wide range

of temperatures.  However, the difference in activation energies of the relaxations

causes the distribution in the temperature domain to narrow at higher frequencies.

Often, the mechanical relaxation peaks in tan(δ) will overlap, leading to a

blending of the relaxation modes.  In the case of polystyrene the primary

relaxation, associated with segmental motion of the main polymer chain, overlaps

with the β relaxation, which is associated with a twisting motion of the main

chain15,16.
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igure 3.1 - The temperature dependence of the magnitude of the complex
modulus, *E , and damping factor, tan(δ),are shown here for pure
polystyrene and three nanocomposites containing pristine SWNTs
(0.5 wt. %, 2 wt. %, and 3 wt. %) at a frequency of 100 rad/s.
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The dynamic mechanical data, ( *E  and tan(δ)) for the functionalized

SWNT nanocomposites are presented in Figures 3.2 and 3.3.  The nanocomposite

containing 0.01 wt. % functionalized SWNTs had a *E  that was approximately

15% higher than the pure PS. *E  of the nanocomposites containing 0.05 and 0.1

wt. % functionalized SWNTs were greater that than of PS by 20 and 30%

respectively.  The tan(δ) data of these three samples is shown in Figure 3.2b.  No

peaks corresponding to sub-T relaxations were apparent in the damping factor

data, which did not deviate significantly from the pure PS data below 50oC.  The

*E  data of the nanocomposites containing greater amounts of functionalized

SWNTs are shown in Figure 3.3a. *E  of the nanocomposite containing 0.35 wt.

% functionalized SWNT was greater than the pure PS at all temperatures by 10%.

An additional increase in the concentration of functionalized SWNTs to 0.75 and

1.5 wt. % only had a small effect on *E  of 12 and 15% respectively. The tan(δ)

data of the nanocomposites containing ≥0.35 wt. % are shown in Figure 3.3b.

While no relaxation peaks are apparent in the tan(δ) data, the data for all three

nanocomposites were systematically lower than that of the pure PS.

Models used to predict the properties of macroscopic composites often

rely on continuum approximations and volume additivity, assumptions that are

not necessarily valid for nanocomposites.  One such model is the Halpin-Tsai

Model, which is often used to predict the mechanical properties of macroscopic

composites17,18.  It is based on a micromechanical model of unidirectional filler

loading, and would thus be expected to over-predict the This model predicts that

the modulus of a SWNT-polystyrene composite would be represented by:
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igure 3.2 – The temperature dependence of the magnitude of the complex
modulus, *E , and damping factor, tan(δ), are shown here for pure
polystyrene and three nanocomposites containing low concentrations
(0.01 - 0.1 wt. %) of functionalized SWNTs at a frequency of 100
rad/s.
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igure 3.3 – The temperature dependence of the magnitude of the complex
modulus, *E , and damping factor, tan(δ), are shown here for pure
polystyrene and three nanocomposites containing higher
concentrations (0.35 – 1.5 wt. %) of functionalized SWNTs at a
frequency of 100 rad/s.
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where E*PS, and E*Comp are the magnitude of the complex moduli for pure

polystyrene and the composite respectively; φSWNT is the volume fraction of the
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The mechanical behavior of functionalized SWNT nanocomposites at low

concentrations is significantly different than the mechanical behavior of

nanocomposites with higher concentrations of either functionalized or pristine

SWNTs.  Figure 3.4 presents *E  at 25oC for all of the samples, along with the

predictions from the Halpin-Tsai equation. The magnitude of the complex

modulus was greatest in samples containing less than 0.35 wt. % functionalized

SWNTs.  The magnitudes of the complex moduli of composites containing more

than 0.35 wt. % functionalized SWNTs were greater than the composites

containing pristine SWNTs.  While *E  of the functionalized SWNTs

nanocomposites with low concentrations were greater than predicted by the

Halpin-Tsai equation, the composites with more than 0.35 wt. % were

significantly lower than predicted.

A similar dichotomy was observed in the tan(δ) data.  Figure 3.5 presents

the tan(δ), averaged over –150 to 50oC, for all of the samples.  This range was

selected to avoid the increase in tan(δ) due to the presence of relaxations above
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Figure 3.4 – The magnitude of the complex modulus, *E , of all samples, with
both functionalized and pristine SWNTs, at 25oC, are shown in this
figure.  The line represents the calculated values from the Halpin-
Tsai equation.
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δ

Figure 3.5 – The damping factors, tan(δ), from the average of the data from –150
to 50oC, are shown here for all samples.
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50oC. The elasticity of a material is measured by tan(δ), which is the ratio of

energy dissipated to energy stored per cycle. At low strains, materials such as

steel have an elastic response to applied strain.  The tan(δ) of elastic solids is 0,

because there are no loss processes present to dissipate energy.  Newtonian

liquids dissipate energy; their tan(δ) is infinite because they cannot store energy.

Thus, elasticity is inversely proportionate to tan(δ).  One would assume that based

on continuum models, the addition of the purely elastic SWNTs results in a

mechanical response that is more elastic.  Low concentrations of functionalized

SWNTs did not modify the damping factor of the nanocomposites, whereas high

concentrations of either SWNT made the nanocomposite more elastic by lowering

tan(δ).  The damping factor data appears to contradict the *E  data, as the

addition of a purely elastic phase should both increase the magnitude of the

complex modulus and the elasticity of the composite.

The influence of interfacial interactions of the SWNT phase is crucial to

understanding the dynamic mechanical behavior of this system.  The interfacial

interaction between the SWNT surface and the polymer matrix modifies the

properties of the polymer in the area surrounding the SWNT.  Interfacial

interactions have been found to modify the properties of polymers up to several

radii of gyration away from the interface19-22.  Because of the large surface area of

the SWNT, the interfacial interaction can influence the bulk properties of the

nanocomposite.  In this manner, *E  of the nanocomposite can exceed that of

continuum-based volume additivity models, because these models do not include
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an interaction term.  Figure 3.6 demonstrates pictorially the interfacial

polystyrene, with both an elastic and loss modulus that are modified by the

interaction with the nanotube, E’PS,I and E”PS,I respectively.  The nature of this

interaction is, however, not well understood.  Because tan(δ) does not change at

these low concentrations, the dynamic mechanical response of the system is

dominated by the PS, which is represented by a non-homogenous combination of

pure PS and interfacial PS.

Raman spectroscopy has been used to illustrate the attractive interactions

between polymers and carbon nanotubes23-27. The Raman spectroscopy of this

system of polystyrene-based nanocomposites was recently investigated.  The data

shows that while the pristine SWNTs did not modify the breathing modes of the

SWNTs, the functionalized samples caused an upshift in the breathing modes.

This result indicates that a strong interaction exists when the functionalized

SWNTs are present that is absent in the pristine SWNTs.  Recently it was

demonstrated that 0.01 wt. % of pristine SWNT in PMMA, a system which also

demonstrated shifting of Raman spectroscopy peaks, had an elastic modulus that

was 10% greater than a pure PMMA sample28.

The spatial distribution of SWNTs in the PS host influenced the dynamic

mechanical properties of the nanocomposites.  Figure 3.7 shows optical

micrographs of thin films of pure PS and four of the functionalized SWNT

nanocomposites.  In the pure PS film small defects were seen which are probably

caused by dust particles, but overall the film was relatively featureless.  The

second film, with 0.01 wt. % of functionalized SWNTs, did not show significant
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Figure 3.6 – An idealized view is drawn here of the influence of the interfacial
interaction between the  SWNTs and the polystyrene matrix.  The
solid lines represent SWNTs; the dashed lines represent an effective
interaction area, throughout which the dynamic moduli of the
polystyrene are modified.

