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ABSTRACT

Changes in the ionic and dipolar molecular mobility in a polymer system are the 
basis for the changes in the dielectric mechanical properties of polymer materials. 
Frequency Dependent Dielectric Measurements (FDEMS) and Ion Time-of-Flight (ITOF) 
are two important techniques to investigate ionic and dipolar molecular mobility in 
polymer systems. Their results can be related to the macro- and molecular dielectric, 
electrical and dynamic properties of polymeric materials. The combination of these two 
methods provides a full view of electric, dielectric and dynamic behavior for the systems 
as they undergo chemical and/or physical changes during polymerization, crystallization, 
vitrification, and/or phase separation.

The research on microscopic mass mobility in polymer systems was done on three 
aspects: 1) ion mobility in an epoxy-amine reaction system; 2) dipolar mobility and 
relaxation during dimethacrylate resin cure and 3) dye molecule migration and diffusion 
in polymer films.

In the ion mobility study, we separately monitor the changes in the ion mobility 
and the number of charge carriers during the epoxy-amine polymerization with FDEMS 
and ITOF measurements. The isolation of the number of carriers and their mobility 
allows significant improvement in monitoring changes in the state and structure of a 
material as it cures. It is essential for those systems where the number of charge carriers 
cannot be assumed constant.

For the dipolar mobility and relaxation study, FDEMS measurements were used 
to detect structural evolution and spatial heterogeneity formation during the 
polymerization process of dimethacrylate resins. The changes in molecular dipolar 
mobility are related to the development of the heterogeneity. The dielectric spectra, glass 
transition (Tg) profiles and dynamic mechanical measurements were used to investigate 
the existence of two cooperative regions of sufficient size to create two a-relaxation 
processes representing oligomer rich and polymer microgel regions during the 
polymerization.

For the dye migration research, we tried to develop a visually color changing 
paper (VCP) due to dye molecule migration in polymer films. The mobility of dye 
molecules in polyvinyl films was controlled by the acidity of the environment. Ionamine 
derivatives of dyes were stable when mixed with acid. Their diffusion in polymer films 
can be quickly triggered as the result of an acid/base neutralization reaction. The effect of 
the type of base, acid and the compatibility of polymer films on the diffusion rate is 
discussed.

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHARACTERIZATION OF IONIC, DIPOLAR AND 

MOLECULAR MOBILITY IN POLYMER SYSTEMS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

CHAPTER 1. I NTRODUCTI ON

Interest in dielectric properties and spectroscopy o f polymeric materials 

flourished and developed with our fundamental understanding o f polymer structure and 

properties. Several monographs1'3 o f polymer dielectric properties and applications were 

published for a comprehensive description o f the fundamental and new progress in this 

research area. Based on a literature search, the area seems to have developed very quickly 

in the past decade. This is at least partly the result of the power that the dielectric 

properties o f polymeric materials bring to the understanding of dynamics o f complex 

polymer systems such as liquid crystals, blends, polymer solutions, and polymerization. 

Advances in instrumentation, as well as in theory and modeling, have also helped to 

stimulate renewed interest.

Today, polymer dielectric measurements have become popular with commercially 

available equipment for laboratory tests and monitoring polymer material fabrication. 

Polymer dielectric analysis is widely used for the characterization o f coatings, curing 

systems and thermoplastics. It has many advantages over thermal and mechanical 

analysis, and it also can be used as a supplement to many standard analysis methods.
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1.1. General introduction to polymer dielectric properties

When an electric field is applied across a dielectric polymer material, the charges 

in the material are displaced from their equilibrium position and the material is said to be 

polarized. There are two major polarization mechanisms in polymeric materials that are 

studied by dielectric methods:

1. polarization due to charge migration

2. polarization due to orientation o f permanent dipoles

Migration o f charges results in conductivity. The measured conductivity is due to 

contributions from extrinsic migrating charges (e.g., ionic impurities) and intrinsic 

migrating charges such as proton transfer along hydrogen bonds. Extrinsic conductivity is 

commonly assumed to be inversely proportional to viscosity according to the viscous 

model for charge transfer (Stokes law):

u = 2gr2(p - p0)/(9r|) (1-1)

Where u is the velocity o f a spherical particle in a viscous medium, r is the radius 

o f the particle, p and po are the densities o f the particle and the medium, r| is the 

coefficient o f the medium.

The Equation (1-1) implies that highly viscous materials should exhibit a very low 

conductivity, which is not the case under all conditions. This is because intrinsic charge 

migration contributes more to the conductivity o f the highly crosslinked polymer 

networks or polymers in the solid state. While the extrinsic conductivity decreases during
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reaction as a result o f the increase in viscosity, intrinsic conductivity can follow a more 

complex pattern, and hence the trend exhibited by the overall measured conductivity will 

depend on which mechanism dominates the dielectric response. As a direct consequence 

o f this interplay between extrinsic and intrinsic contribution, the measured value can 

display different trends, as will be discussed in chapter 3.

The other polarization mechanism is the orientation o f dipoles in polymeric 

materials. When materials that contain permanent dipoles are placed in the electric field, 

dipole orientation or dipole polarization is produced as a result o f the alignment o f 

dipoles in the direction o f the applied electric field. The orientation o f the dipoles 

involves cooperative motions o f polymer chains and localized motions o f molecular 

segments. These effects can be measured by dielectric methods with different time scales. 

The time-dependent loss due to re-orientation of dipoles upon removal o f the electric 

field is called dipole relaxation. In chapter 4, we shall discuss the effect o f cross-linking 

and network formation on the dynamic dipolar motions.

1.2. Theories of dielectric relaxation in a polymer

Experimental studies o f the dielectric properties o f materials have been made over 

a range o f frequencies and temperature for over 100 years. The first systemic 

interpretation for such a kind o f conduction and polarization in terms o f molecular 

processes was proposed by the work o f Debye4 -  for which he was awarded the Nobel 

Prize in Chemistry in 1936. In dielectric spectroscopy, reorientational motions o f dipolar
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molecules were shown to give rise to dielectric dispersion behavior with accompanying 

dielectric absorption. The connection between dielectric permittivity and molecular 

dipole moments provided a method to determine molecular structure and dynamic 

properties.

In polymer dielectric research, dielectric relaxation spectroscopy broadly breaks

7  R 1 1into studies below and above 10 Hz. Microwave region (10 -10 Hz) dielectric 

spectroscopy is used to monitor the dielectric dispersion and absorption features for 

highly fluid polymer solutions. The dielectric features for most viscous, amorphous, 

crystalline, or liquid-crystalline polymers and the glass formation process commonly 

occur at frequencies less than 107 Hz. Such studies yield three essential items of 

information for the materials in which we are interested:

1. The magnitude o f each o f the dielectric relaxation processes Asa, Asp, etc.

2. Their frequency dependence on temperature (T ) , pressure (P) and conversion 

(a). These are defined by average relaxation (correlation) times x, = (27t 

and where/,,,- is the frequency o f maximum loss for each process.

3. Band-shape or dielectric absorption contour for each dielectric relaxation 

process.

The above information is accumulated, reviewed and analyzed to relate to 

behavior o f amorphous, crystalline, liquid crystal (LC) and glass forming polymers. 

These dielectric studies give information on: 1) the dipolar reorientation processes 

involving chain segments, polymer regions or whole molecules; 2) how these processes
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vary with temperature, pressure and degree o f cure; 3) characterization o f phase changes 

in the materials.

Much experimental dielectric data has become available in the past 50 years, and 

numerous corresponding theories were proposed for explanation and prediction.3,5'9 The 

molecular equilibrium theory and phenomenological theory o f dielectric permittivity as 

they relate to the dipolar mobility and polymer structures are the most widely 

accepted.7,10'14

1.2.1 Equilibrium molecular theory

Dielectric spectroscopy deals with the influence o f an alternating electric field 

E(co) on polymer materials. Application o f E results in a polarization P of the medium. 

The equilibrium theory explores the problem from a microscopic point o f view. The 

macroscopic observable polarization P is related to the dipole density o f N  permanent 

molecular dipoles p., in a volume V. This is in contrast to low molecular weight 

molecules, where the dipole moment can be well represented by a single rigid vector. For 

long chain molecules there are different geometric possibilities for the orientation o f 

molecular dipole vectors with respect to the polymer backbone (Figure 1.1).
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i\

A B C

Figure 1.1. The different geometric possibilities for a location o f a dipole with 
respect to the polymer chain
Type A polymer: polymer with the dipoles fixed parallel to the main chain;
Type B polymer: polymer with a dipole moment rigidly attached to the main chain;
Type C polymer: polymer with a flexible dipolar side group.

The net dipole moment per unit volume (polarization) o f a polymer system is

given as a vector summation over all molecular dipole types in the repeating unit, the

polymer chain, and over all chains in the system:

Ef t  d- 2>
'  all chain repeating 

chains unit

For small electric-field strengths a linear relationship holds between E and P.

P(m) = (s*  (m) -1  ) sVacE(m) with e * (cr) = £'(&) -  (1-3)

where Svac is the permittivity in vacuum. The complex dielectric permittivity 8* is related 

by the theory o f dielectric relaxation to the correlation function O(t) o f the polarization 

fluctuations:15
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g * Q ) - g . o
[-■ ^ ^ ]exp{-icot)dt  with O(f) (AP(t)AP(0)}

where AP is a fluctuation of the polarization around its equilibrium value, the brackets 

mean the averaging over time t, £<*, and So are the permittivities at very high frequency 

and static state, respectively. The relative dielectric permittivity so - £«, is a frequency 

independent value. For an isotropic amorphous polymer system with N equivalent 

molecules each having a dipole moment, p, and contained in a spherical volume, V, the 

quantity o f so - £=» can be expressed as:4,11' 13,15

where M(0) is the instantaneous dipole moment o f the macroscopic sphere at the arbitrary 

time t=0. The equilibrium average of the scalar product <M(0)*M(0)> will be 

independent o f time for a stationary thermodynamics system. Equation (1-5) is the 

essential starting equation for understanding the static dielectric permittivity for a 

polymer system with dipolar molecules. The subsequent modifications and improvements 

o f Equation (1-5) are made with respect to the special cases o f the applied electric field 

and the local field experienced by the molecules.5,6 The subject o f polymer dielectric 

study based on molecular theory has not been active for many years because most 

dielectric studies o f polymer system have been concerned with relaxation dependence on 

frequency and related material property information rather than the static dielectric 

properties.

1.2.2 Dynamic behavior: phenomenological theory

(1-5)
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The phenomenological theory o f dielectric relaxation in a polymer system is 

generally summarized in a series o f functions to describe the strength o f the dielectric 

response, the shape o f the relaxation peak or the distribution o f the relaxation times, and 

the temperature and pressure effect on the dielectric relaxation.

In general the complex relative permittivity s(co) is:

s(co) = s ’(co) - /s”(cd) + i(o/oi)evac (1-6)

where to = 2 n f  is the angular frequency o f the measuring electric field; s ’ and s” are the 

real permittivity and dielectric loss factor, respectively, measured at to; and a  is the 

frequency-independent dc conductivity o f the sample that arises from the motion o f 

charge carriers (ionic or electronic). The relaxation component of the complex 

permittivity is given by:

where So-Soo is the total relaxation strength, £, indicates a Fourier transform, and ®(t) is a 

macroscopic relaxation function that can be measured as the transient charge decay 

function following the step withdrawal of a steady applied electric field from a sample. 

For the single relaxation time model

where x is a single macroscopic relaxation time. On insertion of Equation(l-8) into 

Equation (1-7), The familiar single relaxation time equations are obtained:

(1-7)

d>(t) = exp(-t/x) (1-8)

(1-9)

(1-10)
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As shown in Figure 1.2, s ’(co) exhibits dispersion in the frequency domain, falling 

from so to s* with increasing frequency, and s”(co) exhibits a “bell-shaped” absorption 

curve whose maximum value occurs at comx = 1, hence x is determined.

3 -

2 -

0.01 100

O r

4-i

1000.10.01

Figure 1.2. Dielectric relaxation dependence on the frequency for a single relaxation

For polymer materials, different types o f dipolar orientations from side groups, 

chain segments and whole molecules create different relaxation peaks in dielectric 

spectroscopy. Even the same type o f relaxation can have different distributions due to the 

heterogeneity o f polymer system.16'21 All these factors make the dielectric spectroscopy 

o f polymers rich and complicated. Compared with a single relaxation process, we can 

express this combined relaxation process with a discrete distribution o f relaxation 

processes.

g(g7)_ ~ go° = R (v )  = X  OjRj (in7) = X  {l -  '•<[<*>, (0]} (1-11)
£ 0 j  j
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where a7 is the fraction of the total relaxation magnitude that is relaxed by process i and 

Rj(co) = (1 +ia>Tj)A is the relaxation function for process j ,  and @ /t)  is the corresponding 

relaxation function for process j ,  £ ay = 1.

1.3 Dielectric relaxation process in an amorphous polymer

Dielectric spectroscopy deals with the influence of an alternating electric field 

E(w) on polymer materials. When the molecular dipole reorientation movement in 

polymers is on the same time scale as the alternating polarization produced by the electric 

field at a certain frequency, a relaxation process is observed. The molecular dipolar 

motions in dense amorphous polymer systems are controlled by different time and length 

scales. Further, different types o f dipole movement can be reoriented by different 

motional processes. Thus, the dielectric spectrum of an amorphous polymer generally 

shows multiple relaxation behavior where each process is indicated by a peak in e” versus 

frequency plot or a step-like decrease in s ’ versus frequency plot.
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Figure 1.3. Dielectric loss spectra of polymethylacrylate22

Most amorphous polymers exhibit a secondary, or P-process, and a principle, or 

a-relaxation, located at lower frequencies or a higher temperature than the P-relaxation. 

As a typical example, Figure 1.3 shows the dielectric loss spectrum for 

polymethylacrylate in the frequency range from ICT’Hz to 1010Hz displaying the high 

frequency, P, and the low frequency, a-processes.22 For the polymer with the dipoles 

fixed parallel to the main chain (Type A polymer in Figure 1.1), a further process called 

a ’- or normal-mode relaxation can be observed at frequencies below the a-relaxation. 

The a ’-process corresponds to the molecular motion due to the vibrational modes o f the 

whole polymer chain.

Dielectric spectroscopy becomes more complicated in a polymer blend or a 

polymerizing system. One or multiple a , P-relaxations can be observed to indicate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

miscibility, phase separation and network formation. This will be discussed in detail in 

chapter 2.1.2.

The geometric forms o f non-linear chains like combs, stars, rings, or networks 

will clearly influence the relaxation and dielectric behavior. Apart from the a-, p- and the 

vibrational normal-mode processes, many amorphous polymers also exhibit further 

relaxation process that can be detected dielectrically, provided that the relaxation process 

involves a reorientation o f a type o f dipole moment vector.24'26

1.3.1 a-relaxation in amorphous polymers

The a-relaxation in the polymer system is related to cooperative dipolar motion o f 

a region. The understanding o f the a-process during the dynamic glass transition at low 

frequencies (around 10'3 Hz) is related to the calorimetric glass transition. Most workers 

agree that the calorimetric glass transition corresponds to the cooperative segmental 

motions, such as the dipolar rotation fluctuations caused by gauche-trans transition about 

C-C bonds. All these segmental motions are restricted by the environment o f surrounding 

segments o f other chains. The time scale of these segmental motions reflect the properties 

o f the local region about each mobile segment and macroscopic properties such as 

density, colligation and crystallization, which present peaks in dielectric spectroscopy.

The empirical temperature dependence o f the a-relaxation rate (fa) can be 

determined by Vogel/Fulcher/Tammann/Hesse (VFT) Equation:27'29

lo g (/a ) = lo g /Ma - A / ( T - T 0) (1-12)

where lo g fx a ( f °o a =T010-10I2Hz) and A are constants. To is the so-called ideal glass 

transition or Vogel temperature which is found 30-70K below Tg. Several models, such
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as the free volume model, lattice theory and kinetic processes, have been proposed to 

understand the physical origin o f the VFT equation and To.30,31 The physical meaning o f 

T0 can be explained as the temperature for fractional free volume becomes zero, or the 

second order phase transition temperature. Although the meaning o f T0 is not yet clear, 

the universality o f the VFT equation suggests that To is a significant temperature for the 

dynamics o f a glass transition. The cooperativity o f molecular motion sets in well above 

Tg and increases with decreasing temperature.

The most widely used model is the Williams/Lander/Ferry (WLF) equation:32

■og- ^  = — ^AT~T̂  (1. 13)
L ( T ref) (C2 + T - T ref)

where Tref is a reference temperature and f J T re{) is the relaxation rate at this temperature. 

Ci and C2 = Tref-To are so called WLF parameters. The physical origin is that Ci is 

inversely proportional to the fractional free volume (vo) in the materials at the 

temperature o f interest ( C, = l / u 0) and C2 equals to the fractional free volume (v0) over 

thermal expansion coefficient (oif) ( C2 = v 0 / a  f ). Empirically it was shown that the glass

transition temperature corresponds to relaxation rates o f 10'3 to 10'2. When the Tref has 

been set as Tg, the parameters Ci and C2 should have universal values (Ci = 17.44, C2 = 

51.5) for polymer systems.

The temperature affects the relaxation strength as well as relaxation rate in the a -  

relaxation process.

A (1-14)
3X(2^ , , + ^ , « )  3kT
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where jj. is the dipole moment o f the moving unit, T is the temperature, and k is the 

Boltzmann constant. The Kirkwood correction factor g  was introduced to describe local, 

static correlation o f dipoles. As indicated by Equation (1-14), the dielectric relaxation 

strength o f the a-relaxation decreases with increasing temperature. This is understood 

from the point o f a cooperative process in that the re-orientation o f dipoles is influenced 

increasingly by its environment with decreasing temperature.

In general the a-process shows in the frequency domain a broad (2-6 decades), 

asymmetric peak. The width o f the a-relaxation peak for polymers depends on various 

factors such as temperature, structure o f the chain and crosslinking density. It becomes 

narrower with increasing temperature and broadens dramatically with crosslinking.

