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Abstract 

During holographic exposure of monomer and liquid crystal (LC) mixtures, 
phase separation (PS) can take place. Then, a liquid phase (monomer and 
LC) and a polymer phase (polymer, monomer and LC) coexist. In order 
to obtain separated polymer and LC layers using PS, the polymerization 
rate and the diffusion rate need to be balanced. A phase separation model 
and a reaction-diffusion model were combined to study this. Subsequently, a 
Bragg grating prepared from a blend of monomers (67 wt% dipentaerythri
tolhydroxy pentacrylate, 15 wt% N-Vinyl-Pyrollidone and 18 wt% hexafiuoro 
bisphenol 'A' diacrylate) and LCs (E7) was used to verify the model. 

Firstly, a model descrihing the PS behaviour during the formation of 
Bragg gratings is proposed. The van der Waals interactions, represented by 
the interaction parameter x; 0.5 for infinitely long polymers, were found not 
to induce PS. However, network elasticity, refiected by an efficiency factor 
0 < E < 1, did. Decreasing either x or E shifted the PS-line to higher monomer 
conversion. Above a critical LC concentration, a nematically ordered liquid 
phase was present, in addition to the isotropie liquid phase. 

For the holography mix, the conversion at PS was measured with DSC. By 
fitting the model to the experimental PS-line the value of x was determined 
to be 0.46, E was assumed 1 due to heavy cross-linking of this particular 
system. 

Consequently, a simulation to evaluate the onset of PS in a holography 
sample (7:3 monomer:LC, 150 nm pitch, 1.7 mW cm-2

, 30s exposure at room 
temperature) resulted in PS starting at 39 nm from the intensity maxima. An 
accurate method to determine the layer thicknesses experimentally remains 
to be established. However, increasing the illumination intensity resulted 
in transparent samples, while a higher initial LC concentration produced 
completely white scattering films, none of them yielding measurable layers. 
These two features were predicted by the model; and showed how delicate 
the balance between polymerization rate and diffusion rate is. 

Finally, in order to characterize the efficiency of phase separation in con
fined layers, the feasibility of using nuclear reaction analysis for the depth 
profiling of the liquid crystal was investigated. Due to small concentration 
differences between the layers and the low overall concentration of nitrogen 
throughout the sample this technique is not suitable for the depth profiling 
of Bragg gratings. 
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Chapter 1 

Introduetion 

Polymer optical components have gained importance in the last few decades. 
The wide range of optical properties of polymers, and their advantages like 
the ability to produce flexible, thin film devices on a large scale, have brought 
them to this position. Optical systems for data transport, display techno
logy, filters and polarizers are widely used nowadays [1]. Combining poly
mers with liquid crystals (LCs), increases possibilities even further. The LC 
molecules can be aligned by an external electric field, since LCs are elec
trically anisotropic. By aligning the molecules to each other, the refractive 
index of liquid crystals can be tuned. One specific application in e.g. LCD 
screens, are switchable diffraction gratings. These gratings are comprised of 
periadie structures (Bragg gratings) consisting of alternating polymer and 
LC layers. 

Bragg gratings are usually prepared by holographic UV-exposure of an iso
tropie reaction mixture containing different multi-functional acrylates and a 
non-reactive liquid crystal. A photo-initiator that decomposes into radicals 
upon illumination and this way starts the chain forming reaction is added. 
By photo-polymerization, the two-component system monomer-liquid crys
tal is converted into a three-component system: monomer-polymer-LC. Two 
phases can exist: the liquid phase containing un-reacted monomer and LC, 
and the matrix phase containing the polymer network swollen by monomers 
and liquid crystal molecules. 