E’PS
E”PS

E’PS, I
E”PS, I
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Figure 3.7 – Optical micrographs of spun coat PS films with 5 different
concentrations of functionalized SWNTs [(a) 0 wt. %, (b) 0.01 wt.
%, (c) 0.1 wt. %, (d) 0.35 wt. %, and (e) 0.75 wt. %] are shown here.
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aggregation. However, small bundles of SWNTs were observed in the film with

0.1 wt%, indicating that the aggregation of nanotubes was present even at this low

concentration.  Large aggregates (~30 µm) were only observed in the films of the

0.35 and 0.75 wt. % functionalized SWNT nanocomposites.  The mechanical

properties indicated that these large aggregates actually reduced the total

interfacial interaction and thus the mechanical response of the nanocomposite was

similar to a macroscopic composite with an elastic filler material.  This

explanation requires that the total number of dispersed nanotubes actually

decreases as more are nanotubes are added.

A simplistic mechanism for the aggregation of SWNTs is now presented,

which accounts for a lower number of dispersed nanotubes at higher initial

concentrations.  In a low volume fraction solution of nanotubes, the distance

between the nanotubes is large.  Two nanotubes will, given enough time, come in

contact and as a result of the fact that they are not perfect rods, the nanotubes

contact in N places along their length as shown in Figure 3.8a.  The cohesive

energy of their interaction, represented by CE, is assumed to be –0.3 eV29.  The

energy of the system is lowered by N*CE.  If the system is very dilute, the tubes

will eventually disengage due to thermal fluctuations, by the release of all N

contacts.  Thus, the dispersion of the system is maintained.  Because the cohesive

energy is approximately 10kT at room temperature, this process is very slow.

Quiescent melt processing of the nanocomposite at an elevated temperature

increases the likelihood of dispersion because the system has more thermal

energy, reducing the cohesive energy to approximately 7 kT at 200oC.
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Figure 3.8 – The nanotube aggregation mechanism is demonstrated here; wherein
the larger the size of the aggregate, the more strongly each individual
nanotube is attached.  The variable CE represents the cohesive
interaction between nanotubes and is assumed to be -0.3 eV29.  The
gray circles represent the loci of the cohesive interactions.

+N*CE

-N*CE

+2N*CE

-2N*CE

(a)

(b)
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If the system is more concentrated, a drastically different result is obtained

from this interaction.  If the solution is more concentrated, the likelihood that two

nanotubes will separate before they contact a third tube decreases.  Instead of N

contacts, 2N contacts are created when the third nanotube aggregates because it

intersects each of the original tubes N times as shown in Figure 3.8b.  The energy

decrease of the system is thus 2N*CE.  Since each nanotube is more tightly bound

to the others the aggregate is less likely to disperse than in the case of only two

nanotubes.  Because the overall volume fraction of the free nanotubes is not

lessened significantly by the new aggregate, a fourth nanotube is added and the

size of the aggregate continues to increase in this manner.  Thus, the driving force

for aggregation increases as the size of the aggregate increases.  The nanotube

dispersion is very sensitive to the concentration, because once an aggregate begins

to accumulate, thermal fluctuations will no longer be sufficient to disperse it.

Shear has also been demonstrated to aggregate nanotubes30.  The shearing motion

causes the tubes to contact each other at a more rapid pace, lowering the

concentration necessary for aggregation of the suspension.

3.4 CONCLUSION

It has been shown that the dynamic mechanical properties of SWNT-PS

nanocomposites are very sensitive to interfacial interactions and dispersion of the

SWNT phase.  In the samples with low (≤ 0.1 wt. %) concentrations of

functionalized SWNTs the mechanical properties of the nanocomposites were the

result of modification of the polystyrene near the surface of the SWNTs.  At
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higher concentrations, strong aggregation of the SWNTs resulted in mechanical

properties of the functionalized SWNT nanocomposites that were similar to those

of the pristine SWNT nanocomposites.  In addition, a mechanism for aggregation

of the SWNTs was proposed, through which the number of dispersed SWNTs

decreased upon increasing the total number of nanotubes in the system.
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Chapter 4: Evidence of Polymer-mediated Transient Networks in
the Rheological Properties of C60/PMMA Nanocomposites

4.1 INTRODUCTION

C60 was first discovered in 1985, and has been used in a wide range of

applications.  While the elastic modulus of an individual C60 has been calculated

to be 0.86 TPa1, most engineering theories predict only small changes in the

mechanical properties of C60-based nanocomposites because the aspect ratio of

C60 is unity. Consequently, C60 has not typically been used as a nano-filler for

polymer composites2,3.

In a recent study of poly(methyl methacrylate) (PMMA)-based

nanocomposites containing less than a percent of single walled carbon nanotube

(SWNT), it was shown that a cohesive interaction between the SWNTs and

PMMA was responsible for increases in the magnitudes of the dynamic

mechanical moduli beyond that predicted by conventional composite theory4.

The effect on the dynamic mechanical properties, however, disappeared as a

result of the sub-Tg, β relaxation, which is associated with a rotation of the side

chain of PMMA. These results clearly establish the role of interactions between

the polymer segments and the filler on the overall mechanical behavior.

The surfaces of a C60 molecule and an SWNT have π electron structures

similar to aromatic carbon rings. Much like SWNTs5-11, C60 has also been shown,

through Raman spectroscopy, to interact with many polymers.7,12-14



60

Interactions between carbonyl groups and aromatic rings are known to be

favorable and have been shown to stabilize the tertiary structure of peptide-like

molecules15.  In fact, it has been shown to decrease the inter-atomic distance

between carbonyl groups and aromatic rings in organometalic crystals16,17.  In

both the peptide-like molecules and in organometalic crystals, the free electron

pairs of the oxygen interacts with the π electron orbitals of the aromatic ring.  The

strength of this interaction is estimated to be about half that of the hydrogen bond.

Because of their large surface areas and this attractive interaction, C60/PMMA

nanocomposites may demonstrate unusual mechanical properties, both above and

below the glass transition.

In this paper, we examine the effect of C60 on the viscoelastic properties of

PMMA nanocomposites in the melt state.  We show that the addition of small

amounts of C60 is sufficient to increase both the plateau modulus and the longest

relaxation time of PMMA nanocomposites.  These results were attributed to the

creation of transient networks, which were formed by the cohesive interaction

between C60 and PMMA.

4.2 EXPERIMENTAL

The C60/PMMA nanocomposites were prepared in three steps.  The first

step was preparation of a suspension of the C60 (Aldrich, 99+%) in toluene by

sonication for one hour.  The C60 concentrations used were less than the 3.2-

mg/mL solubility limit.  The C60 solution was then added to a larger amount of

toluene that contained the appropriate quantity of PMMA (purchased from Rohm

and Haas, with a molecular weight 105.4k and a dispersity index of 2.0).
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Secondly, the PMMA/C60/toluene mixture was heated to 50oC in a closed

container in order to dissolve the PMMA.  After 3 hours, the lid of the container

was partially removed and the toluene slowly evaporated.  Finally the remaining

solvent was removed by leaving the sample in a vacuum oven over night at

100oC. To ensure complete removal of the solvent, the samples were dried further

at 180oC in a vacuum oven overnight.  The nanocomposites were molded for

mechanical testing by placing the samples between two sheets of aluminum foil

and pressing at 225oC for less than a minute to the desired thickness.  This

temperature was selected for ease of processing.  Thermal gravimetric analysis,

TGA, of PMMA samples at this temperature showed no significant weight loss

(<0.1 %) over short times at 225oC.  Additional TGA experiments demonstrated

that no significant weight loss was apparent over 2 hours at 200oC.

Linear viscoelastic measurements of the frequency dependence of G’(T)

and G”(T) were performed using parallel plate geometries with a Rheometrics

ARES rheometer.  Frequency sweeps were conducted between 143oC and 200oC

with frequencies ranging from ω=0.1 rad/s to 100 rad/s.  Strain sweeps were

performed to ensure the linear response of the sample at each temperature.  After

testing was completed, the data were shifted to a reference temperature of 200oC

using the time-temperature superposition (TTS) shifting software included in the

RhiosOrchestrator software.