1.3.2 P-relaxation in amorphous polymers

It is well agreed that the dielectric P-relaxation o f polymers arises from localized 

rotational fluctuations o f the dipole vector. The rotational o f fluctuations o f localized 

parts o f the main chain and side groups or parts o f them contribute to the formation o f P- 

relaxation peaks.26,33'38

Compared with the cooperative dipolar motion in an a-relaxation, the localized 

dipolar motion o f the P-relaxation is located at a higher frequency (as seen in Figure 1.2) 

and a lower temperature. For most polymers, the P-relaxation has been studied below the 

glass transition temperature. The temperature dependence o f the P-relaxation rate is 

found to follow the Arrhenius equation:

/ , = / . , « P l- ^ i  (1-14)
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where fcop is the preexponential factor, and E a is activation energy. In general,/*^ should 

be o f the order o f magnitude 1012 to 1013 Hz. The activation energy E a, related to the 

slope off xp versus 1/T, depends on both the internal rotation barriers and the environment 

o f the moving unit.34,39’41

The relaxation strength for an a-relaxation is stronger than a P-relaxation for 

amorphous polymers. When the main dipole moment is located in the side group, small 

fluctuations o f the side group can contribute significantly to the dielectric loss of chain 

segments or the whole molecular chain. Unlike the a-relaxation process, Asp increases 

with temperature. Although the net dipole moment is nearly independent o f temperature, 

this temperature dependence can be understood as an increase o f the fluctuation angle of 

the dipole vector or by the number o f moving dipoles increasing with temperature.

1.3.3 Dielectric normal-mode relaxation

For polymers having a dipole component parallel to the chain backbone, a 

normal-mode process can be observed at frequencies below the a-relaxation.16,23 The 

molecular dipole vectors that are parallel to the repeating unit are summed over the chain, 

and therefore the normal-mode relaxation is related to both the geometry and the 

dynamics o f the polymer. Compared to a ,  p-relaxation, the normal mode relaxation is 

more restricted with the polymer chain length, because it is the result of molecular 

motion o f the whole polymer chain. As seen in Figure 1.4, the normal-mode relaxation 

has obvious molecular weight dependence.
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Figure 1.4. Value o f e” versus T at a frequency o f 104 Hz for cis-l,4-polyisoprene 
samples o f Mw 1400 ( •  ), 3830 ( ■ ) ,  and 8400 ( A )42

For the polymer with dipoles parallel to the chain skeleton, the whole dipole

moment can be obtained by integration over the chain length. Therefore the relaxation

strength o f the normal mode relaxation Asn is proportional to the mean end to end vector

o f the chain <r2>. And in the other way, if Asn is known for this type o f polymer, the

mean end to end vector o f the chain can be estimated 43

1.4. Objective of dissertation

The primary purpose o f this dissertation is to monitor the ionic mobility and 

dipolar relaxation on a molecular level, and to relate these properties to the macroscopic 

property changes and structural evolution during polymerization. This research is 

presented in four chapters:
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Chapter 2 is dedicated to discussing the two measurement techniques, the ion 

time-of-flight measurement (ITOF) and frequency dependent dielectric sensoring 

measurement (FDEMS). The theoretical background and applications are introduced for 

these two techniques.

Chapter 3 explores the application o f the ITOF measurement in an epoxy-amine 

curing system. With FDEMS measurements, we can separately monitor the changes in 

the ion mobility and the number of charge carriers during the epoxy-amine 

polymerization. The combination o f ITOF and FDEMS measurements that isolates both 

the number o f carriers and their mobility allows significant improvement in monitoring 

changes in the state and structure o f a material as it cures. It is essential for those systems 

where the number o f charge carriers cannot be assumed constant.

Chapter 4 focuses on measurements o f dielectric properties using FDEMS to 

detect structural evolution and spatial heterogeneity formation during the polymerization 

process o f dimethacrylate resins. The changes in molecular dipolar mobility are related to 

the development o f the heterogeneity. The dielectric spectra and glass transition (Tg) 

profiles are used to investigate the existence o f two cooperative regions o f sufficient size 

to create two a-relaxation processes representing oligomer rich and polymer microgel 

regions during the polymerization.

Chapter 5 describes the migration o f dye molecule in polymer films. With the 

chemical modification o f dye molecular structures, selection o f polymer films and design 

o f the migration process, we tried to develop a series o f visual color changing papers with 

different timing effects.
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CHAPTER 2. DIELECTRIC TECHNIQUES AND APPLICATIONS 
IN POLYMER SYSTEM

Dielectric spectroscopy and ion time-of-flight measurements are two important 

techniques to investigate the macro- and molecular dielectric and electrical properties of 

polymeric materials. The combination o f these two methods will provide a full view of 

electric and dielectric behavior for the systems as they undergo chemical and/or physical 

changes during polymerization, crystallization, vitrification, phase separation, etc. In this 

chapter we shall focus on the background, equipment and applications o f these two 

techniques.

2.1. Dielectric spectroscopy

There are very good reasons for the interest in fundamental and applied aspects of 

dielectric spectroscopy in material characterization. Fundamental investigations o f the 

dielectric response yield a wealth of information about different molecular motions and 

relaxation processes. A unique characteristic of dielectric measurement is the wide 

frequency range, from 10"5 Hz to 1011 Hz, over which molecules respond to an applied 

electric field. This information is the key feature that enables one to relate the observed 

dielectric response to slow and/or fast molecular events. Complementary information to 

dielectric spectroscopy studies can be obtained from nuclear magnetic resonance (NMR), 

dynamic mechanic analysis (DMA), light scattering (LS), neutron scattering, transient
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fluorescence depolarization, and ultrasonic measurements, but none o f those techniques 

can cover as wide a frequency range as dielectric spectroscopy. A strong interest in 

dielectric measurement reflects the growth o f its application in materials characterization 

and processing in laboratory and industrial environments.

Dielectric spectroscopy measurements in the frequency region from hertz to 

megahertz are normally used for the study o f chain or segment motions on the molecular 

level and provide a sensitive, convenient automated means for characterizing the physical 

properties o f polymeric materials as well. Dielectric sensoring techniques have the 

advantage that the measurement can be made both in the laboratory and in situ in the 

manufacturing environment. This frequency domain can be effective for monitoring a 

variety o f resin-cure processing properties such as reaction onset, viscosity, point of 

maximum flow, degree of cure, buildup in glass transition temperature, and reaction 

completion, as well as detecting the variability in processing properties due to resin age 

and degradation. At the heart of dielectric sensing is the ability to monitor the changes in 

the transitional mobility o f ions and changes in the rotational mobility o f dipoles in the 

presence o f a force created by an electric field. These variations in molecular position due 

to an electric field force are a very sensitive means o f monitoring changes in macroscopic 

mechanical properties.

The general practice o f dielectric measurements is to sweep the frequencies 

during the chemical/physical processes. The variation in the magnitude o f the complex 

permitivity e”(co) with frequency and with time and temperature provide molecular-level 

information on parameters such as relaxation time, relaxation amplitude, and distribution 

o f relaxation times. From this we draw conclusions on the state o f material. Some new
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experimental techniques, such as temperature modulated dielectric analysis (TMDA)1 and 

ambient pressure dielectric measurement,2 were developed to separate the combined 

effects on the dielectric properties during a reaction or to collect the data in an extreme 

experimental condition.

2.1.1 Principles o f  measurement

Dielectric measurements are conducted by applying voltage to the electrode 

interface and measuring the amplitude and the phase shift of the resulting current. If the 

input signal is the current and the output signal is the voltage, the transfer function is the 

system impedance (Z), which is the sum o f the contributions from resistance (R) and 

capacitance (C):

Z = i = — -̂----= Z'+iZ" (2-1)
r i+/®c

R

where Y is the admittance, which equal to the reciprocal overall impedance, Z. i is (-1)1/2 

and co is the angular frequency, co= l7f. The real and imaginary components of 

impedance are given by:

Z '= T 7 & W  ( 2 - 2 )

Z " = - i  g7C/?2 (2-3)
1 + (tdCR)2

The relation between the impedance and complex permittivity is Z*=l/(£* icoso), then 

impedance can be expressed by permittivity:

Z '= ______ 2______
GT£0(£'2+£"2 )
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Z " = ---------- ^ -----— (2-4)
GJ£0 (s  +£ )

when R*C is equal to t ,  the relaxation time o f the system. This complex permittivity 

expression is often reported in terms o f the complex dielectric constant

e  = e 'x J £'0~£'’o) (2-5)
1 + lWT

By seperating equation (2-5) into its real and imaginary components, we get the 

following equations:

£\CO) = £X>+ £0~ £-
1 +  co2t 2

s" (a) = (e0 -  sm) 0)t2 2 (2-6 )
1 + 6) T

Several derived quantities can be obtained from dielectric spectroscopy. These 

include conductance, dielectric modulus and complex dielectric constant.

2.1.2 Instrumentation and data collection

Prior to the 1980s, frequency dependent measurements of the dielectric properties 

o f molecular materials were performed using a range o f manually balanced resistance- 

capacitance and capacitance-bridge. It was difficult to make measurements covering 

broad frequency range, or monitor the dielectric properties changes in-situ during a 

temperature ramp or cure. With the development o f the impedance analyzer, computer- 

controlled instruments can be designed to measure dielectric quantities over a large 

frequency range. Most recently, an excellent review o f the instrumentation for dielectric 

spectroscopy was written by Kremer and Schonhals.3 Based on their literature survey, the 

following impedance analyzers are widely used by research community.
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1) Solartron 1260 gain phase impedance analyzer (operable in the frequency from 

10'5Hz to 32MHz).

2) HP 4000 series impedance analyzers provide the affordable solutions for 

different frequency requirements. For example, HP4192A works in the frequency range 

from 5Hz to 13MHz, HP4263 can make the measurements at 0.1, 0.12,1, 10,100 kHz 

and HP4291 can operate from 1MHz to 1.8GHz.

3) Genrad 1600 series bridges also provide an inexpensive solution for multi

frequency dielectric measurement.

At present, some leading technology companies offer complete setups for 

dielectric measurements for different purposes. NETZSCH, NOVOCONTROL, 

Scientifica Inc., Microwave Properties North (MPN), Stain Measurement Device Inc. 

(SMD) provide dielectric measurement solutions for laboratory and manufacturing 

applications. The following is the equipment and experimental apparatus used in our 

experiments

- Impedance analyzer

HP 4192A impedance analyzer with the frequency rang o f 5 Kz-13 MHz and 

HP4263B impedance analyzer with five fixed frequencies at 100Hz, 120Hz, lKHz, 

lOKHz and lOOKHz.

- Sensors

Two microsensors designed and patented by Prof. Kranbuehl were purchased 

from Century Circuit&Electronics. The kapton sensor consisted o f inter-digitated copper 

electrodes (50 microns in width) on an area o f 2.5x1.2 cm flexible polyimide substrate 

with an air gap o f 86 microns. A glass sensor consisted o f inter-digitated gold electrodes
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(30 microns in width) on an area o f 2.0x 1.1 cm glass substrate with an air gap o f 30 

microns.

- Software

Several programs were developed to collect and analyze the data through a GPIB 

interface. FDEMSRUN.EXE and FASTDATA.EXE were developed with basic for DOS 

operation system. FDEMS DATA ACQUISITION.EXE (version 1.0) was developed 

with Visual C++ for WINDOWS operation system.

- Diagram

i

Impedance analyzer

Processing reactor, 
tool or environment

SulMrMr 1

Dielectric Sensors

Figure 2.1. FDEMS experimental setup

2.1.3 Applications

2.1.3.1 Cure monitoring

A reason for the use o f dielectric spectroscopy in the study of polymerization is 

that the materials (reactants and/or products) contain a permanent dipole. In a
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polymerization process, the type and the concentration o f dipoles can vary during the 

reaction. Figure 2.2 illustrates two classes of reactions that are widely studied by 

dielectric measurement.

Class 1: Dipoles Not Involved In Reaction 

D]/W V V V W '/V W ’ Q  tAAAAAAAAAA/ +  ^ /W 'A /W 'A A A / '

- ' n
| i/V\AAAAAAAAA/

n

N'
I

A/WW/WV Q JWVJWV»A/V̂ JV»AAArt/
— 1 n i

D

N = reactive non-polar group 
D = non-reactive polar group 
N' = non-polar group formed
Example: Polymerization of vinyl terminated monomers

Class 2: Dipoles Reacting To Form New Dipoles

/W V W W 'A A A /' [ J  vA A A A /W W W  0  . +  Q -  /W 'A A A T /W V ' I 0  Ia AAAAAAAAAA/

— 'n  z 1— 'n

Q’w /w v/w v Q jvwjvwjvn, Q1 juuvwv 0  jvw
I 1— !n \ 1— 1

D2 = reactive polar group 
D = non-reactive polar group 
D' = a new polar group formed 
Example: Epoxy-amine reations

Figure 2.2. Classification for the dipolar groups during cure

Class 1: dipoles present in the reactants are not involved in the chemical reaction 

so that the product contains the same concentration and type o f dipolar groups (e.g., the 

polymerization o f vinyl ended monomers, terminally functional linear polymers with low 

polarity reactive end groups)
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Class 2: dipoles present in the reactants (though not necessarily all o f them) are 

involved in the reaction and a new type o f dipoles is formed, (e.g., the reaction of 

epoxide- and amine- containing monomers)

Fundamental studies in this area correlate dipolar dynamics with the kinetics of 

structure formation. Dielectric permittivity, loss factor and electrical conductivity have 

been related to the glass transition, appearance o f secondary transitions and various 

rheological phenomena. From the mid-eighties, the dielectric analysis o f thermoset cure 

was made by Seferis,4'6 Bidstrup, Senturia, Sheppard7'9 and Kranbuehl,10'24 who wrote 

many papers on the dielectric monitoring o f polymerization and cure, in which they 

showed a number o f examples o f the use of sensors to monitor the dielectric response for 

various applications. The essential contribution o f their work is the correlation between 

dielectric functions (dielectric permittivity and loss) and the curing parameters (viscosity 

and degree of cure). They were joined in the early 1990s by Johari and coworkers,25’26 

who also initiated a series o f comprehensive dielectric studies o f curing kinetics. All of 

these groups used the complex electrical modulus to describe electric conductivity and 

dipolar relaxation.

Johari and co-workers suggested a decrease in conductivity obeyed a power law 

form which could be used to determine the critical phenomenon during cure -gel point. 

The conclusion about the gelation determined by dielectric measurement is still being 

debated.27 Recently, additional substantial contributions to the development o f a 

molecular understanding of the cure process have been made by Mijovic and his 

coworkers.28’29
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In dielectric measurements during cure, the dielectric impedance o f a material 

characterized by its equivalent capacitance, C, and conductance, G are used to calculate 

the complex permittivity by the following equation:

s* = s ’- is”, (2-7)

C(a>)material
S'(G)) =

C,0

= G(a>)material 
n * C 0

where co =2rf, is the measurement frequency and Co is the air replacement capacitance

of the sensor. This calculation is possible when using a sensor whose geometry is

invariant over all measurement conditions. Both the real and the imaginary parts o f s* 

can have dipolar (d) and ionic (i) charge components.

s ’ = £d’+ (2-8)

s ” = sd"+ Si” (2-9)

Kranbuehl and co-workers showed that plots o f the product of frequency (co) 

multiplied by the imaginary component o f the complex permittivity s ”(a>) make it 

relatively easy to visually determine when the low-frequency magnitude o f s"  is 

dominated by the mobility o f ions and when at higher frequencies the rotational mobility 

o f bound charge dominates s ”.21 Generally, the magnitude of the low-frequency 

overlapping values o f m s”(co) can be used to measure the change with time o f the ionic 

mobility through the parameter a  where

<j(ohm~lcm~x) = s^m s"  (2-10)

s0 = 8.8554xlQT14 C2J ! c m 1
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The changing value o f the ionic mobility is a molecular probe, which can be used 

to monitor changes in the viscosity during cure. The dipolar component o f the loss at 

higher frequencies can then be determined by subtracting the ionic component.

(2-11)

The peaks in s ”d (which are usually close to the peaks in s ’’) can be used to 

determine the time or point in the cure process when the “mean” dipolar relaxation time 

has attained a specific value:

1x =  •
m

(2-12)

The dipolar mobility, as measured by the mean relaxation time r, can monitor the 

a-relaxation process associated with vitrification, and it can be used as a molecular probe 

o f the buildup in Tg.

timofmln)
0.05 m 0.125 0.25 *0,5 *5 »25 +50 -500 fOOO

Figure 2.3. MCDEA/DGEBA isothermal cure at 120°C
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Figure 2.3 is a typical plot o f the frequency dependent measurement during the 

cure o f an epoxy/amine mixture. At low frequency, the motion o f ionic species will be 

over large distances and reflect the macroscopic viscosity to some extent. At higher 

frequencies, the motion o f ionic species will be over small distances and the microscopic 

viscosity is sensed. In the initial stages o f the cure process, the microscopic and 

macroscopic viscosity will be essentially identical and it is only as the micro regions with 

different sizes are formed that the differences in size-time scale become important. The 

decrease o f the low frequency dependence of s” indicates an increase in the viscosity of 

the medium. Then the dipolar motion o f the matrix becomes active and is the dominant 

feature as the viscosity continues to build up and the glass transition temperature 

increases with reaction advancement. Careful inspection o f the plots indicates that the 

relaxation frequency moves to lower frequencies as cure proceeds and is an indication of 

the loss o f free volume and the increasing Tg o f the matrix.

2.1.3.2 Phase separation

The viscosity and onset o f phase separation o f thermoset/thermoplastic blends are 

critical processing properties and affect the final morphology. Frequency dependent 

dielectric measurements have the particular advantage to monitor these processes in both 

laboratory and the industrial fabrication environment.

Normally, the initial dielectric constant o f these blends (e.g., amine cured epoxy 

with rubber) are relatively low, however, as cure proceeds, the dielectric constant rises 

and a related event can be observed in dielectric spectroscopy. This feature is associated 

with the phase separation in the system and often can create a Maxwell-Wagner-Sillars 

loss process.30,31 This process is caused by the generation of an occluded phase that has a
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higher ionic mobility than the matrix phase in which it is dispersed. In the presence o f an 

applied electric field the ion will move to an appropriate phase boundary and will then 

become temporarily trapped at this point. Reversal o f the field will cause the ions to flow 

to the opposite phase boundary and therefore the magnitude o f the effective dipole 

change reflects the projection o f the occluded volume dimension in the electric field 

direction. The conductivity o f the matrix will determine the time it takes for these ions to 

move between the extremes o f the phase and hence dictate the effective relaxation time o f 

the media. Analysis o f this feature provides information o f the shape and volume fraction 

o f this occluded phase. The dielectric studies on these thermoplastic/thermoset phase 

separation systems have been made by Kranbuehl and Pethrick.32'36

2.1.3.3 Aging and degradation o f  polymeric materials

Hydrothermal aging which is caused by the diffusion o f moisture into thermoset 

materials (PA-11, epoxy resin, etc.) has been extensively investigated. Since water has a 

large dipole and strong dielectric response, it is ideally suited for study with dielectric 

measurements.37 Studies o f the dielectric relaxation o f water in various polymeric 

materials have shown that three distinct regions can be detected in materials.38-40 At high 

water absorption region, proton transfer occurs rapidly and the dielectric relaxation is 

dominated by dc conductivity. In a lower water absorption region, aggregated water can 

be detected in a frozen state at approximately 0°C. At temperatures below 0°C, a further 

relaxation related to the third water absorption state can be observed and associated with 

water dispersed as either single molecules or small clusters. For the resin systems which 

are toughened with thermoplastics components, it is difficult to predict water absorption 

behavior. But in these blend systems, the rate and extent o f water absorption can have a
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profound effect on the mechanical properties o f the matrix and the stability o f the 

interface that is formed between the thermoset resin and the thermoplastic substrate.