A position-dependent intensity pattem induces a position-dependent reaction 
rate, that creates local distortions in the compositional equilibrium causing 
diffusion of the reactive materials to the high-intensity sites. Non-reactive 
material is transported to the low-intensity sites. For a certain LC concen
tration, a 'critical' composition where the two phases can coexist is reached 
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locally and phase separation can take place. The liquid components sepa
rate from the polymer, forming dropiets inside the polymer matrix, called a 
polymer-dispersed liquid crystal (PDLC). These dropiets contain liquid crys
talline material and some unreacted morromer, ha ving a different refractive 
index than the optically isotropie polymer. In this study, a model descrihing 
both the diffusion and the phase separation process in isotropie and liquid 
crystalline three-component mixtures is proposed. A combination of theories 
is used to describe the thermadynamie behavior of the reaction mixture upon 
UV-photo-polymerization. 
DSC ( differential scanning calorimetry) experiments are performed to deter
mine the morromer conversion at phase separation. These results are com
pared with the conversion predicted by the model. The layer thicknesses of 
prepared Bragg gratings are analyzed by SEM (scanning electron microscopy) 
and compared to the model results. 

An alternative way to produce polymer Bragg gratings, cholesteric self
stratification, is discussed. This method makes use of chiral dopants to in
duce cholesteric alignment in liquid crystals. The LC molecules then lie in 
helices with a specific periodicity; the cholesteric pitch. By substituting the 
non-reactive liquid crystal molecules by reactive liquid crystalline monomers, 
photo-polymerization of such systems is possible. Using a dichroic photo
initiator that aligns in the helices and decomposes when the electric field 
vector of the incoming light is parallel to its long axis, together with linearly 
polarized light, a gradient in the polymerization reaction rate can be ob
tained, causing alocal unbalance in the composition. It is expected that this 
can cause phase separation in the same way as holographic recording. 
However, an essential difference exists between holography and the cholesteric 
selfstratification technique. Holographic reaction mixtures consist of a ne
matic liquid crystal and isotropie monomers. Thus, holographic recording 
is performed in an isotropie mixture. For cholesteric self-stratification, the 
starting point is a chiral-nematic system. Therefore both approaches need 
to be treated significantly differently. 

At first, the onset of phase separation is investigated. During polymeriza
tion of the monomer-LC mixture, the system is in a three-component phase: 
monomer-polymer-LC. Phase separation is the process where a liquid phase, 
containing only liquid components ( morromer and LC), emerges from the 
three-component phase. Droplets containing morromer and LC are formed 
inside the swollen polymer network. 
Two phases can coexist when a system is in thermodynamica! equilibrium, 
expressedas a minimum in Gibbs free energy. In this work, three effects are 
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assumed to contribute independently to the free energy of a system: isotropie 
mixing, network elasticity and nematic ordering of the liquid crystalline com
pounds. Starting point is the Flory-Huggins lattice theory [2] for isotropie 
mixing, which takes into account the relative sizes of the molecules and the 
van der Waals interactions between different species. The van der Waals 
interaction is refiected by the Flory-Huggins interaction parameter x, a mea
sure for the change in energy of a system upon mixing. Variations in that 
parameter and the effect on phase separation are studied. 

Network elasticity is also expected to affect phase separation considerably, 
especially in cross-linking polymerization (as in the multifunctional acrylate 
system under studyin this thesis) a densely cross-linked network is formed 
that will enhance phase separation. The standard expression for an elastic 
contribution to the free energy has been used [3]. The number of elastically 
active network chains and the polymer concentration are included in this ex
pression. An efficiency factor is added to account for deviations induced by 
elastically ineffective chains. The infiuence on the phase separation of more 
or less elastic networks is investigated. 

Liquid crystalline molecules add an extra energy term due to nematic or
dering. These molecules tend to align along a preferred axis, giving an inter
action energy. The theory of Maier-Saupe [4] for nematic ordering is adopted 
for the holographic technique. lts extension to binary nematic mixtures [5] 
is adopted to describe the behavior of the liquid crystalline components in 
nematic mixtures for cholesteric self-stratification. It utilizes a temperature
dependent intermolecular interaction that depends on the order parameter, 
and a nematic partition function that refiects the number of possible states 
of the system. Since the LC component can be in 2 states, the isotropie 
state and the nematic state, the liquid phase can be in two states, nematic 
or isotropic. 