X-ray diffraction measurements were performed using a Scintag theta-

theta-theta Diffractometer on samples as prepared for rheological experiments or

re-pressed at 225oC after rheological experiments.  The presence of peaks in the
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scattered intensity indicate the presence of a crystallographic plane.  The

scattering angles of the peaks enable calculation of the planar spacing as well as

identification of the crystal structure.  The angular step size of the X-ray

diffraction measurement was 0.04 degrees, with a range of 5 - 30 degrees or 9 - 12

and 16 - 24 degrees, and a preset time of 3 seconds or 30 and 45 seconds,

respectively.

4.3 RESULTS AND DISCUSSION

The viscoelastic properties of pure PMMA for T > Tg were measured in

order to establish a basis for comparison with the C60/PMMA nanocomposites.

The frequency dependencies of the shear storage modulus, G’, and shear loss

modulus, G”, for pure PMMA are shown in Figure 4.1 at a reference temperature

of 200oC.  This data set represents a series of frequency-dependent data taken at

different temperatures and shifted to the reference temperature.  The horizontal

shift factors, aT
g, are shown in Figure 4.2 and compared with the WLF equation18:

( )
( )g

gg
T TTC

TTC
a

−+
−−

=
2

1)log( (4.1),

in order to determine the constants C1 and C2.  Values of C1 = 12.9 and C2 = 95.1.

These values compare favorably with data in the literature.

Linear melt viscoelastic measurements of the C60/PMMA nanocomposites

were also performed.  Figure 4.3 shows the shear storage and loss moduli (G’ and

G”) as a function of reduced frequency for the pure PMMA and for a
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Figure 4.1 – The frequency dependence of the shear storage modulus (G’) and the
shear loss modulus (G”) at a reference temperature of 200oC are
shown here for pure PMMA.
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Figure 4.2 – The shift factors (aT) along with a fit to the WLF equation are
presented here for pure PMMA, referenced to Tg.
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Figure 4.3 – The frequency dependence of (a) the shear storage modulus (G’) and
(b) the shear loss modulus (G”) at a reference temperature of 200oC
are shown here for pure PMMA and nanocomposites containing less
than 1 wt. % C60.
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nanocomposite (containing 0.04 wt. % of C60).  Both G’ and G” of the 0.04 wt. %

sample were qualitatively similar to those of the pure PMMA throughout the

frequency range.  The viscoelastic moduli of the nanocomposite containing 0.55

wt. % C60 were greater than those of pure PMMA throughout the frequency range

by approximately 40%.  However, the nanocomposite containing 0.99 wt. %, C60

possessed lower viscoelastic moduli.  The G’ and G” for nanocomposites

containing greater than 1 wt. % C60 are shown in Figure 4.4.  The viscoelastic

moduli of the nanocomposites increased as the C60 vol. % increased in this

concentration range.  In the rubbery region at high frequencies, G' was clearly

greater for the nanocomposites than for the pure PMMA by a factor of

approximately 4 for the nanocomposite containing 10 wt. % C60.  Within

experimental error, the shift factors that describe the temperature dependencies of

G’ and G” of the nanocomposites were similar to those of pure PMMA.  It was

not anticipated that a measurable difference could be detected over this limited

temperature range.

The dynamic viscosity can also be calculated from the rheological data18:

ω
η "' G= (4.2).

Figure 4.5 shows a plot of dynamic viscosity as a function of frequency

for the PMMA and for all of the nanocomposites.  It is apparent that the influence

of the C60 molecules on the viscosity extended to low frequencies.  In the terminal
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Figure 4.4 – The frequency dependence of (a) the shear storage modulus (G’) and
(b) the shear loss modulus (G”) at a reference temperature of 200oC
are shown here for pure PMMA and nanocomposites containing 1
wt. % C60 and greater.
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η

Figure 4.5 – The frequency dependence of the dynamic viscosity, G”/ω, for a
reference temperature of 200oC is shown here for pure PMMA and
and C60/PMMA nanocomposites.
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(low frequency) zone, the dynamic viscosity exhibits a plateau, which enables

determination of the zero-shear viscosity 
ω

η
ω

''lim
00

G
→

= , which is shown in

Figure 4.6 as a function of C60 concentration.  The concentration dependence of

the viscosity was greater than predicted by Einstein19:

( ) 






 +=
6060 2

51 CPMMAC φηφη (4.3).

This is not surprising because the theory was not meant to describe

systems in which there exist strong interactions between the host environment and

the particle.  Secondly, the “buckyball” is of microscopic dimensions (~1 nm),

while the theory was meant to describe the dynamics of suspension of

macroscopic particles.

The large increase in viscosity of the C60/PMMA nanocomposites was

further investigated by examining the underlying theory behind the viscosity of

viscoelastic polymers.  According to Ferry18, the viscosity can be represented by

the following integral:

∫
∞

∞−

= ω
ωπ

η ln'2 dG
(4.4).
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η o

Figure 4.6 – The composition dependence of the zero shear viscosity oη  of pure
PMMA and a series of C60/PMMA nanocomposites as well as the
prediction from the Einstein prediction for spheres in a viscous fluid
are shown here.
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Thus, the viscosity is a combination of the shear storage modulus and the

time scale on which the material dissipates the stored energy.  The viscosity can

also be estimated by:

R
o
NG τπη

12

2

= (4.5),

where Go
N is the plateau modulus and τR is the characteristic reptation relaxation

time20.  Because the viscosity is extracted directly from the low-frequency range

of the loss modulus, determination of the plateau modulus and of the reptation

time can provide insight into the mechanism for the increase in viscosity shown in

Figure 4.6.

Determination of the plateau modulus is difficult in polymers that do not

have a very high molecular weight.  With high molecular weight polymers a clear,

frequency-independent storage modulus (plateau) is apparent in the melt state

viscoelastic data. No plateau exists in this data.  Several methods have been

developed to determine the value of the plateau modulus in cases where there is

no frequency-independent storage modulus.  The simplest method uses the

minimum in the damping factor ''/')tan( GG=δ .  The minimum in tan(δ)

represents the most elastic part of the viscoelastic frequency spectrum.

( )[ ]δtan
'

Min
o
N GG = (4.6).
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Alternatively, a more rigorous method involves integration of the loss modulus

peak from -∞ to a:

∫
∞−

=
a

o
N dGG ω

π
ln"2

(4.7).

Because the location of the peak in the loss modulus corresponding to the

reptation of the chain overlaps that corresponding to the glass transition, the end

point “a” from the integral in equation 4.7 was selected as the minimum in the

tan(δ), as suggested by Ferry18.  The values of the plateau moduli were calculated

for all the samples, using both equations 4.6 and 4.7, and plotted in Figure 4.7.

The data were fit with the Guth-Smallwood equation21,22, which was developed to

predict the modulus of composite systems with spherical filler materials and is

given as:

)1.145.21( 2
6060 CCPMMA

o
N

o
N GG φφ ++=  (4.8).

The values of the plateau moduli generally tracked the viscosities of the

nanocomposites.  However, the plateau moduli of three samples were much

greater than that predicted for this type of spherical nanocomposite system.

The data in Figures 4.6 and 4.7 indicate that both 0
NG and 0η  initially

increased, exhibiting a maximum at 0.5 wt. % before decreasing.  For

concentrations of C60 greater than 1 wt. %, both 0
NG and 0η  gradually increased.