The physical aging process o f thermoplastics also can be followed by dielectric 

analysis.41-43 In these aging study, the time dependent dielectric spectra were compared to 

the variation in the positron annihilation and the dynamical mechanical thermal analysis 

for a molecular interpretation o f the processes that are occurring during physical 

aging44’45 Normally, as the aging occurs the dipolar process associated with the Tg 

appears sharper. This relaxation process is associated with the reorientation of co

operative dipolar motions and requires free volume. The positron annihilation studies 

indicate that the physical aging process is associated with the reduction o f the free 

volume and correlates well with the changes in the dielectric spectrum. The changes in 

the distribution o f relaxation processes are a consequence of the effects o f the loss o f free 

volume in the system,

2.1.3.4 Characterization o f  film formation

The real time dielectric technique can also be applied to the study of the 

coalescence o f polymer latexes during the film formation.46,47 Water is the usual solvent 

for latex emulsion preparation and it polarity is ideal for dielectric investigation. By 

monitoring the water relaxation process in free, bonding and limited state, this technique 

provide the information o f the various stage o f the overall latex film formation process.

Dielectric spectroscopy also can be used to monitor film formation with 

polymerization and cure processes.48'51 Measurements have been made on neat thermoset 

resins, thermoset resin with nano-size metal particles and solution polymerization 

reactions. In additional to the extent o f polymerization and the dielectric and physical
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nature o f polymer network, the results indicate that this technique can be used to separate 

the effect o f the nano-particle formation48,49 and to investigate gravitational effects50,51. 

The technique is able to distinguish between surface and solution polymerizations during 

formation o f thin films. Furthermore, it is capable o f monitoring convection effects during 

solution polymerization.

2.2. Ion time of flight (ITOF)

The concept of time-of-flight is familiar to most scientists in the context o f mass 

spectroscopy, which measures the time for ions to travel through a fixed distance in a 

vacuum with a uniform electric field. Thereby the chemical properties o f ions can be 

identified by measuring the travelling time. Here, the same concept is introduced into 

polymeric materials or diluted polymer solutions.

Compared with the frequency dependent dielectric measurement, ion time-of- 

flight (ITOF) measurement is more like a dielectric measurement made at very low 

frequency (10'1 to 10'3 Hz). A square wave electric field is alternated with a time scale o f 

several seconds to several minutes. The current change in each cycle is investigated to 

directly determine the mobility o f the charge carriers o f interest in a liquid dielectric 

material. It is a accurate and efficient method to separate the ion mobility from the 

dipolar effect on the conductivity o f the materials.

The time-of-flight technique, coupled with the dielectric measurement of 

conductivitya, allows one to determine separately changes in the number o f charge 

carriers, along with changes in mobility o f a charge carrier due to cure or temperature. It 

can help to characterize and monitor the advancement of a polymerization process and
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the corresponding changes in chemical/physical properties In particular, ITOF provides 

additional useful knowledge regarding the relationship o f viscosity to changes in 

electrical and material properties throughout the reaction.52,53

2.1.1 Background/Theories

Ion time-of-flight (ITOF) is a measure o f the length o f time an ion takes to travel 

across a fixed distance between two electrodes with a given potential. Starting from an 

equilibrium ion distribution (Figure 2.4a), the electrodes are oppositely charged (Figure 

2.4b), and the attraction o f unlike charges causes the anions to move towards the 

positively charged plate, while the cations migrate to the negative plate (Figure 2.4c).

Figure 2.4. Ions transportation in electric fields

A square-wave voltage pulse is applied to the system for a fixed length o f time.

3XLI

a)  T lm eH

Figure 2.5. Square-wave voltage applied in ITOF measurement
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At a particular time after the initial pulse, a peak is observed in the measured 

current, I(t), in each subsequent pulse. This peak represents the point in time when the 

highest rate of ions is arriving at the electrode, resulting in a peak in the measured current,

j  54-56

Ic
E
a a n

Figure 2.6. Current curve in ITOF measurement 

Reversing the charges on the plates creates the pulse sequence, and the ions are 

then drawn to the opposite plate. Here (Figure 2.6) the measurement pulse sequence 

involved four sets o f equal length pulses. The time-of-flight flight time occurs at the peak 

in the output current versus time after a reversal o f voltage polarity. This time marks the 

time o f maximum number o f mobile species arriving at the electrodes and characterizes 

the ion transit time. These measurements are repeated while conditions within the 

experiment are changing. The ITOF is dependent on these changing variables including: 

changes in the viscosity o f the medium due to a change in temperature or a chemical 

reaction, the measurement parameters such as the fixed distance between electrodes 

(sensor material and geometry), the possibility o f a charge polarization effect on the
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plates after a given time, the length o f time allowed before the pulse is switched, and the 

magnitude o f the applied voltage.

The effect o f these variables on the ion mobility can be described mathematically. 

The ionic mobility, p., is defined as the ratio o f the velocity, u, and the magnitude o f the 

electric field, E

(2-13)
hi

Neglecting internal field effects, the electric field acting on the ions is:

V
E  = — (2-14)

d

where V is the applied voltage, and d is the distance between plates. We can substitute 

Equation (2-13) into Equation (2-14) to yield

v  =  /j x —  (2-15)
d

Substitution o f u = d/t gives

V  d  n/ / x -  = -  (2-16)
d t

Rearranging to solve for t gives us an expression for the ion mobility time o f flight.

r2
t = — —  = ITOF  (2-17)

j u x V

From this equation, we can see that ion mobility, time of flight, ITOF, is 

dependent upon the distance between the electrodes in the sensor, the mobility, and the 

applied voltage. Since mobility is observed experimentally to be inversely proportional 

to viscosity to a power a, where a is < 1, we can rewrite the above equation as
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ITOF  = AT—  (2-18)
V

where K is a constant.

From Equation (2-17), we also can get the charge carrier mean mobility:

M = —  -----  (2-19)
ITOF  x V

The ionic conductivity o f a material on a molecular level can be expressed as a sum of 

the product o f the number o f ions present and their respective average mobility:

a  = 'YJN i x /j  (2-20)

Combining the Equation (2-10), (2-19) and (2-20), we can calculate the concentration of 

charge carriers in the system.

N, = ? * V * I T 0 F  (2-21)
d

In general, the ionic conductivity (a) for a viscous system can be obtained with 

low frequency dielectric measurements as described in Section 2.1.2.1 and is expressed 

with following equation:

cr{ohm~x cm~l) =  e j n s "  (2-22)

A combination o f both measurement techniques isolates the number o f charge 

carriers and their mobility. This allows significant improvement in monitoring changes in 

the state and structure o f a material as it cures and is essential in systems where Ni cannot 

be assumed constant.

In the measurement, the voltage setting and sensor geometry are two important 

factors determining the reliability o f the results.
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In an ITOF measurement, the magnitude o f the current is dictated by the charge 

collected on the electrode surface and the action o f an electric double layer. To get a good 

result, we want to minimize any electrode double layer effects to monitor the current 

contribution of the ion movement in the solution. A low voltage setting (e.g., less than 

10V for pure water with gold electrode) was applied in the ITOF measurements to 

prevent reactions and a double layer effect on the electrodes. The barrier voltage for 

electrode double layers varies greatly with each system and different electrode materials. 

Thus the voltage setting needs to be selected carefully to avoid reactions and double 

charge layers on electrodes in each system.

For the ion transport, three rate processes need to be considered to decide what is 

the process determining the current during the measurements:57

1) Movement o f  electrons within the electrode, either to or from  the interface

The movement o f electrons through an electrode will usually be extremely fast 

since the materials from which the vast majority o f electrodes are made will have been 

chosen because o f their superior electronic conductivity. Gold, copper and stainless steel 

sensors are all used in our experiment for this reason. The inert metals, such as Au, Pd 

are the best sensor materials for ITOF measurements due to less likelihood o f reactions 

on the electrode surface

2) Movement o f  electrons across the electrode/solution interface.

This step is usually very fast for a viscous liquid system.

3) Movement through the solution.

This movement is termed mass transport, and proceeds via three mechanisms: 

migration, convection and diffusion. ITOF technique is based on the charge migration
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between electrodes, so we need to minimize the convection and diffusion effects. The 

large area parallel plate electrodes with small distance can decrease the convection effect 

for a low viscous system. As for a highly viscous system, the mass transportation rate is 

slow, so we need to minimize the distance between electrodes to get a fast response o f the 

ITOF signal. Due to the high concentration o f ions on the electrode surface, the diffusion 

effect is dominant when the voltage is reversed. In some circumstances, the diffusion 

effect is dominant so that the migration current peak (ITOF peak) is indiscernible due to 

the diffusion current (Figure 2.7). The ITOF technique is not useful for these situations.
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Figure 2.7. Diffusion and migration current curves

2.2.2 Equipment 

- Voltage source

Keithley 237 high voltage source measurement unit is used to generate square- 

wave voltage pulse in the system for a fixed length o f time
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- Sensors

The distance between electrodes plays an important role in ITOF measurements. 

When a large electrode distance sensor is used, a longer pulse length and a higher voltage 

are needed to pull the ions to an ideal level for accurate ITOF measurement. As described 

in Equation (2-17), the distance d  has a power two effect on the ITOF time. Considering 

the voltage requirement discussed above and the fast signal collecting, we need to choose 

a sensor with proper electrode distance to get optimized results for each system. The 

following sensors are used for ITOF measurement for different systems.

Glass sensor: consists o f inter-digitated gold electrodes (30 microns in width) on 

an area o f 2.0x 1.1 cm glass substrate with a spacing o f 30 microns. Patented by 

Kranbuehl.58,59

Index sensor: consists o f inter-digitated nickle electrodes (200 microns in width) 

on an area o f 2.5x 1,5cm flexible polyimide substrate with a spacing o f 115 microns. 

Purchased from Micromet, Inc.

Small air capacitor (160-110-1): has a large beryllium copper compressed rotor 

contact, and nickle-plated-steatite (Mg3Si4 0 io(OH)2) metal parallel plates with a 432 

microns spacing. Purchased from Cardwell Condenser Corp.

Large air capacitor: has the same design as small air capacitor and with a 762 

microns air gap. Purchased from Cardwell Condenser Corp.

All these geometries produced no measurable current when tested alone in air, 

and were able to provide good measurements o f the ion mobility for suitable systems.
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- Software

TOF.EXE was developed for WINDOWS operation system to collect and 

analysis the data through GPIB interface.

- Diagram

Seneet Thermocouple 

\  Owen \

Kehhlty 237 High VoLt«g» 
Source M t n u n  Unit

Figure 2.8. ITOF experimental equipment
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CHAPTER 3. APPLICATION OF ION MOBILITY TIME-OF 
FLIGHT MEASUREMENT DURING AN EPOXY-AMINE 

REACTION

3.1. Introduction

3.1.1. Problem statement

The relationship o f viscosity, electric properties and bonding structure to the 

changes o f material properties during a reaction have been studied for many years using a 

variety o f techniques including those o f dynamic mechanical, dielectric relaxation and 

FTIR. The use of conductivity due to migration o f charges to monitor the advancement of

1 1C
reaction has been widely reported ' . In a majority o f these published reports, the charge 

carriers in the reaction system are seldom identified. It is commonly assumed that a 

correlation should exist between the decrease in conductivity, and the increasing viscosity 

and/or extent o f reaction. This is based on the assumption that the number o f charge 

carriers in the polymer-forming system is constant. Unfortunately, this assumption is not 

correct in an epoxy/amine system where the number of OH groups and NH groups 

changes as the reaction advances. A method to measure the number o f charge carriers 

directly during the reaction is desired.

Typically, the electrical conductivity, a, is obtained though dielectric 

measurements using an in-situ micro-sensor and a multi-frequency impedance analyzer.
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In general, at low viscosities and low frequencies, the ionic conductivity dominates the 

impedance o f materials. The ionic conductivity o f a polymerizing material on a molecular 

level is a sum of the product o f the number o f ions present and their mobility p. 

( a  = y^  Ni * n t ). A combination of measurement techniques that isolates both the

number o f carriers (M) and their mobility ( u  i) allows significant improvement in 

monitoring changes in the state and structure o f a material as it cures. It is essential in 

those systems where the number of charge carriers cannot be assumed constant.

With the ion time-of-flight (ITOF) technique, coupled with the dielectric 

measurement o f a, it is possible to monitor the number o f charge carriers (Ni) and their 

mobility ( p ) separately26 during polymerization o f an epoxy such as a diglycidyl ether of 

bisphenol-A (DGEBA) /4,4’-methylene bis [3-chloro-2,6-diethylaniline] (MCDEA) 

reaction system. In an epoxy/amine reaction, the primary charge carrier source is proton 

transfer along with intermolecular hydrogen bonding27'30. The hydrogen bonding changes 

with the conversion o f the monomers and the temperature. Both can cause changes in the 

number o f the charge carriers in this system. The relationship between the changes in the 

number o f charge carriers, their mobility and the properties and bonding structure 

changes o f an epoxy material are discussed in this chapter. The results are compared with 

FTIR results reported previously31'34.

3.1.2. Background fo r  an epoxy-amine reaction and its conductivity

For an epoxy-amine reaction system, the ionic impurity presents a small 

contribution to the overall or apparent conductivity. The measured conductivity 

encompasses the contributions from both extrinsic and intrinsic mechanisms, which are
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discussed in chapter 1.1. As a result o f the interplay between extrinsic and intrinsic 

contributions to the overall conductivity during reaction35, an increase in viscosity can be 

accompanied by an increase in the measured conductivity36. The chemical 

bonds/structure changes during cure need to be described to understand these phenomena.

Normally, an epoxy-amine reaction proceeds according to the sequence shown in 

Figure 3.1.

>/VWi/VWJVW<<i
H

\
+  ^ J V W V W ^ V WI

H

H
«AAAA/W\AAAA/i ^  — iAAAAA/W A/VW

HO

N
OH

Figure 3.1. Chemical reaction for an epoxy amine system

As a result, many hydrogen-bonded species co-exist in amine-crosslinked epoxy 

network systems (Figure 3.2). Based on the bonding structure, they can be divided into 

categories: intramolecular and intermolecular hydrogen bonding. The ratio of the 

different types of hydrogen bonds in the system varies with temperature, curing degree as 

well as the type o f epoxy and amine and they contribute differently to the overall 

conductivity o f  material.
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Intramolecular Hydrogen Bonds
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Figure 3.2. Some types o f hydrogen bonds in an epoxide-amine network
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3.2. Experimental

3.2.1. Materials

Diglycidyl ether o f Bisphenol-A (DGEBA) (Figure 3.3) with n = 0.15 received 

from Dow Chemical as LY556 is a relatively viscous epoxy at room temperature and 

readily polymerizes with the bi-functional amine 4,4’-methylene bis [3-chloro-2,6- 

diethylaniline] (MCDEA) (Figure 3.3) supplied by Air Products and labeled as 

LONZACURE.

Diglycidyl ether of Bisphenol-A 4,4'-methylenebis-(3-chloro, 2,6-diethyl)-aniline

In an effort to verify the primary charge carrier in our system, the epoxy resin was 

loaded with additional chlorine ions (using sodium chloride from Aldrich, 99+% pure) to 

observe the conductivity change o f the system.

3.2.2. ITOF measurement

A current/voltage source-measurement unit, Keithley 237, was used to control the 

voltage and to measure the output current. Data was stored with an IBM/PS2 computer 

and collected with software developed specifically for this application. Current

Figure 3.3. Chemical structure o f the epoxy and amine
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measurements were taken every 0.33 seconds and plotted versus time in seconds. The 

temperature was controlled by a Delta Design 9015 forced air oven. A thermocouple 

monitored the temperature o f the sample during the time o f the measurements.

Two commercial products idex sensor (036S) and small air capacitor (160-110-1) 

were chosen as in-situ sensors.

3.2.3. Rheology

A TA instrument AR 1000 rheometer was used to measure the viscosity changes 

and detect the gelation during the isothermal cure: 40mm diameter aluminum parallel 

plates were used in measurements, housed inside an environmental test chamber. The 

complex viscosity (r|) was measured at regular intervals, from 0.1 Hz to 1 kHz where it 

was frequency independent, at zero normal force. The gel point was determined by the 

method o f H. Winter37'39, from the time at which tan 5 became independent o f frequency. 

This is the point in time when the values o f tan8 measured at different frequencies 

become equal and crossover each other.

3.2.4. Dielectric impedance measurement

The liquid epoxy-amine mixture was introduced into a cell made o f two glass 

plates separated by a 4mm-rubber gasket. An index sensor with inter-digitized copper 

electrodes on a flexible polyimide substrate was enclosed in the cell and electrodes were 

linked to a HP 4192A-impedance analyzer by wires to measure the conductance and 

subsequent capacitance o f the materials over a range o f temperature and frequency.

The enclosed cell was placed in an isothermal oven during the experiment. The 

dielectric permittivity and dielectric loss were measured at 10 frequencies in the range 

from 50Hz to 500KHz. The measurement was taken every 2 seconds across all these
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frequencies. A computer acquired the dielectric data automatically, the frequency 

dependent o f data were used to create plots o f conductance vs. time.

3.2.5. Reaction kinetics

A TA 2920 modulated DSC was used for the thermokinetic studies. The thermal 

analysis consisted o f an isothermal DSC run to determine Qi at that temperature and then 

followed by a dynamic ramp to a suitable high temperature to determine the residual heat 

o f polymerization Qr for all the samples. The extent o f the reaction at a given time was 

calculated from:

a(t) = Qt /(Q r + Qi) (3-1)

where a(t) is the extent o f the reaction, and Qt is the heat produced by the reaction at the 

time t.