Secondly, the diffusion process was investigated. The driving force for diffu
sion is a gradient in chemical potential, the free energy per molecule. This 
gives the opportunity to again study the infiuence of isotropie mixing, net
work elasticity and nematic ordering. Combination of the phase separation 
model and the reaction-diffusion simulation will give an indication of the po
sition in depth where the phase separation takes place first (in time). This 
is an indication for the final layer thickness of the Bragg grating. 

Bragg gratings made from the cholesteric self-stratification technique have 
not yet been obtained experimentally, therefore the rnadeling results for 
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cholesteric systems are used to formulate a recommendation for the starting 
composition, the temperature and the UV-curing intensity to use in future 
experiments. 

Finally, a feasibility study to use nuclear reaction analysis for the quan
tification of the liquid crystal concentration in depth of the Bragg grating 
was carried out. Phase separation induces an oscillating depth profile in 
the liquid crystal concentration. Nitrogen is specific for the liquid crystal 
molecules, and can thus be used as a label for the LC in the polymer-LC 
system. 
Resonant reactions have a very narrow energy range where they are likely to 
occur, and are therefore suitable to do depth profiling of specific elements. 
The 15 N(p, a)') 12C reaction at 897 keV, has a resonance width of 1.7 keV. By 
tuning the projectile (proton) beam energy, the depth in the sample where 
the reaction takes place can be tuned. Reaction products of the selected 
reaction are a gamma photon of 4.43 Me V and an alp ha particle. 
A Si3N4 test sample was used to investigate the efficiency and depth reso
lution with which the a particles and )' photons can be detected. Partiele 
detection is more efficient than gamma detection, which favors partiele de
tection. With the results of these experiments, an estimate is given for the 
expected yield from a polymer Bragg grating. 
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Chapter 2 

Theoretica! background 

2.1 Bragg gratings 

Diffraction gratings selectively reflect light of a wavelength proportional to 
the periodicity of the structure. This well-known effect is called Bragg refiec
tion. A mismatch in refractive indices between subsequent layers causes such 
a grating to reflect. The wavelength of maximum intensity in interference 
obeys the Wulf-Bragg condition for diffraction: 

Àmax = 2 n d sin ç (2.1) 

where nis the average index of refraction of the materialsin the layer, d the 
layer thickness and Ç the angle between the incident beam and the plane of 
the grating. The efficiency of a Bragg grating depends on the contrast in 
refractive index between subsequent layers and the number of layers in the 
grating. 
A technique to produce polymer-dispersed liquid crystal Bragg gratings is 
polymerization-induced phase separation (PIPS). In this section the theory 
behind two approaches to accomplish phase separation between polymer and 
liquid crystals is presented. 

2.2 Polymer-LC Bragg gratings 

2.2.1 Nematic liquid crystals 

Organic materials with rod-like (calamitic) moleculesoften show an interme
diate state between an isotropie liquid and a crystal. This meso-state, the li
quid crystalline state, exhibits rheological properties of a fluid and crystalline 
properties of a solid. The crystalline effects are caused by the alignment of 
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the molecules along a preferred direction, represented by the director ti. 
In this study nematic liquid crystals are used. N ernatic liquid crystals are 
orientationally ordered, but no long-range positional order is observed. The 
calamitic molecules tend to align parallel to each others long ax:is, pointing 
roughly in the samedirection (fig.2.1). 

Figure 2.1: Nematic phase. 