This anomalous behavior could be related to changes in the structure of the
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Figure 4.7 – The composition dependence of the plateau modulus (GN
o) on pure

PMMA and a series of C60/PMMA nanocomposites as well as the
prediction from the Guth-Smallwood equation are shown here.
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sample that would affect the viscoelastic response.  In homopolymers, the

plateau modulus is determined by the molecular weight between entanglements,

e
N M

RTG ρ=0 .  An increase of 0
NG  would have to be associated with an increase in

the effective entanglement density.  To this end, the existence of transient

networks within the system is suggested.

4.3.1 Polymer-mediated Transient Networks

Transient network systems can be described as a percolating network of

links and nodes, whose structure is not fixed in space.  An example of such a

network is illustraed for generalized nodes with linking polymer chains in Figure

4.823-25.  The polymer chains attach to the nodes via attractive interactions or by

covalent bonds, creating a transient elastic network.  The dynamic properties of a

transient network system, in which  the nodes are microemulsions of oil droplets

and the links of the network were provided by hydrophilic polymers with

hydrophobic end groups, was examined24,25.  The hydrophobic energy of the

“stickers” was tuned by changing their length24.

Polymer nanocomposites can also form transient networks.  The filler

material serves as the nodes, while the polymer chains in the melt have been

shown to bridge the inter-particle gaps, forming percolated network structures26-

28.  This type of transient network requires an attractive interaction between the

polymer segments and the filler. Nanomaterials offer the opportunity to study of

transient networks in polymer composites because of their small dimensions and



75

Figure 4.8 – A generalized transient network, consisting of nodes and polymer
links is shown here.

Nodes

Linking
Polymers
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high surface areas.  While the size of the connecting nodes is important to

network formation, a large number of nodes can form at low volume fractions of

the nanoparticles.

The interaction between the side chain and the π electron orbitals of the

C60 molecules played a role in the rheological properties of the C60/PMMA

nanocomposites.  The sample containing 0.55 wt. % C60 shows a marked increase

in the plateau modulus.  If the C60 molecules are assumed to be well dispersed and

occupy sites on a cubic lattice, the distance between the C60 molecules is

approximately 5nm.  The unperturbed radius of gyration of the weight average

PMMA chains (104k) is approximately 11 nm.  Thus, the PMMA chains are able

to form a transient network by linking the C60 molecules.  The transient network

resulted in an increased plateau modulus, as well as a small increase in τR as

shown in Figure 4.9.  The nanocomposites containing 5 and 10 wt. % C60 were

also able to form transient networks.  However, the samples containing ~1 wt. %

C60 possessed a plateau modulus that was similar to the predicted values from the

Guth-Smallwood equation.  This decrease of the modulus at 1 wt. % suggests a

fundamental change of the structure of the system.  A reasonable possibility

would be crystallization of the “buckyballs”.

4.3.2 Crystallization of C60 phase

The spatial organization of the C60 component has a large effect on the

properties of the PMMA nanocomposites.  Carbon nanotubes and other

nanoparticles often agglomerate in polymer matrices because of a cohesive
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Figure 4.9 – The reptation times, τR, of the C60/PMMA nanocomposites are
shown here, as calculated from equation 4.5.
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attractions.  C60 is known to form an FCC crystal structure in the pure form due to

a -0.28 eV attractive potential. Moreover, C60 known to crystallize in PMMA29.

Crystallization of the C60 phase occurred in the nanocomposite with 10 wt.

% C60.  Figure 4.10 shows X-ray diffraction data for the pure C60 used in this

study and the 10 wt. % sample.  It is clear that a large amount of crystalline

material was present in the nanocomposite before the sample underwent

rheological testing.  The peak values were shifted to slightly smaller “a” values

(14.10 Å pure C60, 14.04 Å 10 wt. % C60), which was likely due to thermal

stresses on the C60 crystals in the PMMA matrix.

Crystallization was suspected to occur during rheological testing of

samples containing 0.99 and 1 wt. % C60. The reduction of 0
NG  in these samples is

due to the crystallization of the C60 component.  Figure 4.11 shows the X-ray

diffraction data for the 1 wt. % sample before and after being tested in the

rheometer, as well as the ratio of the two sets of data.  While the signals were

muted because of the small amount of C60 present, two peaks (at 2θ = 17.88,

20.92), corresponding to the (220) and (311) planes were apparent after

rheological testing that were not present previously.  The samples with ~1 wt. %

C60 in PMMA probably underwent shear induced crystallization of the C60 phase,

which is likely the result of a similar mechanism to shear induced aggregation of

SWNTs that has recently been observed30.  The lack of a large (111) peak at

2θ = 11ο is not definitively known, but could be a result of shear induced

orientation of the C60 crystals.
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Figure 4.10 – The normalized x-ray diffraction scattering data for pure C60 and a
10 wt. % C60/PMMA nanocomposite is displayed in this figure.
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Figure 4.11 – X-ray diffraction scattering data for a 1 wt. % C60/PMMA
nanocomposite before and after rheological testing are shown in this
graph, including the ratio of the two data sets.  The dashed lines
represent the peak positions from the pure C60 XRD data.
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Crystallization of the C60 phase in the 0.99 and 1 wt. % C60

nanocomposites rendered the system unable to form a transient network.  Upon

crystallization, the nodes of the transient network were no longer represented by

individual C60 molecules, but C60 crystals.  The crystallization increased the

separation between nodes, which the reduced the ability of the polymer chains to

link the nodes.

4.4 CONCLUSIONS

In this paper, we showed that the interaction between the PMMA and the

C60 molecules and crystals enabled the creation of polymer-mediated transient

networks.  The creation of networks resulted in significantly larger plateau moduli

for some of the nanocomposites when compared to the pure PMMA.  The

reptation time, τR, also increased as a result of network formation. Dispersed C60

molecules, at concentrations of less than 1 wt. % behaved as nodes to

accommodate formation of transient networks.  Unfortunately, crystallization of

the C60 phase at 1 wt. % hindered transient network formation by increasing the

internodal distance.  Transient networks were able to form in the 5 and 10 wt. %

C60 samples despite crystallization of the C60 component.
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Chapter 5: Fragility in Mixed Alkali Tellurites

5.1 INTRODUCTION

Mixed alkali oxide network glasses continue to be of interest to

researchers due largely to the unusual dynamic processes, which occur in these

systems.  Typically two, or more, types of alkali oxides are added to the oxide of

a network former (SiO2, GeO2, P2O5 TeO2 etc) to create a mixed alkali glass.  The

effect of an alkali oxide on the local structure is to “depolymerize” the three

dimensional covalent network of the glass; oxygen anions that formerly created

bridges between the network forming species become non-bridging, each

associated with an alkali cation.

The unusual dynamic processes that occur in these systems are commonly

identified as mixed alkali effects (MAEs).  The most well documented

manifestation of a mixed alkali effect is the non-linear dependence of the ionic

conductivity on the relative composition of the dissimilar alkali1-3.  Specifically,

the ionic conductivity decreases orders of magnitude as one type of alkali ion is

gradually substituted for another (while the total alkali content remains fixed).

The magnitude of the depression of the conductivity, which occurs when the

number of dissimilar alkali cations is comparable, decreases with increasing

temperature.  While properties associated with ion dynamics in mixed alkali

glasses exhibit highly non-linear changes upon exchanging dissimilar cations,

static properties, such as the density and index of refraction, do not exhibit
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changes beyond that which could be accounted for by an effective medium

approximation.

The mechanical relaxation (MR) spectra for mixed alkali glasses are

substantially different from those of their single alkali analogs4-13.  The spectra of

mixed alkali glasses reveal the existence of appreciable structural relaxations, by

comparison.  If a material exhibits dissipative behavior, such as anelasticity or

viscoelasticity, its response to a mechanical stress is not immediate and is

characterized by a phase lag, δ.  For an elastic solid δ=0°, whereas for a truly

dissipative (viscous) response, δ = 90°.  Tan(δ), the ratio of the energy dissipated

per cycle to the energy stored per cycle, is measured by mechanical relaxation

experiments14, 15.  The MR spectrum of a single alkali glass exhibits a single peak

at temperatures far below the glass transition temperature.  In mixed alkali

glasses, on the other hand, a much larger peak in tan(δ) occurs at higher

temperatures, close to the glass transition temperature, while the low temperature

(single alkali) peak is diminished considerably, or has disappeared completely.