3.3. Results and discussion

3.3.1. Kinetics and gelation

Figure 3.4 shows the extent o f conversions o f reactant as a function o f time at 

three different temperatures. The extent o f reaction is determined by the reaction heat 

measured by MDSC. By increasing the cure temperature, the reactive species have more 

energy to break the diffusion limitation and reaction energy barrier. Thus, the reaction 

rate and the total conversion increase with the cure temperature.
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Figure 3.4. Conversion during isothermal cure at three different temperatures

Figure 3.5a-c shows the viscosity change during the reaction at three different 

temperatures. The gel time is determined from the tan8 crossover point where tan5 is 

frequency independent (Figure 3.6a-c). Gel times for curing at three different 

temperatures are reported in Table 3.1. As the temperature increases, the gel time 

decreases significantly. The gel time is characterized by a sharp increase in viscosity and 

signals the existence o f a network structure in the material. This point is particularly 

relevant for ion-time-of-flight experiments since after the gel point, viscosity builds 

quickly, and therefore the ITOF measurements after the gel point become much longer, 

less sharp and increasingly more difficult to characterize.

♦  ♦
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Table 3.1. Gel times o f the epoxy-amine during isothermal cure

Isothermal Temp (°C) gel time (min)
120 490
140 226
160 95

3.3.2. Source o f  charge carriers

Based on work by Bidstrup and Simpson20, the source o f the charge carriers is 

reported to be the DGEBA resin, and not the amine. A primary charge carrier is hydrogen 

ions due to proton transfer. Chlorine ions are also another potential source o f charge 

transfer left over from the synthesis o f DGEBA from epichlorohydrin. In an effort to 

verify the identity o f the primary charge carrier in our system, the epoxy resin was loaded 

with additional chlorine ions to a concentration o f approximately 3000 ppm (by addition 

o f NaCl to the neat resin). According to supplier standards, the DGEBA epoxy resin is 

highly pure and contains a nominal amount o f chlorine ions, at less than 300 ppm. The 

addition o f the salt did not increase the conductivity o f the system within the 

experimental error. This indicates that the chlorine ions are not the source o f charge 

transport in the system.

The conductivities o f pure MCDEA and the DGEBA/MCDEA mixture were 

measured. The results showed that the MCDEA has low conductivity and can be ignored 

compared with the conductivity o f DGEBA. When MCDEA is mixed with DGEBA, it 

dilutes the concentration o f the proton charge carriers resulting from [OH] groups in the 

n=0.15 epoxy resin in the system, and causes a decrease in the conductivity. The
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conductivity decrease is proportional to the weight fraction o f the MCDEA added into 

DGEBA.

3.3.3. Dielectric relaxation

Figure 3.7a-c shows the dielectric spectrum for the epoxy/amine cured at different 

temperatures. At high frequencies, the rotational mobility o f bound charge dipole 

orientation contributes to the conductivity o f the material and in particular is monitoring 

the a-relaxation vitrification process. According to Equation (2-4), the conductivity o f the 

material is dominated by ion mobility at the lowest frequencies,

The conductivity drop is due in part to the decrease o f ion mobility p. which is 

caused by the increase o f the viscosity of the resin, and also to the possibility of changes 

in the number or concentration o f mobile charge carriers Ni, which can be determined by 

the Equation (2-14).
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Figure 3.7a. Dielectric loss change at different frequencies during 120°C cure
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3.3.4. Ion mobility measurement

3.3.4.1. Pulse length and voltage

According to the Equation (2-12), the product o f ITOF and voltage is the quantity 

which monitors the ion mobility p, for a fixed distance d between the plates o f the 

measurement capacitor. The pulse lengths, together with magnitude of the applied 

voltage are two critical parameters to obtain good ITOF data. If the pulse length is too 

small and/or the voltage is too weak, ions migrate only partially to the opposite plate. 

That is, the major concentration o f charge is between the two plates and not at the 

electrode surfaces. When the voltage is reversed on the electrodes, the shorter distance 

for the major concentration o f ions to travel produces a smaller value for the ITOF. On 

the other hand, if  the voltage is too strong, and/or the pulse length is too long, a 

polarizing and discharging process at the electrode can be created40-42. When the voltage 

is reversed on the electrodes, an additional time is needed to reverse this excess effect at 

the electrodes and pull the ions from plates. As a result, one observes a longer than 

expected ITOF.

In order to determine the proper pulse length and voltage, the voltage applied to 

the plates is alternated from low to high during the cure. The experimental data which fit 

the relationship o f pulse length and voltage as described by Equation (2-10) are used.

3.3.4.2. Geometry

As the system polymerizes, the mobility o f the charge carriers drops as mobility is 

hindered by the developing thermosetting network structure. At a high curing temperature,
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the viscosity increases in a relatively short period o f time. The viscosity, which is related 

directly to the mobility, causes the time it takes for an ion to cross the distance between 

electrodes to increase. Consequently, single sensor geometry was unable to monitor the 

ions’ progress throughout the duration o f the curing reaction. Early in the cure, when the 

material is relatively fluid and mobility high, a larger spaced sensor is appropriate to 

measure the ITOF. However, the same sensor will fail to accurately measure the ITOF at 

a later time in the cure, as a shorter distance is necessary to allow an accurate measure of 

ITOF. Voltages were increased accordingly to compensate for the loss o f mobility, but 

increasing the voltage alone wasn’t enough to accommodate the decreasing mobility. The 

distance between electrodes, or d, is related to mobility by a squared factor and is 

therefore a more significant control o f the mobility than voltage alone. The overlap for 

these two sensors was checked. According to Equation (2-10), no matter which sensor 

was used, the ion mobility was the same in the overlapping region. This is an additional 

check o f the reliability o f the ITOF data. Figure 3.8 shows the first 150 minutes o f cure 

at 140°C as it is monitored by the small capacitor geometry, followed by the smaller 

spacing o f the idex sensor for the remainder o f the cure. It is interesting to note that at the 

point o f gel (for example, 226 minutes at 140°C), there is no change in the gradual 

decrease in mobility with reaction advancement. This provides further evidence that 

dielectric measurements do not detect gel.
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Figure 3.8. MCDEA/DGEBA isothermal cure at 140 °C: ion mobility log ((a) 
(dA2/TOF*V) against the reaction time (■ ) small capacitor; (A)index sensor

3.3.4.3. Temperature effect on ion mobility and the number o f  charge carriers fo r  an 

unreacted epoxy/amine system

Figure 3.9 shows the product of the ion mobility |x and the viscosity r\ changes 

20% when the temperature ramped from 60 °C to 120 °C for the unreacted, non-curing 

epoxy/amine system. The relation between p. and r| is approximately:

poc 1/ T( (3-2)

Substitution o f p in Equation (2-13) gives the following expression:

Ni oc r|* a (3-3)
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Figure 3.9. The product o f the ion mobility (p) and the viscosity (r|) 
against the temperature for the unreacted DGEBA/MCDEA mixture

Figure 3.10 indicates the change in the charge carrier concentration with 

temperature for this unreacted epoxy /amine system based on Equation (3-3).

A more direct method is to use the ITOF measurement and Equation (2-21). Also 

seen in Figure 3.10, the ITOF measurement shows that there is a decrease o f the charge 

carrier concentration when the temperature goes up. It is interesting that both methods for 

calculating the number o f charge carriers indicate the same decrease in Ni with 

temperature for the unreacted system. The absolute numbers can be obtained only by 

Equation (2-21) and ITOF method.
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Figure 3.10. Unreacted DGEBA/MCDEA heated from 60 °C to 120 °C: ( A ) charge 
carriers concentration calculated from ITOF (■) the product o f conductivity and viscosity

The varying change in the number o f charge carriers with temperature supports a 

mechanism o f charge transportation in this system by the proton transfer involving long 

range intermolecular hydrogen bonding bridges as previously reported31. This 

temperature effect on hydrogen bonding was also shown in earlier FTIR studies of 

epoxy/amine kinetics. These studies show that long-range hydrogen bonding occurs at 

low temperatures, and that this type o f hydrogen bonding decreases as the temperature 

goes up33. Both results are consisted with our experiment results.
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Figure 3.11. Conductivity versus viscosity during the reaction at 120 °C

3.3.4.4 Viscosity dependence o f  conductance during the reaction

Figure 3.11 shows the conductivity dependence versus the viscosity during the 

reaction. The conductivity drops faster in the low viscosity region than in the high 

viscosity region. The viscosity (r|) plot (Figure 3.5a) shows that after 200 minutes (a = 

0.2) the structure build-up causes the viscosity to begin to increase rapidly. A 

corresponding rapid decrease o f conductivity is not observed in Figure 3.7a. During the 

reaction, the changes in structure affects the conductivity and viscosity o f the material at 

a different rate. There is not an inverse linear relation between the viscosity and the 

conductivity.
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3.3.4.5 Ion mobility, charge carrier concentration changes during the reaction

Figure 3.12a shows the relationship o f mobility (p) and ionic conductivity (a) 

during cure at 120 °C. Both decrease, as anticipated by the knowledge that the epoxy is 

becoming increasingly more viscous and crosslinked as it cures. Figure 3.12a also shows 

that the number of charge carriers changes little in the early stages o f the reaction and 

begins to decrease after it has reacted for 200 minutes when the conversion a  equals 0.20.

This decrease is observed at all three cure temperatures, as seen in Figures 3.12b 

for 140°C and 3.12c for 160°C. The decrease in the number o f charge carriers is 

observed after 170 minutes (a = 0.30) for 140°C and 90 minutes (a = 0.45) 160°C. Due to 

the sensitivity o f the HP 4195A impedance analyzer, it is difficult to measure the 

conductivity lower than 10'11 S/cm. Hence, measurements are no longer made at his point.

The initial epoxy/amine reaction produces hydroxyl groups, which have the 

potential to form more hydrogen bonds in the material43,44. This initial increase in 

hydroxyl groups does not increase the conductivity. At a later degree of curing, the 

number o f charge carrier species actually starts to decrease. As described in section 3.1.2, 

the hydrogen bonds in the epoxy/amine system can be divided into two categories: one 

can be described as intramolecular hydrogen bonding, the other as intermolecular 

hydrogen bonding. Only the intermolecular hydrogen bonding contributes to the long- 

range hydrogen bonding which affects the number of charge carriers as described in 

Equation (2-13), which result in conduction in the system.
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During the reaction, the intra-molecular hydrogen bonds varies almost 

proportionally with the amount of hydroxyl groups, but the number of intermolecular 

hydrogen bonds varies as the conversion increases, chain branching increases and the 

polymer chain motions become more restricted32. This makes the formation o f long range 

hydrogen bridges more difficult. Thus, the number o f charge carriers varies as in Figure 

3.12a most clearly, but also in Figure 3.12b and 3.12c.
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Figure 3.12a. Number o f Charge Carriers (♦), Conductivity (■) and ion mobility 
(A)  changes for DGEBA/MCDEA isothermal at 120C
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33.4.6. A comparison between an unreacted and a reacted system

Here, we would compare the relationships o f conductivity (a), viscosity (r|), 

mobility (p.), and number (Ni) of mobile charge carriers in an unreacted epoxy system to 

similar viscosity conditions during a polymerization as the crossslinking system 

approaches gel. Figure 3.13 is a plot o f conductivity versus the viscosity during a 

temperature ramp for the unreacted epoxy amine resin and during cure over a similar 

range in viscosities of 1 to 10,000 Pa.s. During the period of the reaction there is a large 

buildup in the crosslink density as the reaction approaches the gel point at 20,000 Pa.s. 

The gel time was determined from the frequency independence of tan5.

From Figure 3.13, the slope o f the log o versus log r| data for the unreacted 

epoxy-amine system is -0 .86  and for the reacting epoxy-amine system as it approaches 

gel is -0.42. These two differing slopes reflect the often observed changing power law 

dependence o f conductivity on viscosity. Thus, a  can only be used to quantitatively 

monitor viscosity if  a calibration curve has been previously established for that particular 

epoxy-amine system.
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Figure 3.13. The change in conductivity for the unreacted epoxy amine system 
versus viscosity during a temperature ramp and of the conductivity versus 
viscosity during polymerization as the reaction approaches gel

Figure 3.14 is a plot of the mobility as determined by ion-time-of-flight 

measurements for these two differing structures at similar viscosity. The relationship of 

mobility to viscosity o f a monomer mixture o f epoxy and amine molecules is compared 

to that during the buildup in crosslink density as the network structure approaches gel.
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Figure 3.14. The ion mobility measured by ion time o f flight versus viscosity for 
the unreacted epoxy amine system and during polymerization as the system 
approaches gel over the same range o f viscosities as in Figure 3.13

From Figure 3.14 it is clear that the mobility of the ions does track the viscosity 

with a similar dependence during the buildup in crosslink density as it does in the 

monomer state. The slope o f the log (p) versus log (r|) in Figure 3 is -0 .84  in close 

agreement with the slope o f conductivity versus viscosity o f -0.86 for the unreacted 

system. Thus, the mobility does track the viscosity when the system consists o f small 

molecules and when it exists as a crosslinked structure. And the power law relationship 

o f mobility to viscosity remains in the generally observed range o f -0 .8  to -1 .0  for small 

molecules.
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Figure 3.15. The change in the concentration of mobile charge versus viscosity in 
the unreacted epoxy amine and during the approach to gel in the reacting system

Figure 3.15 is a plot of the number o f charge carriers, assuming one unit o f charge 

equivalent to an electron versus viscosity for the two structures. Over the range o f 1 to 

10,000 Pa.s in the curing system the number o f mobile ions experiences a significant 

increase. Three factors can contribute to this increase; first, an increase in the number of 

hydrogen bonding groups; second, closer proximity and less mobility o f O-H groups 

relative to each other; and third, a decrease in the volume of the system with reaction 

advancement. All three of these factors can increase the rate o f proton exchange. The 

first factor is believed to be the dominant term. For the unreacted system, the higher
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viscosity shows a small increase in Ni, probably due to the increasing density with 

decreasing temperature.

3.4. Summary

The ITOF technique, coupled with dielectric measurements o f conductivity can be 

used to monitor separately the number o f charge carriers and their mobility. In a 

DGEBA/MCDEA system, the intermolecular hydrogen bonding is the primary source of 

the charge carriers. The change in the charge carrier concentration monitored by ITOF 

with conductivity characterizes the changes in the bonding structure with temperature and 

reaction advancement. During the reaction, the formation of long range hydrogen bridges 

becomes more difficult. Thus, the number o f charge carriers is dependent on both an 

increase in the number o f hydroxyl groups and that the long-range hydrogen bridge 

formation becomes more difficult with increasing conversion.

The mobility, not the conductivity, is observed to correlate with the changing 

viscosity both with changes in temperature and buildup in network structure. The 

generally expected inverse power dependence relating mobility to viscosity o f -0 .8  to 

-1 .0  is observed and is near -0.84 for this DGEBA-MCDEA epoxy-amine system.

There is a significant increase in the number o f mobile charge carriers during the 

buildup in the crosslink density. Hence the conductivity changes during the epoxy amine 

polymerization are due to both an increase in viscosity which affects mobility and 

changes in the number and type o f proton transfer groups produced as a result o f the 

elementary epoxy-amine reactions, which occur in this complex polymerization. These
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changes in H-bonding proton exchange interactions produce in turn changes in the 

formation o f the long-range hydrogen bridging with the advancement o f the reaction and 

thereby the ease o f proton exchange.
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CHAPTER 4. MONITORING STRUCTURAL EVOLUTION 
DURING VINYL/DIMETHACRYLATE COPOLYMERIZATION 

WITH FREQUENCY DEPENDENT DIELECTRIC MEASUREMENT

4.1. Introduction

Highly cross-linked polymers made by free radical polymerization of 

multifunctional monomers have desirable properties for a wide variety o f applications * '9. 

A particularly interesting property of these materials is their potential to exhibit spatial 

heterogeneity due to the formation o f microgels,10'12 domains of high crosslinking density, 

dispersed in a pool o f unreacted monomers. Various experimental techniques have been 

used by others13'24 to investigate the structural heterogeneous formation process during 

network evolution.

Frequency dependent dielectric sensing (FDEMS) is a particularly insightful 

method as it monitors the dipolar reorientational motion o f molecules in a polymer.25'29 

This chapter reports on dielectric relaxation measurements of the molecular mobility and 

differential scanning calorimetric (DSC) measurements o f the buildup in Tg during the 

polymerization o f the dimethacrylate/styrene resin. There are numerous dielectric 

research publications on epoxy-amine curing systems. Our research is one o f only a few
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dielectric studies made on the polymerization process o f a dimethacrylate resin,30’31

1 7  "^7 T7 1 Q AC.
although a number o f papers focus on an acrylate polymers ’ ' and blends.

A particular objective o f this paper is to explore the existence of spatial 

heterogeneity during cure o f this system. The hypothesis of a spatial heterogeniety during 

cure of a network was initially proposed by Dusek et al.10' 12. The existence o f a spatial 

heterogeniety in cured dimethacrylate resins has been characterized by Bowman et al.13' 15 

Early experimental results suggesting the existence o f a spatial heterogeniety are found in 

the earlier work by Landin and Macosko,43 Hamilec et al.4446 and Kloosterboer and cO- 

workers.4749 These groups observed that the reactivity o f pendant functional groups in 

the crosslinked regions was much less than free active vinyl groups. While a correct 

observation, it is not the full explanation for the existence of the spacial heterogeniety 

they proposed. This was explained as due to the fast polymerization at the radicals 

resulting in localized network formation and thereby producing poor compatibility with 

the regions containing monomer/oligomer components in the system by Dusek et al.,10' 12 

Pascault et a l42 and Kloosterboner et al.50

This chapter focuses on the evolution o f the dipolar dielectric loss 8a” (c o , t, T) as 

the sample cures at different temperatures (T), frequency (to) and time (t) while 

achieving different conversions, (a). Our interest is to relate the changes in molecular 

dipolar mobility to the development o f the heterogeneity. Another interest is to 

characterize the glass transition regions in the DSC profiles. Dielectric spectra and the 

DSC’s Tg profiles are used together to characterize the evolution of the heterogenity 

during the buildup o f the styrene/dimethacrylate based network. Then the dielectric 

spectra and DSC Tg profiles are used to investigate the existence o f two cooperative
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regions o f sufficient size to create two a-relaxation processes representing oligomer rich 

and polymer microgel regions during the polymerization.

We also investigated the polymerization o f a dimethacrylate monomer (D121) in 

the presence o f higher functionality comonomer - divinylbenzene (DVB). The results 

show that the chemical structures o f comonomer have a large influence on the 

polymerization rate, structural evolution, system heterogeneity and final network 

morphology. In this chapter, first we will introduce the dielectric studies on D121/St 

crosslinked network formation. Then, we will compare the D121/St system with a more 

crosslinked dimethacrylate network -  D12 1/DVB system. The comonomer effect on the 

network structure and dielectric, mechanical properties are discussed.