To quantify the ordering of the molecules, an order parameter s is defined as 
follows: 

1 
s = 2 < 3 cos2 e - 1 > (2.2) 

where e is the angle between the director and the long ax:is of each molecule. 
Due to the anisotropic character of the LC phase, its properties are anisotropic 
as well. The refractive index of nematic liquid crystals is anisotropic, notice
able as birefringence. Light polarized parallel to the director has a different 
index of refraction ( extraordinary refractive index Ile) than light polarized 
perpendicular to the director ( ordinary refracti ve index: n0 ). The birefrin
gence is then: 

!::l.n = ne- no (2.3) 
For a completely isotropie state, the average refractive index is: 

n= 2n2 + n2 
o e 

3 
(2.4) 

The dielectric properties of the nematic liquid crystal is coupled to the re
fractive indices as: 

Dielectric anisotropy is specified as: 

f::l.E = Eli - E.i 

(2.5) 

(2.6) 

(2.7) 

In an electric field, the director turns to align the largest of the dielectric 
constants with the field direction. This way, the direction of the nematic 
molecules can be changed by applying an external electric field. 
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2.2.2 Switchable diffraction gratings 

Using the anisotropic properties of LC molecules, a periadie structure of al
ternating liquid crystal and polymer layers can act as a switchable Bragg 
grating (Figure 2.2). When the refractive index of t he polymer is matched 

Figure 2.2: On and Off state of a switchable Bragg grating. 

with Ile of the LC, and an electrical field is applied in the grating direction as 
in Figure 2.2 right, the Bragg grating will appear transparent to light. This 
is called the ON state of the switchable Bragg grating. Without electrical 
field the LC molecules are oriented randomly, with an average refractive in
dex that differs from that of the polymer (Figure 2.2 left). The OFF state 
reftects incident light , with the reftection wavelength and efficiency depen
ding on the grating periodicity and the refractive index contrast. 

The layered structure described above can be abtairred by using the phase 
separation that occurs upon polymerization of a mixture of non-reactive li
quid crystal and reactive monomers. This phase separation can be induced 
by starting the polymerization reaction at specific depths . In the ideal case 
perfectly separated layers are formed. However, in a more realistic case LC 
draplets are formed in a polymer matrix, in a layer-like structure. 
In t he following sections (2 .2.3 and 2.2.4) two methods to achieve this: 
cholesteric self-stratification and holographic recording, will be discussed. 

2.2.3 Cholesteric self-stratification 

The incorporation of a chiral dopant in a nematic host induces a macro
scopie helical twist distartion in the bulk of t he sample. Molecules then 
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lie in a quasi-nernatic layer-like structure, also called a cholesteric or chiral
nematic phase, with the director of the layers twisted around a helical axis 
perpendicular to ti. The spatial period of such a helix is called helical pitch 
p (Fig. 2.3) . For a cholesteric mixture between glass plates on which an pla
nar orientation layer is applied, the helical axes will be perpendicular to the 
glass plates. Due to its birefringence, the cholesteric LC will reflect light of 
a specif1c wavelength and handedness , depending on the pitch and the han
dedness of the helices. The cholesteric reflects light of the same handedness 
as its own. The other handedness is transmitted by the film. It acts as an 
ordinary diffraction grating. The lattice constant d then equals half a pitch. 

Figure 2.3: Cholesteric liquid crystal. 

Substituting some of the non-reactive liquid crystal with reactive LC monoroers 
makes polymerization possible. A switchable Bragg grating with the period
icity of the cholesteric will be formed if: 

1. the polymer phase separates from the non-reactive nematic LC 

2. polymerization occurs at every half pitch 

Condition 1 is the subject of this thesis, and will be elaborated extensively in 
the following chapters. Condition 2 can be fulfilled by using linearly polarized 
light and a dichroic photo-initiator. A molecule of the latter aligns in the 
helix and is excited with a maximum efficiency by light polarized parallel to 
its director. Reaction is started at every half pitch and un-reacted monoroers 
diffuse to the reactive sites. Thus , at every half pitch a polymer layer is 
formed. The nematic LC will phase separate from the polymer and will be 
located between the polymer layers, giving the required refractive structure 
for a switchable reflect ion filter. 
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2.2.4 Holography 