The size of the peak generally increases to its maximum value when the number

of dissimilar ions is comparable1-3.

In mixed alkali systems, alkali ion dynamics have been discussed almost

exclusively within the context of dynamic processes (MR and conductivity) that

occur below the glass transition, Tg.  In this paper we are interested in the

dynamics of mixed alkali tellurites in the temperature range in the vicinity of, and

above, Tg.  Komatsu et al. showed that the kinetic fragility, m (the change in

viscosity, η, with 1/T at T = Tg), and the glass transition temperature went
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through a minimum in the middle of the mixed alkali composition for a series of

composition 0.2{[xNa2O + (1-x)Li2O]}+0.8TeO2 glasses16-18.  On the other hand

they indicated that thermodynamic fragility, determined by the change in the

configurational heat capacity with temperature in the vicinity at Tg, remained

constant, independent of temperature. In mixed alkali phosphates, by contrast,

Green et al.19 showed that both kinetic and thermodynamic fragilities exhibit

minima in the middle of the mixed alkali composition regime.

In this paper we use stress relaxation experiments to examine primary

relaxations in mixed alkali tellurites.  We use higher concentrations of alkali

oxides in these tellurites than those used in the Komatsu studies, 0.3{[xNa2O +

(1-x)Li2O]}+0.7TeO2 (the total fraction of the alkali oxides is fixed at 0.3 and the

mole fraction of Na2O is denoted by x). Three important results arise from this

study: (1) The kinetic and the thermodynamic fragilities exhibit minima in the

middle of the mixed alkali composition range.  (2) The minimum in the fragility is

connected to a minimum in the configurational heat capacity and that the fragility

is correlated with the distribution of relaxation times.  (3) Often a relaxation time

of 100 seconds is used as a rule-of-thumb to denote the glass transition

temperature in oxide glasses.  While this works reasonably well in some systems,

typically silicates, we show that this procedure fails on tellurites.

5.2 EXPERIMENTAL PROCEDURE

The series of alkali tellurites used in this study were of the composition

0.3([xNa2O + (1-x)Li2O]) +0.7TeO2,  where x is the fraction of the total alkali

ions that are sodium.  They were prepared by melting the appropriate mixtures of
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Na2CO3 [Aldrich, 99.995%], Li2CO3 [Aldrich, 99.99%] and TeO2 [Aldrich,

99+%] in a ceramic at 800oC for 20 minutes.  The samples were cast into a steel

mold to create bars of dimension 3 x 12.5 x 50mm3, which were then annealed at

200oC for 4 hours and allowed to cool slowly down to room temperature.  Tg and

∆Cp(Tg) were determined by differential scanning calorimetry (DSC) at a heating

rate of 20oC/min.

Relaxations that occur at or near the glass transition temperature were

determined by performing a series of stress relaxation experiments at different

temperatures.  An advanced Rheometrics expansion system (ARES) Rheometer,

by Rheometric Scientific, in the torsion rectangular geometry was used to perform

the measurements. In a stress relaxation tests the sample is deformed rapidly to a

final strain, γo, where γo < γc ≈ 0.005%, lower than the onset of a non-linear

response.  The, stress relaxation modulus, G(t), in then measured, G(t) = σ(t)/γo,

where σ(t) is the material response (stress) to the deformation.  The data were fit

to a stretched exponential function

])/(exp[)( βτtGtG o −= , (5.1)

where Go is the high frequency modulus, τ is the average relaxation time, and

0<β<1 is a measure of the breadth of relaxation times.  The full width at half

maximum (in decades) in the distribution of relaxation times ~1/β.

The viscosity may also be determined from the stress relaxation test:

∫
∞

=
0

)( dttGη (5.2)
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The data were fit in the regime where the strain, γ0, was constant.

The following precautions were taken in these experiments, In order to

relieve any fictive temperature effects, the samples were allowed to equilibrate for

up to two days at the measurement temperature.  When the samples were at

equilibrium, the samples could be strained both clockwise and counterclockwise

in succession and the resulting data from consecutive tests would completely

overlap.  The time to relieve fictive temperature effects decreased significantly as

the temperature was increased.

5.3 RESULTS

All the stress relaxation data could be accurately described by a stretched

exponential, equation 2, for G(t).  A typical plot of G(t) is shown in Figure 5.1 for

a mixed alkali glass of x=0.8, from the series 0.3{[xNa2O + (1-

x)Li2O]}+0.7TeO2.  These data were determined from measurements performed

at 238oC, using a strain of 0.002%.  The relaxation time determined from this data

is τ= 1.3 seconds.  A value of β=0.5 was extracted from these data indicating a

broad distribution of relaxation times, on the order of just over 2 decades.  The

high frequency modulus, Go, of this sample is relatively temperature insensitive,

and has a value of 6.7x1010 dynes/cm2.

The high frequency shear moduli in these mixed alkali systems are

affected by slight changes in x.  Figure 5.2 shows that there is a significant

deviation from linear additivity in the high-frequency shear modulus.  We also

reported a similar observation in mixed alkali phosphates5, implying that this

observation may not be specific to this system.
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Figure 5.1 – The temperature dependence of the stress relaxation modulus is
shown here for the glass melt of composition [0.24Na2O +
0.06Li2O]+0.7TeO2 at 238oC and a strain of 0.002%.  The solid line
is a fit to the data.

Figure 5.2 – High frequency modulus, Go, is shown to deviate from linear
additivity.
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The temperature dependencies of the relaxation times for samples with

different Na/Li ratios are shown in Figure 5.3, where τ is plotted as a function of

Tg/T.  The data for each sample in Figure 5.3 are normalized by a glass transition

temperature defined by the temperature at which the relaxation is 100 seconds, in

accordance with the convention commonly adopted21.

5.4 DISCUSSION

The temperature dependence of the viscosities of network forming oxide

glasses, like other glass-forming liquids, can be characterized as “strong” or

“fragile” depending on the viscosity, η, temperature, T, relation in the vicinity of

Tg (kinetic fragility)21.  If the log η -1/T dependence is linear (Arrhenius), then the

behavior is “strong.”  Conversely, the dynamics are identified as “fragile” if the

log η -1/T dependence is highly non-linear.  Purely tetrahedral, covalently

bonded, network glasses, such as SiO2 and GeO2, exhibit behavior that is

“strong”, whereas systems in which the bonding is characterized as dispersive, or

non-directional, exhibit “fragile” behavior.  If the network structure SiO2 or GeO2

, for example, is depolymerized with the addition of alkali oxides, rendering the

bonding more ionic in character, then the η-T relation becomes “fragile.”  The

“fragility” is characterized by an index, m, 22

gTTg Td
d

T
m

=

=
)/1(

log1 τ (5.3)

where τ, which is proportional to the viscosity, η, has a temperature dependence

that is reasonably well described by the Vogel-Fulcher equation
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Figure 5.3 – The temperature dependencies of τ, for mixed alkali tellurites of
composition 0.3{[xNa2O + (1-x)Li2O]}+0.7TeO2 are shown here.
Each data set was normalized using a Tg that was defined as the
temperature at which τ = 100s.
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)/(
0

∞−= TTBeττ (5.4)

In equation 5.4, B and T∞ are constants.  Typically, the glass transition is

operationally defined as the temperature at which the viscosity is 1013 Poise or

where the relaxation time is 100 seconds21.  The increase in fragility with

increasing depolymerization is often associated with an increase in the excess

entropy.  Through the Adam-Gibbs13 equation a connection is made between the

excess entropy of the glass beyond that of the liquid, in the vicinity of Tg, and the

kinetic fragility, m.  Indeed this implies, at least in inorganic network glasses, a

connection between the kinetic and thermodynamic features of the glass.