4.2. Experim ental Section

4.2.1 Materials

Two reactive systems were used in this study. Two comonomers (20 wt%) 

divinylbenzene (DVB) from Fluka and styrene from Adrich were used. Each was mixed 

with Dimethacrylate o f tetraethoxylated bisphenol A (D121) from Akzo-Nobel (80 wt%) 

separately. 0.5 wt% of chain transfer agent 1-dodecanethiol (Adrich) and 0.2 wt% of 

thermal initiator azobis(methylbutyronitrile) (Adrich) were added to the reactive 

ingredients. All products were used as received. Table 4.1 shows the formulas o f these 

reactants.

Mixing was carried out in a glass vial with a magnetic stirrer and Argon bubbling 

at ambient temperature for 30 min to ensure a homogeneous blend of all components and
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to remove oxygen in order to avoid inhibition. Further details o f the sample preparation 

have been previously described in papers by L.Rey et al.21’24

Table 4.1. Chemical products used in polymerization

Dimethacrylate of 
tetraehtoxylated bisphenol 
<0121)

^  // \  A

Styrene (St)

Divinylbenzene

i-Dodecanethioi

azobis(methyl-butyronitrile)

a

O '

CH3{CH2)nSH

NC i

4.2.2. Dielectric Impedance Measurements

The liquid mixture was introduced into a mold made o f two glass plates separated 

by a 4mm rubber gasket. A thin sample was needed to maintain a constant temperature 

during this exothermic reaction. A microsensor from Century Circuit&Electronics,
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consisted o f inter-digitated copper electrodes (50 microns in width with a spacing o f 86 

microns) on an area o f 2.5x1.2 cm flexible polyimide substrate was enclosed in the cell. 

The electrodes were linked to a HP 4192A impedance analyzer by wires to measure the 

conductance and capacitance o f the materials over a range of temperature and frequency.

The enclosed cell was placed in an oven at a constant temperature for cure. The 

dielectric permittivity and dielectric loss were measured at several frequencies in the 

range from 50Hz to 500kHz. The measurement was taken every two seconds across all 

ten frequencies. A computer acquired the dielectric data automatically. The frequency 

dependence o f the dielectric data was used to monitor changes in the dielectric properties 

versus time during cure and then versus temperature for samples at various degrees of 

conversion. The frequency dependence o f the dielectric loss was used to characterize 

changes in the alpha-relaxation processes o f the glass transition during the 

polymerization and to investigate the existence o f two distinct dynamic regions in the 

system at certain extents o f the cure.

4.2.3. DSC Measurement

4.2.3.1. Kinetics

A TA 2920 modulated DSC was used for the thermo kinetic studies. The thermal 

analysis consisted o f an isothermal DSC run to determine total reaction heat Qi at that 

temperature and then followed by a dynamic ramp to a suitable high temperature to 

determine the residual heat o f polymerization Qr for all the samples. The conversion at a 

given time, a(t), was approximately calculated from:

a(t) = Q t/(Q r + Q,) (4-1)
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where Qt is the heat produced by the reaction at the time t. These heats are a 

combination o f the heats given off by all double bond reactions in the system, and thus 

represent an approximation o f the extent o f double bond conversion. However, since in 

this 80% dimethacrylate and 20% styrene mixture, the dimethacrylate and styrene react at 

the same rate, this approximation is quite accurate. Details of the reaction were reported 

previously.21,24

4.2.3.2. Glass Transition (Tg) Measurements

During the 70°C isothermal cure, the reactant in DSC pan was quenched to -100°C 

after reacting for a period o f time, then heated up to 70°C at 5°C/min to characterize the 

glass transition at different conversions using the inflexion point as determined by the TA 

instruments software.

4.2.4. Rheology

A TA instrument AR 1000 rheometer was used to measure the viscosity changes 

and detect the gelation during the isothermal cure: Forty millimeter diameter aluminum 

parallel plates separated with a sample thickness o f 2mm were used in the measurements. 

Liquid monomers were loaded and housed inside an environmental test chamber. The 

storage modulus G ’, loss modulus G” and tan§ were measured at regular intervals, from 

0.1 Hz to 1 kHz, at zero normal force. The gel point was determined from the time at 

which tanS became independent o f frequency.42 This is the point in time when the values 

o f tan8 measured at different frequencies become equal and crossover each other. The gel 

times are in agreement with previously reported values.24
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Dynamic mechanical measurements were performed in torsion mode with a 

pulsation o f 6.28 r a d V 1. Samples were rectangular bars with 1.5mm thickness and an 

overall dimension of 20 X 10mm2. G \  G” and tan8 were recorded as a function of 

temperature.

4.2.5. Transmission Electron Microscopy (TEM) Measurement

The heterogeneity o f samples was examined with a Zeiss E M I09 transmission 

electron microscope with an 80kV accelerating voltage. The sample is cut into thin pieces 

with ultramicrotome and examined under microscopy. Osmium tetroxide (OsC>4) staining 

was done in the liquid phases (1% pH 1.2-1 A  buffered solution) for 48 hours at room 

temperature.

4.3. Results and Discussion

4.3.1. D121/St system

4.3.1.1. Dielectric Measurements during Isothermal Cure

Dielectric measurements were performed on the free radical copolymerization of 

D121/St at 60°C, 70°C and 80°C. Figures 4.1a-c show the loss component e” o f the 

permittivity scaled by the frequency versus time during the isothermal cures. The ionic 

mobility contribution to the dielectric loss is determined by the overlapping lines at the 

low frequencies. The contribution o f rotational mobility o f bound charge to the dielectric 

loss is observed by the peaks in the spectrum at high frequencies.
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As seen in Figure 4.1, the low frequency dielectric loss e” shows overlapping 

values up to 200 minutes at 60°C in Figure la  and up to 100 minutes in Figure lb. These 

values can be used to determine a frequency independent conductivity using Equation 4-2

cr(ohm~'cm~' ) -  s 0m e"  (4-2)

The dielectric loss e” at high frequencies in Figure 4. la-c shows distinct peaks 

during the isothermal curing. These peaks are due to the dipolar mobility being close at

that time and temperature to the frequency or time scale o f the oscillating electric field.

This dipolar contribution to s” can be determined more accurately by subtracting the 

ionic component.

* / = * " - —  (4-3)
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The gel time measured by dynamic rheological tests agrees with the results in Rey 

et al.’s paper.24 At 70°C, gelation occurs at a total conversion o f 14% after 28 minutes. 

The results for all three temperatures are shown in able 4.2.

Table 4.2. Gel times (min) in the dielectric loss spectra (at 0.1 KHz) during isothermal 
cure for D121/St

Terapf'C) 60 70 80
G el Tim e (min) 64 28 13

Figures 4.1a-c show that the molecular gelation has no corresponding event in the 

ionic mobility as measured by the dielectric loss for this system. This strongly supports 

the view that fundamentally the dielectric spectrum is not associated with the gelation 

event. This is because ionic conductivity at low frequencies monitors in general the 

motions on a much smaller scale than those being affected by macroscopic gelation. Thus, 

the gelation process should not, and clearly in this case, is not observed through dielectric 

spectroscopy as previously suggested in some articles.51,52

The peaks in s "dipolar (which are usually close to the peak in e ) can be used to 

determine the time or point in the cure process when the “mean” dipolar relaxation time 

has attained a specific value comparable to the time scale o f the frequency o f the applied 

force. At the time o f a peak, a relaxation time characterizing molecular dipolar mobility 

can be calculated from x = 1/co. These relaxation times monitor the a  relaxation process 

associated with vitrification. The peaks at different frequencies represent the time during 

conversion at which the materials appear to behave as a glass at that frequency and 

corresponding time scale. Thus these peaks can be used to probe the build up in time of 

Tg during the isothermal cure.
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4.3.1.2. Dielectric Relaxation and the DSC profile during a Temperature Ramp

As seen in Figure 4.1a-c, the relaxation time o f the a  relaxation process changes 

with the increase in the glass transition temperature as the reaction advances producing a 

series o f e "dipolar peaks for D121/St system during the isothermal cure. But even with the 

modulated DSC, it is hard to determine the calorimetric glass transition during the 

isothermal cure. This is because the amount o f heat created during the polymerization 

conceals the glass transition’s thermal event during cure and particularly because the 

temperature width of the glass transition is large. Thus, another temperature-time reaction 

procedure shown in Figure 4.2 was used to investigate and compare the changes in both 

the dielectric-dynamic and the calorimetric glass transitions during the polymerization.

Temp (®C) 
70

-100

Figure 4.2. Temperature -tim e procedure used to measure dielectric properties 
and Tgs at different degrees o f cure
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In this procedure, the unreacted monomer mixture was cooled to -100°C and 

heated back to the curing temperature at a constant rate. Then, it was held at the curing 

temperature for a period o f time. After the reactant was partially reacted, it was quenched 

again to -100°C and heated back to curing temperature at a constant rate. The quenching 

and heating steps are repeated several times until the system is cured. Table 4.3 shows the 

extent o f conversion o f the styrene and methacrylate double bonds after each cycle as 

measured by DSC.

First we examine the information in the cure sequence shown in Figure 4.2 using 

dielectric sensing. Figures 4.3 a-e display the dielectric results for the temperature ramp 

steps during the cure. Only the a-relaxation peak for the monomers in the unreacted 

mixture was observed at the beginning o f the reaction. As the extent o f conversion 

increases, two distinct relaxation peaks are observed. We believe they are both a- 

relaxations for the D121/St system. We associate the higher temperature peak with 

vitrification o f the microgel D 121/St network. A much faster a  relaxation peak at a lower 

temperature remains throughout most o f the cure reaction. This peak was associated 

initially by Bowman to the pools o f monomer’s Tg and then to short oligomeric 

structures as the reaction advances.15 We agree and associate this peak with the 

monomer-oligomer region. Table 4.3 reports the values o f the temperatures o f the a - 

relaxation peaks observed as the reaction progresses at a frequency-time scale o f 2.5kHz.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



93

1.00E+08 

1.0QE*OS

9sW

1-006*03

i.oo6*oa

1.00E«01
-TO -50 -30 -10 10 30 SO

ir*3al T em p  (°C)

Figure 4.3a. s”*co versus temperature before cure

1.00S+96

i.ooe*oe

1.00E+04

*3 u
1.0DS+0&

1.Q0S+02

1.G3E+01

tui

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.

0121/St after 15 mins cure at 70°C
_  *  »  _  |«  1 KHz BZ5 KKz *05  KKZ •  100 KHz I

. * *  * * .

* .  ............................................
uA A . .  * ■ • • • • «

■ ♦ ♦ ♦  ■ 4 * A * * i 4 4 i l 4 *
■ ♦ ♦ .

*  *  ♦  ■ .  _  
/  ♦   B 1 „

^  ♦ ♦ ♦ * ♦ ♦ *  ♦ ♦ ♦ ♦ ♦* ♦ ♦  « « ♦ «
♦  ♦ ♦

70 -80 -30 -10 (0 30 SO

T em p  (®C)

Figure 4.3b. e”*co versus temperature after 15 mins cure at 70°C

D121/St before cure
M. •  •  •4  •  •

•  •  |» 1  KHx A l t  KHz A 2 6 KHz •  100KHz |

. *  i * * * A .
m a  a

• A  *  •
A  A  ** •

A ■ ■ * A *

■ " " 4 ♦ *♦ 4 ■ -  -  . ■ ■ ■ ■ ------- >
« *

♦  ♦  ♦  ♦
♦ ♦  ♦  ♦  ♦ ♦  ♦



94

1QC&09 

1.0CE+O5 

i  m.-m

3:u
1.0CE+33 

1 0 0 E + 3 2  

1.53CE+01

•70  -5 3  -30  -1 3  10 3 0  S 3

_  . . Temp (°Q

Figure 4.3c. g”*co versus temperature after 30 mins cure at 70°C

1 .0 0 5 * 0 5  

1.COS *35 

1 .0 0 5 * 0 4

.a
*«

1 .0 0 5 * 0 3  

1 .0 05+ 02  

1 .005*01
-7 0  -80  -3 0  -ID 10  3 0  5 0

Temp (°C)

Figure 4.3d. s”*co versus temperature after 50 mins cure at 70°C 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

D121tSt after 50 mine cure at 70*C 
le H O tf2 J3 ta te  A28KHz eiOOKHrl

 ...........................................
•  *    ..

\UkAAA

 .

  e  ♦ • a » * ■ ■ »
............................■ n a ▼ ▼ 4 ▲ a a . _ ® B ■

D121/St after 30 mins a r e  at 70*0
*1 KKza2£KHzA25KHx»1C0KHz

•    ...............................................
•  * •

V  ...............................
* » » . . . ...........  I

L * ‘ ‘  . . . .  ...................

■ ♦  ■ ■ ■ ■ ■ ■ ■ -  _ ■  « ♦ ■ ■ ■ ■  
IpP ♦  ♦ ♦  *

“ “  *   M
‘ ***14,

* • *
..........................  ...................... ...



95

1006*06

1.006*06

5.C0E+04

3
s

i.ooe*os

1.C0E+02

1,(306*01

•70 -50 -30 -10 10 S3 SO

_  , ,  Temp (°C)

Figure 4.3e. s”*to versus temperature after 70 mins cure at 70°C

Next we report the results o f this cure sequence using DSC. Figure 4.4 shows the 

DSC profiles during the temperature ramp for D121/St at different degrees o f conversion. 

The monomer/oligomer glass transition is observed at -64°C. As the conversion 

increases, a second Tg transition is observed at a higher temperature in addition to the 

monomer-oligomer Tg transition for D121/St. The heat capacity change o f the first 

transition is about 0.3J/g/K, which is close to an expected value o f about 0.5J/g/K. The 

second transition is much smaller as the fraction of mass in the network state is also small. 

Table 4.3 reports values o f the Tg’s observed in the DSC spectra. The glass transition of 

the 88% conversion sample is very broad and the Tg =10°C for this sample is a 

calorimetric software determined value, which conflicts with the visual appearance o f a 

glass at room temperature.

D121/St after 70 mins cure at 70°C
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Figure 4.4. Tg evolution during 70°C isothermal polymerization o f D121/St ( The 
Tg mark ( | ) is determined by TA instrument software)

Table 4.3. Total conversion, Tg temperatures determined by DSC and Tg temperatures 
determined by dielectric measurement (2.5 KHz) at different curing cycles for D121/St 
shown in Figure 4.2

Total Conversion* 
(%)

TgU)
°C

Tg(2)
• c

TaK2.5K.ll/l
•C

T«2(2.5KII/i

Time (min)
0 0 -64 - -46 -

15 5 -62 -41 -45 -18
30 19 -56 -15 -41 -7
50 41 -44 0 -32 6
70 88 - 10 -34 too broad

* Acrylic and styrene monomers
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For the monomer mixture, the system is homogeneous and only one relaxation 

process exists. As the polymerization proceeds, the environment becomes more and more 

restricted for radical diffusion. As K. Dusek et al. suggested10' 12 the radicals trapped in 

polymer rich regions produce the growth in the microgel structure. This in turn results in 

the system becoming heterogeneous and another relaxation response in the dielectric 

spectra is generated in addition to the monomer-oligomer relaxation response. As seen in 

Table 4.3, the results show that the Tg’s and the a-relaxation temperatures for the two 

relaxation peaks reflect the change in Tg in each region. In the dielectric spectra, 

especially at low conversion, the monomer/oligomer a-relaxation is dominant. The a- 

relaxation o f the microgel polymer network at low conversions is hidden by the tail o f the 

strong monomer/oligomer a-relaxation peak. Thus the temperatures reported in Table 4.3 

for the microgel a-relaxation peak at the lowest degrees of conversion are approximate.

The dielectric a-relaxation peaks correspond to the temperature at which the time 

scale o f dipolar mobility is comparable to the applied frequency. The increasing 

cooperativity o f the dynamics increases these relaxation times with the extent of reaction. 

The calorimetric glass transition measured by MDSC monitors the chain’s segmental 

motions effect on the heat capacity. Empirically it has been reported that the calorimetric 

glass transition temperature corresponds to an approximate relaxation rate which 

corresponds to a much lower frequency o f 10"3 to 10'2 Hz53.

The formation o f spatial heterogeneity during the cure for D121/St was also 

observed in atomic force microscopy (AFM), dynamic light scattering (DLS) and 

positron annihilation lifetime spectroscopy (PALS) measurements.21'24 Three
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distributions o f particles, which related to oligomer, single microgel and microgel 

clusters, were observed in DLS analysis. Further, a nodular structure was observed in 

AFM graphs24. This nodular structure is a consequence o f the network buildup through 

the formation o f microgels and their growth into clusters.

4.3.1.3. WLF Equation Fitting fo r  the Relaxation Peaks

The temperature dependence o f the relaxation rate of the a-relaxation can be 

parameterized by the Williams-Landel-Ferry (WLF) equation near the glass transition 

temperature:54

log(x/x0) = -C,(T-T0)/(C2+T-To) (4-4)

Where x is the relaxation time for molecules, To is a reference temperature. Ci and C2 are 

constants related to the fractional free volume (v o ) and thermal expansion coefficient ( a f )  

of the free volume at T0.

The monomer /oligomer relaxation peaks at different frequencies are quite 

obvious in the dielectric spectra (Figures 4.3a-e). The relaxation rate x and corresponding 

temperature T at different conversions are determined from the dielectric spectra and 

fitted with the WLF equation (Equation 4-4), which can be written in the form:

-(T-T0)/log(x/x0) = (T-T0)/C, +C2/Q  (4-5)

The following procedure is used to determine the constants Ci and C2: First, the 

calorimetric glass transition temperature Tg was chosen as the reference temperature at 

different conversions, x = 100s was chosen due to the relation between the relaxation rate
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and Tg.53 Then, -(T-To)/log(x/To) and T-To were calculated at different relaxation rates 

The constants C\ and C2 were calculated from the slope and intercept using Equation 4-5. 

The resulting WLF parameters Q  and C2 at different conversions are listed in Table 4.4.

The WLF fitting results indicate that the WLF parameters Ci and C2 are 

increasing functions o f conversion for monomer/oligomer a-relaxation processes. Q  is 

inversely proportional to the fractional free volume (vo) in the material at the temperature 

o f interest. The increase o f Q  indicates the movement o f the molecules becomes 

restricted with the advancement o f the reaction as the free volume decreases. This result 

is consistent with the free volume study conducted by L. Rey et al. for D121/St system.23 

C2 equals the fractional free volume (v0) divided by the thermal expansion coefficient (oif). 

Normally, the thermal expansion coefficient decreases with the crosslinking density of 

the materials.55'57 The slight increase o f C2 suggests the thermal expansion coefficient 

decreases faster than the free volume during the polymerization. The thermal expansion 

coefficient (a.f), which is inversely related to the product o f Ci and C2, is observed to 

decreases with the advancement o f the reaction. Another observation for Ci and C2 is that 

the values o f Ci and C2 approach to 17.44 and 51.5, which are the universal values for the 

WLF equation for a polymer with To=Tg. This means that the monomer/oligomer region 

is shifting toward polymer region values slowly with the advancement o f cure.

Accurate fitting of the microgel a  relaxation peaks with WLF function was not 

possible due to the tail o f monomer/oligomer peaks.
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Table 4.4. D121/St monomer/oligomer WLF fitting parameters

conversion(%) Tg(°C) Ci C iQ Q R2
0 -64 12.04 19.81 0.996
5 -62 13.19 23.73 0.975
19 -56 13.98 24.41 0.998
41 -44 15.24 26.50 0.919

4.3.1.4. Width o f  the Relaxation Peaks

In general, the relaxation peaks when observed at a fixed temperature move from 

a high frequency to a low frequency as the reaction advances. The width o f the e” versus 

frequency (/) plot at half height, Alog(fVi), increases and the strength o f the relaxation 

peaks decreases with reaction advancement. For the unreacted mixture, the a  relaxation 

response is narrow because the molecules and domains o f cooperative interaction are 

smaller and o f similar size. As the reaction progresses, with the build-up o f the microgel 

network regions, many molecules remain as an oligomer/monomer in other regions. The 

increasing distribution in the size and regions o f the monomer/oligomer molecules in the 

resin causes a broadening o f the relaxation spectrum as be measured by Alog(fVi) in the 

monomer/oligomer regions.

The half width (Alog (fVi)) value at different conversions can be used to estimate 

the parameter (P) o f the stretched exponential relaxation decay function (j>(t) for the 

monomer/oligomer glass transition regions, where58'61

<|)(t) = exp(-t/to)P (4-6)

P indicates the distribution in the dipolar mobilities, or relaxation times, in the system. 

The p values calculated from half widths (Alog (fYz)) for the monomer-oligomer
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relaxation spectrum are listed in Table 4.5. The parameter P varies between 0 and 1. A 

value close to zero implies a very board distribution of relaxation times, and a value close 

to 1 implies a narrow distribution o f relaxation times. Generally, a polymer’s high 

frequency P- relaxation spectrum displays a broad dielectric loss peak with half widths of 

4-6 decades.53,62 The half width (Alog^'A)) values in Table 4.5 are all less than 4 

decades. This is consistent with these low temperature peaks being associated with the a  

relaxation o f the monomer-oligomer region.

Table 4.5. Shape parameter (P) determined by half height width of relaxation peak (A) of 
D121/St monomer-oligomer region

Time (min) Conversion (% ) A logfm P
0 0 1.96 0.58
15 5 2.79 0.41
30 19 3.34 0.32
50 41 - -

70 SS - -

Fully cured* - 0.11
* Fully cured data  is m easured by dynamic mechanic rheom eter (cited from  
reference 21)

As seen in Table 4.5, the value o f P for the monomer-oligomer a-relaxation region 

decreases from 0.58 to 0.32 during the initial 30 minutes of the polymerization as the 

conversion increases to 19%. At 50 minutes and a conversion o f 41%, the breadth o f the 

monomer-oligomer a-relaxation overlaps the already broad a-relaxation spectrum o f the 

microgel regions. At this point in the reaction as already discussed, microgel networks 

are extending into the monomer-oligomer regions. As the reaction progresses beyond 

this point, the overlap o f the a-relaxation processes o f these two regions continues to 

increase. This is observed in Figures 4.3d and 4.3e at 50 minutes and 70 minutes. At 

this point, a very broad a-relaxation process is observed which extends over more than
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100°C. Evidence o f two relaxation regions remains, as seen by the apparent maxima in 

the loss around -30°C  and +30°C.

The breadth o f the combined a-relaxation processes of these two regions has been 

characterized also by dynamic mechanical measurements o f the fully cured resin as 

reported in Table 4.5 . 21 The value o f p as determined from the total width o f the dynamic 

mechanical measurements decreased to 0 . 1 1  and the total width o f the a-relaxation 

processes o f both regions as characterized by the dynamical mechanical measurements 

extended from -50°C  to 200°C . 21

Overall, these results are in good agreement with a number o f observations and 

conclusions made by Christopher Bowman based on dielectric and mechanical 

measurements on cured dimethylacrylate networks . 13' 15 In their studies, they observed 

two distinct relaxation regions. The higher mobility relaxation spectrum was attributed to 

“monomer pools” o f unreacted double bonds. This relaxation process was separate and 

in addition to a “primary” peak at low frequencies. The high temperature relaxation 

spectrum was attributed to the glass transition. Taken together, these two peaks implied a 

“very high degree o f structural heterogeneity.” They are indeed similar to the spectra 

observed here as our dimethacrylate system approaches full cure. What is now clear is 

that the secondary high mobility peak is the dominant peak throughout the initial stages 

o f the reaction and that the microgel, lower mobility peak occurs very early on in the 

course o f the reaction. This low frequency, high temperature relaxation is observed here 

after only 15 minutes at 5% conversion, before “macroscopic gel”, by both our dielectric 

and differential scanning calorimetric measurements.
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4.3.1.5. Network, monomer heterogeneity

In summary, in the very early stages o f the reaction, a polymer microgel region 

builds up. The increasing molecular connectivity forms polymer domains with different 

size from the monomer/oligomer domains24. Due to the existence o f the microgel 

domain, a new lower frequency, higher temperature a-relaxation process appears in the 

dielectric spectra. The polymer microgel relaxation peak appears as a shoulder on the 

monomer/oligomer relaxation peak after only 15 minutes o f cure (Figure 4.3b). 

Formation o f the microgel region as detected by the dielectric technique is observed 

much earlier than the gel time (28 minutes) measured by rheometer. With the 

advancement o f the reaction, these two a  relaxation peaks begin to separate and form two 

distinct peaks as seen in Figure 4.3d. During the initial 30 minutes, Figures 4.3b-d 

indicate the formation in molecular mobility of the polymer clusters decreases more 

rapidly, while the dipolar mobility in the monomer/oligomer region changes less as the 

conversion increases.

In the early stages o f the reaction, the related glass transition build-up in the 

polymer microgel region can be observed in DSC spectra (Figure 4.4). At the beginning 

o f the reaction, no microgel region existed in D121/St system. As reported with the 

advancement o f the reaction at 15 minutes, a  = 5%, two thermal glass transitions are 

observed in Figure 4.4. This figure shows that during the initial 30 minutes, the glass 

transition o f the microgel region shifts from low temperature to high temperature as does 

the monomer oligomer region’s glass transition. As in the dielectric spectra, the change 

in Tg in the monomer-oligomer region is at a slower rate than in the microgel region.
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During the later stages o f the reaction, the monomer-oligomer glass transition, as 

observed by DSC, merges with the microgel glass transition due to the now 

interconnected network between microgels and oligomers in the resin. During the later 

step, peaks o f the microgel region show the same overall behavior as a  relaxation time. 

The peaks shift to a higher temperature and the distribution becomes wider as the 

conversion increases. This produces one very board glass transition event and a very 

broad a-relaxation spectrum at 70 minutes (8 8 % conversion) as is observed in the DSC 

spectra.

4.3.2. Influence o f  the comonomer structure on the network buildup

Compared with D 121/St system, the use o f DVB as comonomer will increase the 

cross-linking density o f the network because of the increasing meaning functionality o f 

the monomer mixture. In this part, we compare the development of spatial heterogeneity 

during the network formation in D121/St and D121/DVB systems. The objective for this 

work is to understand how the chemical structures and cross-linking density affect 

microgel formation and its spatial distribution.

4.3.2.1. Isothermal Polymerization

Figures 4.5a and 4.5b show the loss component e” of the permittivity scaled by 

the frequency versus time during the 70°C isothermal cures for both two systems. As 

discussed previously, a plot o f co*s” is a particularly informative representation o f the ion 

and dipole mobility changes during cure. The overlapping o f co*s” indicates the 

transnational diffusion o f charge is the dominant physical process at low frequency.
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Similarly, the peaks o f co*s” at high frequency indicates the contribution o f dipolar a  

relaxation rotational diffusion process with the buildup in Tg.

The gel time and the change in the dipolar loss due to changes in charge 

translational diffusion o f ions are shown in Figure 4.5. For both systems, the gel point is 

not related to an inflexion point in the changing conductivity. Furthermore, the gel point 

does not appear to relate to any dielectric event in the dielectric spectra. This 

phenomenon is undoubtedly because as the gel develops the viscoelastic properties o f the 

resin involve the cooperative motion of many chains while the translational diffusion of 

the ions continues to involve motions over much smaller molecular dimensions and 

within the monomer/oligomer region.

The broadness of peaks in the dielectric loss <d*s” plot relates to the length scales 

o f the cooperative relaxation region. The broader relaxation peak in D121/DVB system 

indicates a much larger range o f cooperativity length scales during cure compared to 

D121/St.
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gal time
40000  -
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30000  • broad relaxation peaks
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Figure 4.5a. s ”*(D versus time during isothermal polymerization of D121/DVB at 70°C
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Figure 4.6. Monomers conversion during cure for D121/DVB and D121/St
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Compared to the D 121/St system, the D12 1/DVB has much broader dynamic 

relaxation peaks (Figure 4.5). It also has a much slower polymerization rate (Figure 4.6), 

although the unit number o f double bonds is higher. The presence o f DVB has a complex 

influence on the polymerization. On one hand, the additional cross-linking facilitates the 

gel formation leading to an auto acceleration effect. On the other hand, the propagation 

rate is influenced by the diffusion rate of the reactive species. Because the D121/DVB 

system generates a higher cross-linked structure, the diffusion rate and thereby the 

polymerization rate is reduced and lower than in the D121/St system.

4.3.2.2. Structural evolution and network heterogeneity during cure

The dielectric, thermal and mechanical properties o f each resin at different 

conversions are important to understanding the chemical structural and the molecular 

dynamics during network formation and growth. Thus, another temperature-time reaction 

procedure shown in Figure 4.2 was used to investigate the properties o f each system at 

differing extents o f reaction. Table 4.6 shows the extent of conversion for each cycle.

Table 4.6. Total conversions at different curing cycles for D121/St and D121/DVB

1)12 I/St D 121/DVB
Time (min) Total Conversion* (%) Time (min) Total Conversion* (%)

0 0 0 0

15
30

5
19

35
60

5
2 1

50 41 1 0 0 42
70 8 8 150 77

4.3.2.2.I. Dielectric spectroscopy

First we examine the information in the cure sequence shown in Figure 4.2 using 

dielectric sensing.
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Figures 4.7a and b display the evolution o f a-relaxations with the advancement of 

the reaction. In the D121/DVB (Figure 4.7a) and in the D121/St system (Figure 4.7b), 

only the a-relaxation peak associated with the Tg for the monomer is observed before the 

reaction. As the conversion increases, the magnitude o f monomer/oligomer a-relaxation 

peak decreases, and the shape o f this peak becomes broader. These changes can be 

explained by the decrease o f monomer concentration and formation o f oligomers.

During the cine o f the D121/DVB and the D121/St, another distinct relaxation 

peak associated with microgel/microgel clusters is formed in dielectric spectra. For 

D121/St, this occurs at the early stage o f the reaction (a  = 0.05). This peak advances to a 

higher temperature and becomes broader with the increase of conversion (Figure 4.7b). 

The strength and shape changes o f the microgel/microgel culster relaxation peaks reflect 

the evolution o f network formation and the existence of the spatial heterogeneity in the 

D121/St system.

Compared with the D 121/St system, the changes in the D 121/DVB 

monomer/oligomer a-relaxation peak show the same tendency but with a larger 

broadening effect as the reaction advances (Figure 4.7a). For example, at a  = 0.21, the 

D121/DVB monomer/oligomer relaxation peak spreads from -50°C to 10°C. However, at 

the same conversion, the relaxation peak for D 121 /St monomer/oligomer only extends 

from -50°C to -10°C. In contrast to the D121/St system, a less distinct relaxation peak 

associated with microgel/microgel clusters is observed at different degrees o f cure for 

D121/DVB. Rather in D121/DVB, the microgel/microgel clusters particles appear to 

create a flat, very broad relaxation peak which is less easily discerned in the dielectric
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spectra (Figure 4.7a). The relaxation o f the microgels with small particle size overlaps 

into the monomer/oligomer relaxation and it extends to a high temperature. This peak in 

the relaxation spectrum is highly skewed toward a broad, flat spectrum with increasing 

high temperature which encompasses the relaxation properties o f the microgel and 

microgel clusters.

The diameter distribution o f the microgels in the D121/St and D121/DVB systems 

has been investigated with Dynamic Light Scattering (DLS) during the early stages o f the 

reaction24. The D121/DVB system has a much broader distribution in particle size (3- 

355nm) with a high percentage (49%) of relatively small particles (3-14 nm). In contrast, 

the D121/St system forms more uniform, large particles (75-158nm) at low conversion 

along with small particles (3-40nm). As a result, the D121/St system has two distinct 

relaxation peaks in the dielectric spectra. The broad distribution in size o f the microgels 

in D121/DVB and overall the very broad overlapping relaxation of these two regions 

supports the much broader distribution in size and suggests a higher heterogeneous nature 

o f D121/DVB. The differing sizes o f the microgels in each system provide direct 

evidence for the difference in their dielectric relaxation response.

At the final stage of cure o f the D12 1/DVB reaction, the very broad dynamic 

relaxation peak extends from a very low temperature (down to -45°C) to a very high 

temperature (higher than the reaction temperature 70°C) as the magnitude o f s” is still 

increasing. These observations concerning the distribution of relaxation times in the final 

stages of cure also suggest that the breadth of the heterogeneity o f the D12 1/DVB 

network structure is much larger than in D121/St. As will be discussed in section 3.2.2.3
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and previously reported21, dynamic mechanical measurements exhibit similar differences 

in relaxation properties for a cured D12 1/DVB resin versus the D121/St resin.

I Indicates the glass transition 
temperature (Tg)

200 mins cure

3
1 SO mins ci

60 mins ci
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-80 -40 -20 0 20 40
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Figure 4.8a. Tg evolution during 70°C isothermal polymerization o f D121/DVB
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Figure 4.8b. Tg evolution during 70°C isothermal polymerization o f D121/St
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4.3.2.2.2. DSC profile

DSC profiles during the temperature ramp for both systems at different degrees of 

conversion were shown in Figures 4.8a and 4.8b. The D 121/DVB monomer glass 

transition is observed at -65°C. As the conversion increases, the glass transition 

temperature for monomer/oligomer region shifts to higher temperatures, and another 

weak transition appears at low conversions (0.05 and 0.21). After that, the 

monomer/oligomer glass transition emerges with the broad glass transition of 

microgel/microgel clusters to form a broad transition.

The same tends are observed in D121/St system (Figure 4.8b), but the emergence 

o f two glass transitions happens at higher conversion (after 50 minutes cure, 44% 

conversion). Comparing the fully cured samples for both systems, the D121/DVB has a 

much broader glass transition than D121/St. It also indicates a broader distribution o f 

relaxation times involving cooperative segmental motions and more heterogeneous 

network formation during D12 1/DVB cure. One needs to stress that the D121/St has 

indeed a broad relaxation spectrum and that the D121/DVB system is even broader. It 

apparently involves a longer length scale o f the boundary and interpenetration o f these 

two regions.

4.3.2.2.3. Dynamic mechanical properties

. Viscoelastic properties o f D121/St and D121/DVB systems at different 

conversions have been characterized in the torsion mode. Figures 4.9a-d show the 

evolution o f the shear modulus, G ’ and tan5 as a function of temperature. The dynamic
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mechanical a-transition is characterized with the decrease of the shear modulus and the 

peak of tan5 in the dynamic mechanical profiles. As in the dielectric relaxation 

measurement, the width o f the transition reflects the distribution o f relaxation times and 

the existence o f two a-relaxation regions supports the existence o f a spatial heterogeneity.

As seen in Figures 4.9a and 4.9b, at around 20% conversion, two a-transition 

peaks in tanS versus plot are consistent with the existence of the monomer/oligomer 

region and microgel/polymer region during the reaction. The dynamic mechanical 

measurement was made at a frequency o f 2 Hz. Based on the frequency dependence of 

the a-transition temperature, the transition temperature measured by DMA should be 

lower than the FDEMS measurement (2.5 kHz) and higher than the calorimetric 

transition temperature measured by DSC. The results are shown in Table 3 and support 

the conclusion that all three measurement techniques are sensing the a-transition o f both 

the monomer/oligomer and the microgel/polymer regions.

With the advancement o f the reaction, the a-transition o f monomer/oligomer 

region and microgel/polymer region merges and extends to a higher temperature. As seen 

in Figure 4.9a and 4.9b, a distinct monomer/oligomer a-transition peak is no longer 

observed. Rather a very broad peak which includes the monomer/oligomer and the 

microgel/polymer a-relaxation has increased in width at around 50% conversion for both 

systems in the dynamic mechanical as well as in the dielectric response. At this point, the 

relaxation spectrum extends from -45°C to about 80°C for the D121/St system and to 

even higher temperature for the D12 1/DVB.
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In comparing the D121/St and D121/DVB systems, the structure and the 

functionality o f the vinyl comonomer has a stronger influence on the microgel/polymer 

a-transition than on the monomer/oligomer region. For D121/St network at 22% 

conversion (Figure 4.9c), the microgel/polymer a-transition begins near —40°C and 

extends to 40°C. The corresponding a-transition is much flatter and broader when DVB 

is used as comonomer and begins at -40°C and extends to 70°C at this rather low 

conversion.

For D121/St network with 55% monomer conversion (Figure 4.9d), a weak broad 

a-transition starts around -40°C and the stronger microgel cluster a-transition has a peak 

at 60°C again reflecting the spatial heterogeneity and breadth o f the chain mobility in the 

network.

For the D 121/DVB network with 54% monomer conversion, only one extremely 

broad a-transition which extends from the monomer/oligomer a-relaxation region 

through the microgel cluster a-relaxation region can be observed. This is a result o f the 

more tightly crosslinked network and the larger length scale o f the boundary where the 

two regions interpenetrate each other in the D 121/DVB system. The a-transition o f the 

monomer/oligomer region and microgel/polymer regions have grown into each other and 

extend to a higher temperature than the curing temperature (70°C). The magnitude of 

tanS is still increasing with temperature as observed in D12 1/DVB dielectric 

spectroscopy at this final stage o f reaction.
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This DMA result supports more spatial heterogeneity in the D12 1/DVB system as 

is also indicated by dielectric spectroscopy and DSC profile. This difference is 

undoubtedly due to the higher functionality o f the DVB.