An analysis of the relaxation time data indicates that the fragility exhibits

a minimum in the middle of the composition regime, as shown in Figure 5.4.  It

turns out that while in this system the glass transition temperature defined by a

constant relaxation time at Tg can deviate appreciably from the Tg determined

using differential scanning calorimetry, the overall conclusions, the minimum in

m, do not change.  The Tg’s determined using DSC are plotted in Figure 5.5; they

exhibit a minimum.  The Tgs of other mixed alkali glasses such as phosphates also

exhibit a minimum.  The fact that this phenomenon is observed in other mixed

alkali glasses strongly indicates that the minimum in Tg may indeed be universal

and an explanation would not rely on structural details specific to the system.  In a

later section we will discuss a connection between m, Tg and the configurational

heat capacity at Tg.



93

Figure 5.4 – The compositional dependence of the fragility index, m, is shown
here. One set of indices was determined using the calorimetric Tg
while the other was determined using the Tg defined where τ =
100seconds.

Figure 5.5 – Calorimetric Tgs of the mixed alkali tellurites, determined using
DSC with a heating rate of 20oC/min, are shown here.
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In the meantime we examine the magnitude of the relaxation times,

determined from the stress relaxation experiments, at the glass transition

temperatures of the samples determined using differential scanning calorimetry

(DSC).  Figure 5.6 shows a plot of the relaxation times at the calorimetric Tg for

mixed alkali tellurites with different Li/Na ratios.  It is clear from this figure that

the relaxation times not only exhibit a maximum but they vary by many orders of

magnitude from one composition to another.  A recent analysis of a wide range of

glasses show that the viscosities of the calorimetric Tgs for a wide range of glasses

also vary by orders of magnitude23.  For the purposes of this study the point of

emphasis is that if the fragility is calculated using the DSC Tg instead of the

operationally defined Tg, the basic conclusion remains the same; the fragility

exhibits a minimum when the Li/Na ratio is approximately 1, indicating that the

samples containing single alkali cations are most fragile.  This is very clear from

the data in Figure 5.4 that include m calculated using both sets of Tgs.

In single alkali glasses, changes in the fragility have been connected to the

heat capacity change at the glass transition21.  The increase in the heat capacity

change at Tg signifies an increase in the configurational entropy of the system

((weaker) non-directional bonds).  This connection is made through the Adam-

Gibbs equation13.  In this model spatial domains, each composed of n molecules,

are imagined to comprise the sample.  Each domain is assumed to relax

independently of the other.  With decreasing temperature the liquid becomes

denser and the barrier to rearrangement within these clusters increase.  The barrier
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Figure 5.6 – The values of τ are shown here as a function of x at the relevant
calorimetric Tg
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for rearrangement should scale as the size of the cluster.  Since the relaxation time

of the system should depend exponentially on the activation barrier,

cTSCe /
0ττ = (5.5)

where C is a function of the cluster size and energy per barrier; τ0 is an intrinsic

relaxation time associated with the dynamics of the system and Sc is the

configurational entropy of the system.  To this end, the reduction in the viscosity,

or equivalently, the longest relaxation time is due to the reduction in the number

of configurations available to the system.  In contrast, within the context of the

Vogel-Fulcher equation, or equivalently the WLF equation, the increase in the

viscosity is due to a decrease in the free volume.

The connection between the kinetic fragility and the heat capacity change

is generally made as follows.  As the temperature decreases, the difference

between the entropy of the liquid and that of the crystal, the excess entropy, Sex,

diminishes and at a sufficiently low temperature the excess entropy vanishes, the

Kauzmann temperature TK.  This situation would in principle never be realized

since the glass transition intervenes; TK is therefore a limiting value of Tg.  It is

well documented21, 24-28 that if one assumes that the configurational entropy

accounts entirely for Sex, then

dT
T

Tc
S

g

K

T

T

p
c ∫

∆
=

)(
(5.6)



97

where the configurational heat capacity is ∆cp.  Secondly, if

  )()( gTc
T
T

Tc p
g

p ∆=∆ then

)1/)(( −∆= Kggpc TTTcS (5.7)

Thirdly, if one assumes that TK = T∞, then an equivalence between the

VTF and the Adam-Gibbs equation is established.  Note further that the minimum

value that the fragility index could possess would occur when T∞ = 0.  Herewith,

the fragility index

)(
2
min

min gpg TcT
C

mmm ∆+= (8)

where 
0

min

)(
log

τ
τ gT

m = and )()/( gpg TcTTBC ∆= ∞ .

A comparison with our data in Figure 5.3 indicates that the minimum in

the fragility could be associated with minima in Tg (Figure 5.5) and an expected

minimum in ∆cp(Tg).  To examine the connection to ∆cp(Tg) in further detail,

calorimetric measurements were performed on the materials.  The heat capacity

changes at Tg are plotted as a function of x in Figure 5.7.  These data exhibit a

minimum in ∆cp(Tg) where x = 0.5.  Overall our results show that in this system,

there exists a connection between the fragility, the heat capacity change at Tg and

the change in Tg with x.  This is in direct contrast to Komatsu et al.16 who showed

that for the same system with a 20% alkali content there was no difference in the

heat capacity change at the glass transition.  This is due to the fact that the glasses
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Figure 5.7 – Heat capacity change, ∆cp(Tg), that occurs upon heating through Tg
is shown here as a function of composition.
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used in this study are of a larger alkali composition and thus any effects of the

mixed alkali nature of the glasses are more apparent.

Since the change in fragility is related to changes in the configurational

entropy, the configurational entropy (degrees of freedom) should be correlated

with m in other ways.  Specifically the connection to the distribution of relaxation

times could be examined.  Figure 5.8 shows the temperature dependence of β for

glasses in the study, which indicates that β is constant over the range of

temperatures in the vicinity of Tg.  Komatsu et al. predicted that the resistance to

crystallization would be the result of a larger distribution of relaxation times, or a

smaller β, which is clearly not the case in this system16.  The trends in β are

associated with trends in the configurational entropy change at Tg in these

materials. With this in mind, we might make further connections with correlations

found between m and β in a variety of systems22.  An empirical relation was

established to show the connection between m and β,

β21 ccm −≈ (5.9)

where c1 and c2 are constants.  It is clear from Figure 5.9, that this correlation is

also true in this system and that the data from these glasses

We now discuss the dynamics in further detail.  An explanation for the

mixed alkali effect has remained elusive for decades and only in recent years has

there been considerable progress toward development of a model that could

account for many of these observations.  The amorphous structure of the glass

precluded the development of ionic transport models that are similar to those
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Figure 5.8 – Stretching exponent, β, is shown as a function of normalized
temperature for two mixed alkali tellurites (x = 0.5, 0.8) and a single
alkali tellurite (x = 0)

Figure 5.9 –β is plotted as a function of the kinetic fragility index, m, for the
mixed alkali tellurites ( ).  The (+) other data points are from
Bohmer et al.22.