O 1 00E+07 -

a  D121/St SS% Conversion

a  D121/St 22% Conversion
/ ’g < a C t» W a Y . ! t « i a 8 s A ^ i

-80 -80 -20 0 20 40 0 0 80

TempfC)

a 0121/St 56% Conversion

D121/St 22% Conversion

6.00E-01 -

& 4.00E-01 -

. A

2.00E-01 -

0 00E+0O
-80 -80 -40 -20 0 20 40 80 80

Temp (*C)

Figure 4.9a. Evolution o f the storage modulus G’ and tan8  as a function o f temperature 
for D121/St
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■  D121/DVB 54% Conversion

D  D121/DVB 24% Conversion
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■ D121/DVB 54% Conversion

□  D121/DVB 24% Conversion

JS 4.00E-01 -

2.00E-01 -

-60 -40 -20 0 20 40 60 80-80

Temp (*C)

Figure 4.9b. Evolution o f the storage modulus G’ and tan§ as a function o f temperature 
for D121/DVB
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Figure 4.9b. Evolution o f the storage modulus G ’ and tan8  as a function of temperature 
for D121/St and D12 1/DVB at low conversion
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Figure 4.9d. Evolution o f the storage modulus G ’ and tan6  as a function of temperature 
for D121/St and D 121/DVB at high conversion
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43.2.2.4. Morphology from  TEM images

Figure 4.10a and 4.10b show the TEM pictures for the D121/St at 54% and 

D 121/DVB at 55% conversion. OSO4 was used to stain the sample to give a contrast for 

the monomer/oligomer regions and microgel regions. The monomer/oligomer regions 

should have higher double bond concentration than the microgel regions during the 

network formation for both systems. Since the OSO4 reacted with the double bonds to 

stain the polymer sample, more OSO4 was bonded to the monomer/oligomer regions, 

which is supposed to give a bright region in the TEM picture. But in the TEM pictures, 

we can hardly observe the contrast between monomer/oligomer regions and microgel 

regions. This is caused by two facts: 1) The transition between monomer/oligomer region 

and microgel region is not sharp. There is no distinct interface between them. 2) The 

large amount o f benzene ring in dimethacrylate and vinyl monomers would bond with 

OSO4 during the staining. It creates a strong background in TEM pictures and largely 

decreases the contrast between the monomer/oligomer region and microgel region.
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Figure 4.10a. TEM morphology for 54% conversion D121/DVB

D121/St at 55% conversion

Figure 4.10b. TEM morphology for 55% conversion D121/St
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4.3.2.3. Summary o f  the influence o f  the comonomer structure on the network buildup

The comonomer structures have influence on the polymerization rate, network 

buildup and the system heterogeneity. The use o f DVB instead o f St increases the mean 

functionality o f the monomer blend and increases the cross-linking density o f the 

microgel network formed. A significant difference between those two systems is that 

DVB acts as a cross-linking agent while St acts as a chain extender. This change in 

commoner functionality decreases the polymerization rate and increases the 

heterogeneity o f the network structure. It increases the breath and decreases the sharpness 

o f the boundary between the monomer-oligomer and microgel regions.

4.4. Conclusion

It is evident from the dielectric, rheometer and DSC results that a spatial 

heterogeneity develops very early during the polymerization o f the dimethacrylate (D121) 

with both the styrene and the divinylbenzene comonomers. The spatial heterogeneity 

exists throughout the polymeriation but the overlap or interpenetration o f each region 

(monomer/oligomer and the microgel/microgel clusters) into the other increases as the 

reaction advances. At full cure, an extremely broad frequency-temperature range of 

relaxation times is created. It represents a very wide range o f dynamics extending from 

the mobility o f the short oligomers to the tightly crosslinked microgel clusters

It is often accepted in the polymer community that the existence of two glass 

transitions indicates phase separation. Thus, the question becomes “does phase separation 

occur in these systems early during the polymerization?” No, not in the conventional
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sense in which two well defined different compositions exist with the same chemical 

potential. In that case, a sharp interfacial boundary separates the two chemical 

compositions. In this chemical homogeneous single phase system, there exists a spatial 

heterogeneity. This produces a dynamic heterogeneity observed in the dielectric, 

mechanical and DSC experiments. There are two distinct regions o f differing structure, 

oligomers and microgels, a point confirmed by dynamic light scattering. There is not a 

distinct interface between them, rather there is a gradient of interpenetration o f one into 

the other, which is why there is only one phase. What is o f particular note is that in the 

D121/St and the D 121/DVB systems, the oligomer and microgel regions are o f sufficient 

size to exhibit distinctly different glass transitions as detected by DSC. With reaction 

advancement, the interpenetration o f the two regions into each other increases. This 

creates a spatial heterogeneity encompassing oligomer regions, tightly crosslinked 

microgel clusters and a very large length scale o f overlap and interpenetration o f each 

into the other. Finally, we note this result provides additional evidence that the existence 

o f two Tg’s does not by itself indicate a two phase system.
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CHAPTER 5. DYE DIFFUSION -  A VISUALLY COLOR 
CHANGING (VCP) SYSTEM

5.1. Introduction

Visually Changing Paper (VCP) is a new type of printing technology that makes 

words and images visually appear at different times from several minutes to several 

weeks. It performs as an image ‘time-releasing’ device. It works by placing a self- 

adhesive ffontpart on top o f a backpart, which contains the image to be revealed. As soon 

as the two parts are adhered together, the VCP is “activated”, the image appearing 

process begins and the image becomes visible after the time specified by the design o f the 

“front part”. The timing control is dependent only on the materials and construction of 

the ffontpart and backpart, which makes VCP an easy-to-use, disposable and iabel-like’ 

product that requires no hardware, no electronics or other accessories o f any kind to 

function.

The image appears by means o f a dye migration technology; dyes migrate out of 

the printed ink on the backpart into the layers on the frontpart. As long as two parts are 

kept separate, no migration occurs. But when the adhesive frontpart comes into contact 

with the printed backpart, the timing begins for the appearance o f the images as a result 

o f the initiation o f a physical/chemical process.
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VCP products offer solutions to various security concerns faced by all types of 

businesses. By helping identify visitors and alerting staff when a visitor's badge is 

expired, VCP products increase security and enhance access control to better protect 

people, facilities, and information. It can be used for the following applications:

• Visitor management

• Expiring ID badges

• Aging time o f products such as foods and drugs which degrade

• Security tapes and seals

5.2. Dye M igration M echanism

Immediately after the visually color changing paper is activated by attaching the 

frontpart to the backpart substrate, the image is not yet revealed. Physical and chemical 

processes are designed to control the ink migration. The image is hidden, covered or 

blocked to make it invisible at the beginning; generally, there are two ways to create a 

latent image with a controlled time.

5.2.1. Simple diffusion process

The basis o f this technique is using an opaque adhesive layer with a certain 

thickness to hide the migrating ink and create a timing effect. When one looks at the 

adhesive layer, the image cannot be observed by the eye. Upon contact, dye flows slowly 

into the opaque adhesive layer. As the dye goes though the opaque adhesive layer, the 

migrating ink begins to be seen by the viewer. At first the color is faint, and will 

eventually turn dark as more ink migrates through the opaque adhesive layer. Figure 5.1 

is the design for the VCP system described above.
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>. Clear enhancing layer 

Opaque adhesive layer 

Dye substrate

Figure 5.1. Simple diffusion system 

The dye concentrates in the enhancing layer above the opaque adhesive layer to 

produce an intense color.

In this design, the thickness o f the opaque adhesive layer controls the color- 

changing timing by a diffusion process. A thicker adhesive layer creates a longer timing 

effect, but also make it hard to determine the exact start time o f the color change. It takes 

a long time for the color change from an off-white, faint color to an intensive color. With 

a thick opaque adhesive layer, the color change time would always be ambiguous for the 

long-term color changing system. The envisioned time period for expiration would be 

several weeks or several months.

5.2.2. Chemical reaction controlled timing process

In order to develop a quick-triggered, longer-term timing process, the mechanism 

for the color change should not be controlled only by the dye diffusion process. Ideally, 

the dye should remain immobilized until it is activated by another event or process. After 

the activation, the dye should be able to migrate very rapidly though the opaque layer to 

show the color in the enhancing layer. One approach is to use chemical reactions to 

control the initiation o f the ink or dye diffusion process. A pH triggered dye structure 

conversion is sensitive, and convenient to meet this requirement. A small change o f pH in
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the environment around the neutralization point can change the dye structure from a polar 

non-migration to a non-polar migration state. A long-term VCP system is possible to be 

achieved with the transformation o f a non-migrating dye to a migrating dye triggered by a 

change in the pH environment.

^  Clear enhance layer 
Opaque adhesive layer

-► Timing barrier 
Dye substrate

Figure 5.2. Design o f long-term VCP system

In the long-term VCP system (Figure 5.2), a timing barrier with an acid-base 

neutralization reaction is designed to activate the transformation o f a non-migrating dye 

to a migrating dye. The opaque adhesive layer for diffusion is thin to obtain a sharp color 

change in a short time.

It is reported1 that the reaction product of amine and aldehyde bisulfite, which is 

called an ionamine, is a water-soluble polar salt compound that cannot be dissolved in a 

non-polar organic solvent. In the base environment, this ionamines readily decompose to 

the corresponding non-polar structure. Cellulose acetate or poly(vinylacetate) films can 

be used as a selectively permeable barrier, allowing the diffusion of a non-polar 

compound, but rejecting a highly polar one. This feature o f ionamine makes it a 

promising candidate for our VCP system

Thus, research needs to solve the following problems for this new approach to the 

long-term, quick triggered VCP:

• Prepare the polar state o f dyes (ionamines) from non-polar dyes

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



131

•  select a vehicle or resin substrate in which the polar state o f the dyes could be 

dispersed and is immobile

• Select an activator to transform the dye from a polar, non-migrating structure to a 

non-polar, migrating structure

• Find the most effective way to deliver the activator into the polar dye substrate

• Test and modify this new VCP system to optimize the results

5.3. Stability and m igration tests

Five non-polar dyes (Table 5.1) were investigated in our research. All these dyes 

are commercially available.

Table 5.1. Structures o f unmodified non-polar dyes

B a n a n a  Y ellow  (BY)

C12H12N4 
Mol. W t.: 2 1 2 .2 5

jfrNH2
h 2n ^ ^

N e p tu n  R e d  (N R )

C25H32N2O2 
Mol. W t.: 3 9 2 .5 3

N e p tu n  O ra n g e  (N O )

C 12H 12N4 
M ol. W t : 2 1 2 .2 5

a - . t r

K e y p la s t  V io le t P F  (KV)

C l4H ,2N20 2 
Mol. W t.: 2 4 0 .2 6

0 n h 2 

0 n h 2

F a t  B ro w n  (FB )

c 16h 14n 4
M ol. W t.: 2 6 2 .3 1
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These dyes need to be converted to a polar state to keep them from migrating 

through the non-polar films. Ionamines were synthesized according to the standard 

procedure described in following text (Chapter 5.4). Ionamine formation involves the 

reaction o f a bisulfite salt o f an aldehyde with an existing primary amine. Bisulfite 

analogs o f proprionaldehyde, butyraldehyde and benzaldehyde were synthesized by 

addition o f sodium bisulfite to the corresponding aldehyde. The sodium bisulfite adduct 

o f formaldehyde was purchased from Aldrich Chemical Corporation.

Table 5.2. Structures of modified polar state dyes (ionamines)

BY Formaldehyde Bisulfite 
product (BY-FBP)

H
^ ^ N ^ S O a N a

f ' r ' W
Na0 3 S"'NA ^

H

BY Butyraldehyde Bisulfite 
product (BY-BAB)

H
I^^^N ySO aN a

Pr |T V N- ' N ' ^  Pr
Na0 3 S A N ^

3  H

BY Benzaldehyde Bisulfite 
product (BY-BZB)

H
l^-v-N y S 0 3Na

Ph i - v V v J  p h
N a O a S ^ N ^

3  H

NO Formaldehyde Bisulfite 
product (NO-FBP)

H
H2 N y ^ Y N^ S ° 3Na

NO Butyraldehyde Bisulfite 
product (NO-BAB)

H
H2 N y ^ N T S 0 3Na 

q .N,n - U  Pr

NO Benzaldehyde Bisulfite 
product (NO-BZB)

H
H2 N ^ Y N Y S 0 3Na

0 . N . N - U  Ph

FB Formaldehyde Bisulfite 
product (FB-FBP)

H
^ N ^ ^ N ^ - S O a N a

0 0 ^
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We examined the reaction products from different starting materials, and found 

that not all dyes form the corresponding ionamines as expected.

Neptun-Red (NR) does not react with aldehyde sodium bisulfite to get the 

corresponding ionamines derivatives due to solubility and lack o f a primary amine group.

Although we obtained a very dark violet-colored material for Keyplast-Violet 

(KV), the product readily migrated though a one-hour sticker as did the starting- 

unreacted dyes. Examination o f this solid by infrared spectroscopy showed that the 

adduct was devoid o f aromatic groups present in the starting material and only sulfite 

stretching absorptions were recorded. Consequently, we believed that the soild obtained 

was formaldehyde bisulfite contaminated with KV to impart a significant color. Most 

likely, the presence o f ketone on the side of the primary amine would not favor the 

equilibrium to form the ionamine product.

According to elemental analysis, only one primary amine o f Fat Brown (FB) and 

Neptun Orange (NO) reacted with formaldehyde sodium bisulfate, the secondary amine 

does not favor the ionamine product due to the spatial limitation. Only Banana Yellow 

(BY) reacted with aldehyde sodium bisulfite quantitatively in a 1:2 mole ratio.

The reaction products obtained are listed in Table 5.2. We tested the stability of 

these ionamines with a hourly sticker. In table 5.3, we generally found that for NO, the 

formaldehyde bisulfate ionamine product was the least stable adduct whereas the 

benzaldhyde adduct was the most stable. For BY, the opposite trends hold true, the 

formaldehyde product was the most stable and benzaldehyde adduct was the least stable. 

Overall, the NO products were more variable in stability than those o f BY. As shown in 

Table 5.3, FB and BY formaldehyde bisulfite adducts are the most stable ionamines in
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the test. No obvious migration was detected during the observation period o f more than 5 

months.

Base (NaOH) was investigated as a decomposition initiator on the formaldehyde 

bisulfite ionamine BY-FBP, FB-FBP as well as NO-FBP. It appears that hydroxide 

caused all products tested to migrate through hourly stickers.

Table 5.3. Ionamines and their stability
Dye Migration environment* Time of migration
BY - 2 hours

w/ water 2 hours
w/ p-TSA and water 2 hours

BY-FBP - No migration
w/ p-TSA and water No migration
w/ dried NaOH 1 day
w/ NaOH and water 2.5 hours

BY-BAB - 4 days
BY-BZB - 5.5 hours
NR - 1.5 hours
NO - 1 hour
NO-FBP - 4 hours

w/ p-TSA 4 hours
w/NaOH 2 hours

NO-BAB - 1 day
NO-BZB - 3 days
KV - 1 hour
FB - 2 hours
FB-FBP - No migration

w/ p-TSA No migration
w/ NaOH 3 hours

♦Standard migration test method: all dyes, dye/base and dye/acid mixtures were tested 
with Temtec hourly sticker at room temperature and lab humidity 
p-TSA = para-toluenesulfonic acid 
NaOH = crushed sodium hydroxide pellets

The effect o f acid (para-toluene sulfonic acid (pTSA)) was examined on all dyes 

and ionamines. Generally, this did not lead to consistent affects on migration rates o f any
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of the ionamines studied and the migration o f free dyes (i.e., unmodified BY and NO). 

The pTSA had no noticeable affect on the migration o f unmodified or modified dyes.

By testing the base, acid effects on ionamines separately, we tried to formulate a 

combination o f base and acid such that it would decompose the ionamines in a controlled 

way.

5.4. Dye synthesis and modification

Banana Yellow (BY)

Banana Yellow (4,4’-diaminoazobenzene) was synthesized according to the 

procedure described in the reference2:

NHCOCH3

NHCOCH3
NaBO.

CH3 OH

H3 COCHN

n h 2h ci

NaOH,

F ig u r e  5 .3 . Scheme o f Banana Yellow preparation 

Chloride substituted BY

Since BY-FBP has good performance in stability and in migration tests, we 

wanted to add some electron withdrawing groups on BY’s aromatic ring, which will shift 

its vis-light absorbency to a longer wavelength, to get a red or violet color.
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Although we synthesized the compound 2,2’-dichloro-4,4’-diaminoazobenzene, 

but it was not red as reported in the literature3. Actually, it was also yellow, albeit a bit 

darker than the Banana Yellow had been using.

O O

F ig u r e  5 .4 . Scheme o f Chloride substituted Banana Yellow preparation 

Procedure to synthesize the compound 2,2 ’-dichloro-4,4 ’- diaminoazobenzene.

Dissolve 10 gram (0.07mol) o f 1,4-diaminochlorobenzene in 150 mL water at 0-2

anhydride (0.063mol) drop by drop. Keep the pH at 7. After completing the addition, 

adjust the pH to 7, heat to 95 °C and react for 3 h with active carbon as decolorizing agent, 

then filter it to get solution, add Na2SC>4 to the clear solution as a stabilizing agent. Cool 

the solution to 10 °C and collect the solid. Dry in the oven to obtain 2-chloro-p- 

aminoacetanilide.

In a 250 mL three- necked round-bottomed flask equipped with an efficient stirrer, 

a reflux condenser, and a thermometer is placed 125 mL of glacial acetic acid, 8.4 g 2- 

chloro-p-aminoacetanilide, 10 g sodium perborate tetrahydrate, and 2.5 g o f boric acid. 

The mixture is heated with stirring to 50-60°C and held at this temperature for 6 hours.

NHCOCH3
NaBQ3>

H2N
water, pH=7 

Step  1
H2N Cl

H3 BO3  

Step 2

NHCOCH3 NH2

Cl
Cl

DMF/NaOH c .
Cl

H3 COCHN Step 3 H2N

O,'C. Simultaneously and uniformly add 5.9g 50% NaOH (0.074 mol) and 6.3 g acetic acid
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Initially the solids dissolve but, after heating for approximately 40 min, the product 

begins to separate. At the end o f the reaction period, the mixture is cooled to room 

temperature and the yellow product is collect. It is washed with water until the washings 

are neutral and then dried in an oven at 110 °C to afford 3,3’-bis(chloro)-4,4’- 

bis(acetamido)azobenzene.