Green
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describing transport in crystalline metals.  Extended X-ray fine structure

absorption measurements revealed that alkali cations occupied and maintained

distinct structural environments within the glass structure29-31.  To this end, the

recent modified site relaxation model, based on the notion that ionic species

occupied distinct sites and as the ions hopped from one site to another, was

developed32-38.   When an alkali cation (e.g., A+) hops from one site to another it

leaves an unoccupied site (near a non-bridging oxygen anion) and the

configuration of that site begins to relax.  The new location of the A+ cation could

be a site that had been just previously been occupied (site remains open for a

sufficiently short period of time that it would not have relaxed to a new

equilibrium configuration) by another type of cation, B+, or an A+ cation.  If the

site had been vacant for a sufficiently long period of time, then it might have

relaxed to a configuration different from that of either A-site or B-site.  The

arrival of the cation also triggers a reconfiguration of the new site.  The

probability that the hop is successful is much higher if the site is an A-site, in the

case of a A+ cation and vice versa for a B+ cation.  These constraints imposed on

the dynamics in mixed alkali glasses have a profound effect on the time-scales of

ion dynamics.  As the temperature increases the relaxation rates of the host, or

main network, which control the viscosity, increase. The alkali ions hop at

different rates, orders of magnitude faster.  With increasing temperature the time

scales of both processes increase.  At sufficiently high temperatures the dynamics

of both processes occur at comparable time scales, coupled dynamics.  We
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suggest that the compositional dependence of τ, and by extension η, perhaps

reflects the fact that the constraints imposed on the dynamics of the mixed alkali

glasses have a much more long-ranged effect on the dynamical process that

control the viscosity than one might have previously imagined.

5.5 CONCLUDING REMARKS

Dynamic and calorimetric measurements were performed on a series of

mixed alkali tellurite glasses and glass melts of the composition 0.3{[xNa2O+(1-

x)Li2O]}+0.7TeO2, where x denotes the mole fraction on Na2O.  The

measurements enabled determination of the high frequency modulus of each

sample, the longest relaxation time that characterizes the dynamics and the

distribution of relaxation times.  The fragility of the melts exhibited a minimum in

the middle of the mixed alkali range.  The dynamics in the mixed alkali system

are slower than those which occur in the single alkali analogs.  The slow

dynamics are reminiscent of the dynamics in the mixed alkali glasses below Tg.

This may reflect the fact that the dynamics of the cations continue to influence the

rate of network relaxations in the vicinity of Tg, as discussed above.  The

minimum in the fragility was reconciled with an expected minimum in ∆Cp(Tg),

through the Adam-Gibbs equation and the Vogel-Fulcher equations.  Moreover,

commensurate trends in the distribution of relaxation times accompanied trends in

the fragility index.
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Chapter 6: Conclusions and Recommendations for Future
Research

6.1 POLYMER-BASED NANOCOMPOSITES

The structure-property relationships of three polymer nanocomposites

were studied via dynamic mechanical methods in this research. Because of their

large surface areas, interfacial interaction between nanomaterials and the polymer

matrix were very important in the mechanical properties of the polymer

nanocomposites tested.  In addition to the polymer-nanoparticle interaction, the

geometry and aggregation of the nanoparticles were important to the mechanical

properties of the nanocomposites.

6.1.1 Nanoparticle-Polymer Interaction

It has been shown through simulations and experiments that the properties

of polymers near interfaces can vary greatly from those in the bulk1-3. These

interfacial interactions can affect dynamic properties, such as Tg, and static

properties, such as density.  There have been many citings of strong interactions

between polymers and carbon nanotubes.  Czrew et al. and McCarthy et al.

demonstrated that the electronic properties of polymers and single-walled carbon

nanotubes (SWNTs) are modified when there is a strong cohesive interaction4,5.

Wood et al. and Zhao et al. investigated using a change in the Raman

spectroscopy of SWNTs in a polymer matrix as a method for measuring the stress

fields in a composite6-8.  Bower et al. found polymer ball-like structures around

carbon nanotubes that had been pulled out of a composite9, indicating that the
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interfacial interaction between the SWNT and the polymer matrix was strong

enough to dislodge polymer chains from the matrix.

The main focus of mechanical measurements of nanocomposites has been

on the transfer of stress from the polymer matrix to the carbon nanotube.  Studies

have shown that the adhesion between the matrix and the nanotube is strong

enough to fracture the nanotubes10-12.  There are several methods to make this

stress transfer more efficient.  One method is to add a third phase that has good

cohesion with both the matrix and the nanotubes.  Jin et al. and Gong et al.

demonstrated that there was a maximum in the amount of the third phase that was

beneficial to the composite’s mechanical properties13,14.

In this research, nanoparticle-polymer interactions affected the mechanical

response of the two nanocomposites that were studied in the glassy state.  In the

SWNT/PMMA and the functionalized SWNT/PS systems, Raman spectroscopy

studies demonstrated that the radial breathing modes of the SWNTs were altered

by the presence of the polymers.  In Chapter 2, it was shown that there was an

increase in the elastic modulus of PMMA beyond that predicted by traditional

composite theory at very low wt. % of SWNTs.  In Chapter 3, it was shown that

the complex modulus of three nanocomposites containing a low wt. % of

functionalized SWNTs were larger than what was predicted by traditional

composite theory.  The cause of the altered mechanical behaviors was the

modification of the polymer near the SWNT-polymer interface.  The large surface

areas of the nanoparticles (~800 m2/g) and relatively long interaction lengths (up
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to 10Rg) resulted in the modification of bulk properties when the nanoparticles

were sufficiently dispersed.

The SWNT/PMMA interaction was sensitive to the sub-Tg β relaxation.

The β relaxation in PMMA is associated with the rotation of the PMMA side

chain and a twisting motion of the main chain.  The cohesive interaction was

identified as that between the carbonyl group of the PMMA side chain and the π

electron orbitals of the SWNT.  As the temperature increased from -150 to 50oC,

the difference between the elastic modulus of the SWNT/PMMA nanocomposite

and that of the pure PMMA decreased from 10 to 0%.  This convergence in the

elastic moduli was due to the onset of segmental motion with the β relaxation,

which decreased the interaction length.  Because the interaction length decreased,

the amount of the bulk PMMA that was influenced by the interfacial interaction

decreased, resulting in a smaller increase in the elastic modulus over the pure

PMMA.  Such a result implies that nanocomposites can be tailored so their

properties are similar to the homopolymer in one temperature range and

significantly different at lower temperatures.

The functionalized SWNT/PS interaction was fundamentally different

from the SWNT/PMMA interaction because it involved the addition of covalently

bound organic oligomers as a surfactant-like component to the system.  Raman

spectroscopy studies demonstrated that polystyrene did not affect the breathing

modes of the pristine SWNTs.  Only with the addition of covalently bound

organic oligomers were interactions between the SWNTs and PS observed.  With

large amounts of SWNTs (> 0.35 wt. %) the interaction led to small
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improvements in the mechanical properties of the functionalized SWNT

nanocomposites over those containing pristine SWNTs.  At low concentrations,

the increase in the complex modulus (13% with 0.01 wt. %) was similar to that of

the SWNT/PMMA system, even though only 1 in every 66 carbons was

functionalized.  The interaction in this system is easily tailored because both the

type of oligomer and the density of oligomers can be varied.

Polymer nanocomposites have also been shown to form transient

networks.  Transient network systems can be described as percolating networks of

links and nodes, whose structures are not fixed in space.  An example of such a

network is illustrated for generalized nodes with linking polymer chains in

Chapter 415-17.  The polymer chains attach to the nodes via attractive interactions

or by covalent bonds, creating a transient elastic network.  The dynamic

properties of a transient network system, in which the nodes were microemulsions

of oil droplets and the links were hydrophilic polymers with hydrophobic end

groups, was examined Zilman et al. and Michel et al.16,17.  The hydrophobic

energy of the “sticker” was tuned by changing their length16.  In polymer

nanocomposites, the filler material serves as the nodes, while the polymer chains

in the melt have been shown to bridge the inter-particle gaps, forming percolated

network structures18-20.  This type of transient network requires an attractive

interaction between the polymer segments and the filler.

The interaction between PMMA and C60 in this research was similar to

that of the SWNT/PMMA system.  The surface of the C60 molecule has similar π

electron orbitals to the SWNTs and thus interacts with PMMA in the same way.
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The C60/PMMA interaction length was reduced by the segmental motions of the α

and β relaxations of the PMMA.  Thus, the C60-PMMA interaction created

tethered PMMA chains, which formed a transient network linking C60 nodes with

tethering PMMA chains.  The creation of transient networks in the nanocomposite

containing 0.55 wt. % C60 led to an increase of approximately 30% in the plateau

modulus and 10% in the reptation time.  In the samples with crystalline C60, the

plateau modulus of the 10 wt. % sample was 90% greater than the pure PMMA

and the relaxation time was 100% larger.

6.1.2 Nanoparticle Geometry

The geometry of the nanoparticle is important to the properties of the

nanocomposite below the glass transition temperature.  While traditional

composite models account for different filler particle geometry21,22, changing the

geometry of nanoparticles affects the size and shape of the affected polymer

matrix.  Cylindrical nanoparticles, such as SWNTs, affected a roughly cylindrical

portion of the bulk polymer.  A change in the geometry should change the area of

the affected polymer, which should result in different mechanical properties.  In

addition, the packing of the polymer chains near the surface of nanoparticles

should differ with different geometries.  This may affect the strength of the

interaction and the length over which the interaction affects the polymer, leading

to different material properties.

The geometry of the nanoparticle affects the formation of the transient

networks above the glass transition temperature.  A dispersed nanoparticle is the

node in the transient network.  In several studies, layered silicate particles were
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used as filler material20,23,24.  Other geometries, such as carbon nanotubes (rods)

and carbon black (spheres) have also been studied18,25.  In Chapter 4, the nodes of

the PMMA/C60 system were the spherical C60 molecules at low concentrations

and C60 crystals above 1 wt. %.  Geometrically, the C60 molecule behaved as a

point node.  A point node was advantageous in that low volume fractions of point

nodes have very small internodal distances.  The small internodal distance implied

that networks could be formed at volume fractions that were lower than observed

with other geometries.  The number of polymer chains that could interact with

each C60 molecule were limited by C60’s small size.  Thus, stronger networks are

more likely to form when the nodes are larger, allowing many polymer chains to

associate with each node.

6.1.3 AGGREGATION

The aggregation of carbon nanotubes has been a major impediment to the

development of carbon nanotube/polymer composites.  Functionalization of the

carbon nanotubes has been widely used to enhance the dispersion of the

nanotubes in the polymer matrix, for both electrical and mechanical studies25-35.

In a few studies, it was noted that the strong PMMA/SWNT interaction actually

caused the intercalation of PMMA into the nanotube bundles at low volume

fractions36-38.  Both dispersion methods of nanotube dispersal were investigated in

the present research.  In Chapter 2, the mechanical properties of nanocomposites

with small amounts of SWNTs in PMMA were investigated.  In Chapter 3, the

mechanical properties of a series of functionalized SWNT/PS nanocomposites

were investigated.
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The aggregation of nanoparticles was found to be a significant problem in

the development of nanocomposites with enhanced mechanical properties.  Below

the glass transition temperature, aggregation limited the interaction between the

SWNTs and the polymer matrix.  A simplistic mechanism for the aggregation of

nanotubes from a dispersed solution was presented in Chapter 3.  This mechanism

demonstrated why large aggregates drive further nanotube aggregation, limiting

the number of dispersed nanotubes in the matrix.

Aggregation of the C60 phase affected the formation of a transient network

in C60/PMMA nanocomposites at approximately 1 wt. % C60.  The mechanism of

aggregation was the crystallization of the C60 phase as demonstrated by X-ray

diffraction.  Crystallization of C60 in a PMMA matrix has been observed in the

thin film regime as well39.  While the crystallization limited the interfacial area, it

also increased the internodal distance, which hindered transient network

formation.

6.1.4 Further Research

Polymer-based nanocomposites have both challenges and opportunities

that are not present in composites with macroscopic filler components.  It has

been demonstrated that the presence of polymer-nanoparticle interactions create

nanocomposites with properties that are different from what is expected based on

traditional composite theory.  These interactions allow for tailoring of the

properties of the system to a higher degree than was possible with macroscopic

filler materials.  Thus, future research in this area should focus on methods for

manipulating the polymer-nanoparticle interaction and understanding the effects
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of the interaction on the properties of the polymer matrix in the interfacial region.

One method is changing the polymer to create specific interactions with the

nanoparticles.  A variety of polymer modifications may be implemented, such as

the inclusion of different side chain groups and the use of both block and random

copolymers.  In addition, changing the composition of the nanoparticles, such as

using metallic nanotubes, should allow for the tailoring of specific interactions

between the polymer and nanoparticle.

Functionalization of the SWNTs is the preferred method for fundamental

research into the effects of the polymer-nanotube interaction.  In a system such as

polystyrene, the interaction can be modified over a large range of magnitudes by

changing the density and type of oligomer.  The first study in this line of

investigations should examine the effect of the density of oligomers on the

mechanical properties of a 0.01 wt. % sample.  Because this concentration

appeared to be well dispersed in the samples tested, the effect of the oligomers on

dispersion would not be a factor in the mechanical properties of the

nanocomposite.  A second study of the polymer-nanotube interactions should be

to add small amounts of block copolymers to the sample.  An example experiment

would be the inclusion of PS-b-PMMA in a pristine SWNT/PS nanocomposite.

In such a system, the PMMA would likely segregate to the SWNT/PS interface

and have a surfactant-like effect.  Studies of these effects could also be performed

above the glass transition temperature, where interaction between the polymer and

nanomaterial have been shown to be important to forming polymer-mediated

transient networks.
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 Both above and below Tg, studies of the effect of the nanoparticle

geometry on the mechanical properties of nanocomposites are accomplished by

changing the geometry of the nanoparticle.  Because the interactions are similar,

switching between SWNTs and C60 would give insight into the difference

between rods and spheres.  Further studies could be completed by using fullerenes

of different sizes and shapes.  It is also possible to shorten the length of SWNTs

using chemical methods, which could be employed to produce rods of different

aspect ratios.

6.2 INORGANIC NETWORK GLASSES

Dynamic and calorimetric measurements were performed on a series of

mixed alkali tellurite glasses and glass melts of the composition 0.3{[xNa2O+(1-

x)Li2O]}+0.7TeO2, where x denotes the mole fraction on Na2O.  The

measurements enabled determination of the high frequency modulus of each

sample, the longest relaxation time that characterizes the dynamics and the

distribution of relaxation times.  The fragility of the melts exhibited a minimum in

the middle of the mixed alkali range.  The dynamics in the mixed alkali system

are slower than those that occur in the single alkali analogs.  The slow dynamics

are reminiscent of the dynamics in the mixed alkali glasses below Tg.  This may

reflect the fact that the dynamics of the cations continue to influence the rate of

network relaxations in the vicinity of Tg, as discussed above.  The minimum in the

fragility was reconciled with an expected minimum in ∆Cp(Tg), through the

Adam-Gibbs equation and the Vogel-Fulcher equations.  Moreover,
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commensurate trends in the distribution of relaxation times accompanied trends in

the fragility index.

The structure of inorganic glasses is highly tunable, creating a rich

environment for studying the fundamental nature of the structure-property

relationships of inorganic glasses.  The addition of network intermediates, such as

iron, has been shown to convert non-bridging oxygens into bridging oxygens.

Thus, the effects of network connectivity can be separated from the effects of

alkali ion concentration and the mixed alkali effect.  Furthermore, studies of the

mixed alkali effect in tellurites could be conducted with alkali ions with vastly

different sizes.  Alkali earth ions could also be added to tellurite glasses to probe

the effect of charge on the mixed alkali effect.  Studies of these types of glasses

could also be conducted below the glass transition temperature to gain insight into

the nature of the mechanical behavior of the mixed alkali effect.
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