In a 250 mL round-bottomed flask equipped with an efficient stirrer and a reflux 

condenser is placed 150 mL of A .A’-dimethylformamide, 6.5g NaOH and 5.6g 3,3’- 

bis(chloro)-4,4’-bis(acetamido)azobenzene. Heat the solution to reflux, and the color 

turns into bright red. Reflux for 2 hours, cool the solution to room temperature, and pour 

it into 500 ml o f water in a 1-L beaker equipped with a stirrer, the yellow solid product 

separates in water. The 3,3’-bis(chloro)-4,4’-diaminoazobenzene was washed with water, 

and dried under reduced pressure.

Figure 5.5. Scheme o f aldehyde bisulfite salts preparation 

Standard procedure fo r  aldehyde bisulfite salts synthesis

Mix 25 mL o f supersaturated sodium bisulfite in a 1:2 molar ratio with aldehyde

Buchner funnel. Wash twice with 5mL 100% ethanol and diethyl ether and dry the solid 

at room temperature for several minutes. Recrystallize the solid from ethanol, collect the 

crystalline and dry it in the air.

O NaHSO

1a: R = H
1b: R = Et 
1c: R = Pr 
1d: R = Ph

2a: R = H 
2b: R = Et 
2c: R = Pr 
2d: R = Ph

addition in 50mL round bottom flask. Stir for 5 minutes then filter the precipitate with a
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NH2 h  u

H2N

2a-2d
• ^ . N ^ i ^ S O a N a

lonamine(s)
R = H, Et, Pr, Ph 

Figure 5.6. Scheme o f ionamines preparation

Standard procedure fo r  ionamine synthesis

In a two neck round bottom flask, with a magnetic stirrer, reflux condenser, 

thermometer, heating plate, stirring mantle, mix in a 2:1 molar ratio, aldehyde bisulfite 

addition, and dye starting material. Add 200 mL o f 50/50 solution of ethanol-methanol 

mixture, 20 mL o f 2-propanol, and 2 mL o f methyl isobutyl ketone. Stir and heat the 

mixture for approximately 6 hours, leaving to cool overnight. Filter the reddish brown 

precipitate using a Buchner funnel and vacuum. Let air dry overnight, and then dry for 

several hours on filter paper in 105°C oven to remove solvents

5.5. Experim ental Tests on the VCP System

5.5.1. System design

As described above, acids can stabilize the ionamines, and base can decompose 

them to form non-polar migrating state. This structure conversion is very sensitive to pH 

changes. So a base/acid neutralization reaction was applied to trigger the mobility o f the 

dye. We put ionamines into an acid substrate and controlled the base diffusion into this 

substrate to neutralize the acid, which changes the pH o f the environment slowly. When 

all the acid is neutralized, a small amount o f additional base diffusing into the substrate
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will decompose the ionamine and trigger the migration o f the dye. The following design 

(Figure 5.7) is applied in our research.

In order to develop such a system, various factors should be considered and 

optimized to get the best result. The first step is to find the suitable materials (such as 

acid, base, plasticizer and resin for polymer films). After identifying the materials 

meeting the requirements, we varied the experimental conditions (base acid ratio, film 

thickness etc.) to optimize the results.

Base

Acid

Ionam ine 

Non-polar dye

Figure 5.7. Fast triggered, long-term VCP system

Hourly sticker (the non
polar dye diffuses 
through and turns the 
sticker yellow)

Dye substrate (ionamine 
stabilized with acid)

Base layer (base 
dispersed in polymer 
films for controlled 
release)

5.5.2. Polymer film

As mentioned above, the cellulose acetate or poly(vinylacetate) films can be used 

as a selectively permeable barrier, allowing the diffusion o f non-polar compound, but
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rejecting polar compounds. We dispersed ionamines in a polymer film, which can hold 

the polar dye and release it after the dye is decomposed. We also put base into the same 

film to get a good compatibility between the base layer and dye substrate. A small 

amount o f glycol was added into the base layer to help the base releasing and act as 

plasticizer.

In our experiments, we used two materials to cast poly(vinylacetate) films. One 

was poly(methyl methacrylate) (PMMA) with a molecular weight around 120,000, the 

other was DURO-TAK 80-1100 adhesive (composed o f vinyl acetate polymers and 

oligomers) purchased from National Starch Corp. The PMMA film is rigid and needed 

some plastizer to make it flexible. The following is the procedures to cast these two films 

PMMA film s casting

Mix the PMMA particles with plasticizer and other components, then the mixture 

was dissolved in ethyl acetate by heating it to get a uniform, low viscosity, flowing liquid, 

Cast the film on a hot glass plate using a casting rod before it cooled down. The solvent 

was evaporated in the hood overnight. Peel the film off the glass.

DURO-TAK 80-1100 adhesive film  casting

Dissolved the components in a certain amount o f ethyl acetate. After all solids 

were dissolved, added adhesive into the solution. Ultrasonic wave was used to mix them 

and obtained a viscous liquid solution. The solution was spread onto a waxed paper and 

left in the hood for 1-2 days to evaporate the ethyl acetate. The film was heated in a 

150°C convection oven for 3 minutes to create a gel-like film which was cut into small 

pieces for migration experiments.
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5.5.3. Acid

Eleven acids (Table 5.4) were tested. The acid films were made by Brady Corp. 

with varied wt% concentration (10%, 20% and 30%) in a DURO-TAK 80-1100 adhesive 

film.

T able 5.4. Structures o f  acic s

Tv
O

p-Anisic

40
O

o-Anisic

O

r ^ T ^ O H

0

phthalic

O

0
methyl phthalic

h° ^ 0H
O

glycolic acid

OH O

hoy V 1oh
O OH 

Tartaric acid

° sr 0H

.O ' 5"

p-toluenesulfonic acid

O O 
Glutaric

C 76H52°46

Tannic

HL°W
H O H 2C " > - 0

A A 0
HO \

OH

Ascorbic acid

^ X O O H

u
benzoic acid

Table 5.5 lists the experiment results with different acid/base ratio. It shows that 

at constant acid concentration, increasing the base concentration speeds up the diffusion 

time (the color comes through faster). It also seems that varying the acid concentration
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has no obvious effect on the total color-changing time for benzoic acid. Perhaps benzoic 

acid is not strong enough to react with 2-amino-2-ethyl-l,3-propanediol (AEPD) 

efficiently.

Table 5.5. Acid (benzoic acid) and Base (AEPD)* ratio effects
Acid/Base Ratio Time for Faint Color Time for Final Strong Color

(mol). (Day) (Day)
1 : 1 6 _**
1 : 2 3 26
1 : 5 2 5
2 : 1 8 -

2 :5 2 5
3 : 1 6 -

3 : 2 2 -

3 : 5 2 5
* Acid and base are dispersed in DURO-TAK 80-1100 adhesive film, the thickness o f all 
adhesive films is around 0.3mm.
** - indicates the color never turns to strong in the observation period

Table 5.6 reports results for the color-changing tests with different acids. AEPD 

DURO-TAK 80-1100 adhesive base film is used to set up all these tests. The variation of 

color-changing time is related to the acidity o f the acid for the same base film. It seems 

that strong acids can create a better timing effect due to a more efficient neutralization 

reaction.

From the experimental data, p-TSA, tartaric and glutaric acid work the best 

among all these acids. Most o f the acids have a constant timing effect, such as methyl 

phathalic, p-anisic. p-TSA, tartaric and glutaric acid have a significant difference in the 

timing effect for various acid concentrations.
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Table 5.6. Color-changing test with different acids*
Acid Acid/Base Ratio Time for Faint Color Time for Final Strong Color

(mol). (Day) (Day)
Phathalic 1 : 1 8 _**

1 : 3 8 11
1 : 5 5 8
2 :3 8 13
2 : 5 5 8
3 : 5 5 8

Glycolic 1 : 5 4 7
2 : 5 4 7

Ascorbic 1 : 5 7 13
2 :5 7 15
3 :5 7 -

Glutaric 1 : 5 7 10
2 : 5 9 21
3 : 5 - -

Tannic 2 : 5 7 9
3 : 5 7 9

Tartaric 1 : 5 3 5
2 : 5 3 7
3 : 5 6 13

o-Anisic 3 : 5 6 9
p-Anisic 2 : 5 7 9

3 : 5 7 9
Methylphathalic 1 : 5 7 9

2 : 5 7 9
3 : 5 7 9

p-TSA 1 : 5 1 2
4 : 5 7 15
1 : 1 10 21

* Acids and base (AEPD) are dispersed in DURO-TAK 80-1100 adhesive film, the
thickness o f all adhesive films is around 0.3mm.
** - indicates the color never turns to strong in the observation period
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5.5.4. Base

A base with both amine and hydroxide groups in its structure shows a good 

potential for diffusion out o f PMMA, DURO-TAK 80-1100 adhesive films and 

neutralization o f the acid.

R'

We chose five bases that have these functional groups in their structures (Table 

5.7). First, we mixed them with PMMA to produce rigid PMMA base films with same 

base concentration (2x l0 '3mmol/mg). We tested their performance for the dye migration 

process with BY-FBP/p-TSA adhesive film (Table 5.8, 5.9). Small amounts of glycol and 

glycerol were added into base layers as a base-releasing agent.
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Table 5.7. Structures o f bases

DMAMP-80: 80% and 2 0 % of water
1

2-Dimethylamino-2-methyl-1-propanol

DMAP:
I

3-Dimethylamino-1 -propanol

DEAP: J
3-Diethylamino-1 -propanol

AMP-95:
h [̂ J X / 0H  95% and 5% of water 

2-Amino-2-methyl-1 -propanol

AEDP:
\ r0HV. little water 

2-Amino-2-ethyl-1,3-propanediol

Table 5.8. Color-changing test with base in PMMA films, glycol as releasing agent*
Base Acid/Base Ratio Time for Faint Color Time for Final Strong Color

(mol). (Day) (Day)
DMAMP-80 3 : 10 1.5 3

3 : 5 2 6
DMAP 3 : 10 3 10

3 : 5 5 _**
DEAP 3 : 10 1 7

3 : 5 8 -

AMP-95 3 : 10 1 4
3 : 5 2 13

AEPD 3 : 10 7 17
3 : 5 11 -

* p-TSA is dispersed in DURO-TAK 80-1100 adhesive for acid film, the thickness of
acid adhesive films is around 0.3mm.
** - indicates the color never turns to strong in the observation period
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Table 5.9. Color-changing test with base in PMMA films, glycerol as releasing agent*
Base Acid/Base Ratio Time for Faint Color Time for Final Strong Color

(mol). (Day) (Day)
DMAMP-80 3 : 5 20 _**

DMAP 3 : 5 - -

DEAP 3 : 5 - -

AMP-95 3 : 5 12 -

AEPD 3 : 5 - -
* p-TSA is dispersed in DURO-TAK 80-1100 adhesive for acid film, the thickness o f 
acid adhesive films is around 0.3mm.
** - indicates the color never turns to strong in the observation period

From Table 5.8, we see that the AEPD has a long-term releasing property, 

because the dye diffusion test with AEPD has a longer white time compared with the 

other base tests. Another observation is that the glycerol delays the base release from the 

PMMA film to a greater extent than glycol does and cannot leach out all base in the base 

film for neutralization.

From these experiments, we also found that the base release from the PMMA film 

is not very efficient. It appears that only the base on the PMMA film surface in contact 

with adhesive layer can diffuse into the adhesive acid layer for the neutralization reaction. 

For the experiment that changes the color, the base/acid ratio is very high and the color 

change is relatively fast (several days).

In an attempt to address this problem, A new approach was investigated. We used 

the standard adhesive in both acid and base layers, which provides better compatibility at 

the interface between the layers and a more uniform rate o f diffusion with these soft 

adhesive films. All bases in the adhesive layer can diffuse into the acid layer for 

neutralization.
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We cast a series o f acid and base films with DURO-TAK 80-1100 adhesive. Their 

compositions are shown in Table 5.10. The dye diffusion tests were performed with 

different combination o f these films. The results are shown in Table 5.11.

Table 5.10. The composition o f acid and base films*
Film No. Acid or base Concentration

(mmol/mg)
B-l AEPD 8.5xl0 '3
B-2 AEPD 1.7x1 O'2
B-3 AEPD 2.6x1 O'2
B-4 AEPD 3.4x10‘2
B-5 AEPD 4.3xl0‘2
A -l Glutaric 1.5x1 O'2
A-2 Glutaric 3.0x10'2
A-3 Glutaric 4.5x1 O'2
A-4 Tartaric 1.3x1 O'2
A-5 Tartaric 2.7x1 O'2
A-6 Tartaric 4.0x1 O'2
A-7 p-TSA 5.3xl0 '3
A-8 p-TSA l.lx lO '2
A-9 p-TSA 1.6x10'2

* Acids and base are dispersed in DURO-TAK 80-1100 adhesive film; the thickness of 
all adhesive films is around 0.3mm.

Compared to the old PMMA system, the advantage o f this new system is that it is 

more reliable and predictable in the color change time. Due to the increased compatibility 

and diffusion rate o f the base, the base film did not hold the base for a long time and it 

was not possible to achieve a very long-term color changing time (several months) with 

this system.
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Table 5.11. Color-changing test with acid and base films*
Acid film 

No.
Base film 

No.
Acid/Base 

ratio** (mol)
Time for Faint Color 

(Day)
Time for Final Color 

(Day)
A1 B5 1 : 2.9 4 10
A2 B5 1 : 1.4 14 20
A3 B5 1 : 1.0 15 _***

A2 B1 1 : 0.3 _

A2 B2 1 : 0.6 17 -

A2 B3 1 : 0.9 15 -

A2 B4 1 : 1.1 8 -

A4 B5 1 : 3.3 9 18
A5 B5 1 : 1.6 17 -

A6 B5 1 : 1.1 - -

A5 B1 1 : 0.3 _ _

A5 B2 1 : 0.6 - -

A5 B3 1 : 1.0 12 -

A5 B4 1 : 1.3 10 -

A7 B5 1 : 8.1 1 2
A8 B5 1 : 3.9 1 2
A9 B5 1 : 2.7 2 4

A8 B1 1 : 0.8 13 21
A8 B2 1 : 1.5 6 14
A8 B3 1 : 2.3 2 3
A8 B4 1 : 3 1 2

* Acids and base are dispersed in DURO-TAK 80-1100 adhesive film, the thickness of 
all adhesive films is around 0.3mm.
** approximate acid/base ratio
***- indicates the color never turns to strong in the observation period
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5.6. Issues to be examined

5.6.1. New ionamine synthesis

Developing a new ionamine structure non-migration dye is one key point in this 

project. So far, we have two colors: yellow and dark yellow. If we can find a blue and a 

red dye, then we can get all other colors with different combination o f these three primary 

colors. Theoretically, all non-polar dyes with a primary amine group can be used to 

synthesize the corresponding ionamine. In practice, the solubility, spatial block and the 

side group effect will not favor the reaction to the final product. The modification o f the 

current ionamines with electron donation or electron withdrawing groups may be an 

approach to create dyes with different colors.

5.6.2. Good dispersion fo r  the dye

So far we did not find a good dispersion method for the ionamine in to the acid 

adhesive films. The ionamine is not soluble in all organic solvents, so it forms a 

suspended solution. For some organic solvents (methanol, enthanol), the solvent is not 

compatible with DURO-TAK 80-1100 adhesive, and cannot be used to cast uniform 

adhesive films. We used ethyl acetate to dilute DURO-TAK 80-1100 adhesive and put 

ionamine powder into the low viscosity mixture. After it is cured at a high temperature, 

there is still some phase separation in the gel like films. The ionamine particles tend to 

congregate to form high-density regions in the films. The non-uniform dispersion of 

ionamine in the substrate causes the variable color-changing time on the same timing test 

badge.
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The best solution to this problem is using a powder deposition method to form a 

very thin ionamine layer on the acid adhesive substrate. With a thin ionamine layer 

instead o f mixing in the adhesive, the color changing is expected to be sharper and the 

color should be more extensive.

5.6.3. Migration issues

The constant base releasing from the base layer, which is used to activate the 

structure conversion o f ionamine in the acid layer, is a key point for the long-term timing 

effect. The compatibility between different layers affects molecule transportation and 

migrations between the interfaces. In our experiment, the base may diffuse into the acid 

layer and the corresponding acid may also migrate into the base layer to create a reaction. 

We need to find a method to monitor the acidity related to the base diffusion process. It 

will help us to design the color-changing badge with the knowledge of the pH change in 

the dye substrate.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

The investigations in the previous three chapters focus on:

• The mobility o f charge carriers in an epoxy-amine polymerization system to 

characterize the physical and chemical property changes during cure.

• The dipolar mobility in styrene and divinylbenzene/dimethacrylate systems to 

characterize the structural evolution and development o f a spatial heterogeneity 

during cure.

• The mobility o f dye molecules in polymer films to obtain a long term color changing 

paper system.

Specific conclusions o f the three studies include:

1. The ITOF technique, coupled with dielectric measurements o f conductivity can be 

used to monitor separately the number o f charge carriers and their mobility. In a 

DGEBA/MCDEA system, the intermolecular hydrogen bonding is the primary source 

o f the charge carriers. The changes in the charge carrier concentration monitored by 

ITOF with conductivity characterize the changes in the hydrogen bonding structure 

with temperature and reaction advancement. There is a significant increase in the
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number o f mobile charge carriers during the buildup in the crosslink density. Hence 

the conductivity changes during the epoxy amine polymerization are due to both an 

increase in viscosity which affects mobility and changes in the number and type o f 

proton tansfer groups produced as a result o f the elementary epoxy-amine reactions, 

which occur in this complex polymerization.

2. FDEMS can be used to characterize the heterogeneous formation o f a 

monomer/oligomer region and a microgel region during the polymerization reaction. 

In the both D121/St and D121/DVB systems, two distinct Tg, a  relaxation responses 

are observed very early and prior to macroscopic gel during polymerization in both 

the dielectric and DSC spectra. They correspond to two spatially distinct regions: a 

glass transition in monomer/oligomer regions and a glass transition in the polymer 

microgel regions. The comonomer structure influences the polymerization rate, 

network build-up, spatial heterogeneity evolution, dynamic mechanical properties and 

morphology. The use o f DVB instead o f St increases the spatial heterogeneity of the 

network, and creates a very broad relaxation spectrum in dielectric spectroscopy, a 

glass transition extending over than 100 degrees in DSC profile and wide a  transition 

in the dynamic mechanical plot.

3. The mobility o f dye molecules in polyvinyl films can be controlled by the acidity of 

the environment. Ionamine derivatives o f Banana Yellow, Fat Brown are stable when 

mixed with acid. Their diffusion through polymer films can be quickly trigged with 

acid/base neutralization reaction. The type o f base, acid and the compatibility o f 

polymer films affect the diffusion rate.
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