Holography is a widely known technique for recording and reproducing an im
age of an object through the use of interference effects. In the context of this 
project it is applied for the recording of periodic structures in isotropie LC
polyacrylate mixtures. Using the fact that photo-polymerization, or rather 
the initiator activation is intensity-dependent, the interference pattem will 
induce a distribution in the reaction initiation as a function of depth. Subse
quently phase separation takes place and leads to a periodic, layered structure 
of- ideally - altemating LC and polymer layers. Note that the polymeriza
tion reaction is started throughout the whole sample. However, the reaction 
rate varies with depth due to the intensity gradient, and this is essentially 
what causes the phase separation. 

In a typical set-up designed to make a Bragg interference filter, a coherent 
laser beam is split up by a beam splitterand directed such that a two-beam 
interference pattem is present in the sample holder region. The interference 
can then be expressed as: 

with V the fringe constant, 

v = 2-JTJ;, cos e 
(Jl + h) 

and r the periodicity, determined by Bragg's law: 

r = >.L 
2nsin8 

(2.8) 

(2.9) 

(2.10) 

where nis the average refractive index of the H-PDLC material, ÀL the wave
length of the writing beam and e the half angle between the 2 beams in the 
sample. 

Experimentally, the two interfering beams usually do not have an equal in
tensity, which causes an additional offset in the light intensity. This means 
that polymer will be present in the LC layers as well. 
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2.3 Radical chain polymerization 

In this study, the polymerization mechanism used is radical chain polymer
ization. The steady state kinetics of polymerization can be divided into three 
stages: initiation, propagation and termination. In the initiation step, the 
initiator decomposes into radicals that subsequently attack a monomer unit 
(M) to forma chain carrier (RM*)[6]. 

initiator --J.kd 2R* 

R* + M --j. k; RM* 

(2.11) 

(2.12) 

where kd is the rate of decomposition and ki is the initiation rate. When a 
reaction is photo-initiated the initiation rate vip depends on the intensity of 
the light absorbed [6]. 

(2.13) 

with cjJ the quanturn yield, E the extinction coefficient, [MJ the monomer con
centration and I the local light intensity. The factor 2 is introduced because 
two potentially effective radicals are produced in the initiator decomposition. 

Propagation is the growth of the macromolecular chain by a kinetic chain 
mechanism: 

RM* + M --j. kp RM* 
n n+l (2.14) 

The propagation rate kp is assumed to be the same for each step, so that: 

(2.15) 

[RM~] is the concentration of growing chain ends, which is usually low at any 
particular time. The rate of disappearance of monomers reflects the conver
sion of monomer into polymer, so vP is the rate of polymerization. 

In principle, termination takes place when the kinetic chain is brought to 
a halt by one of following processes: 

• interaction of two active chain ends 

• reaction of an active chain end with an initiator radical 

• termination by transfer of the active center to another molecule which 
may be solvent, initiator or monomer 

• interaction with impurities or inhibitors 
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The dominant effect is the reaction between active chain ends. It can be 
expressed as: 

Vt = 2kt[RM~][RM~] (2.16) 

From equations 2.13 and 2.16, an expression for the concentration of grow
ing chain ends [RM~] can be deduced. The reaction reaches a steady state 
where radical formation is exactly counterbalanced by the rate of destruction 
( termination): 

(2.17) 

During the reaction this gives for the concentration [RM~]: 

[RM~[ = v~'~M] (2.18) 

For photo-polymerization the overall rate of polymerization (which equals 
the propagation ra te) becomes then: 

(2.19) 

Acrylate morromers are molecules that can hold one or more reactive acry
late groups. Acrylate groups contain a double bond between the two carbon 
atoms (C=C) that is subjected for the radical chain reaction. For a mono
acrylate, having only one reactive group, the reaction rate is equal to the 
rate at which those double bands react. An acrylate morromer is converted 
as soon as one acrylate group has reacted and fixed the morromer to the 
polymer chain. This implies that morromer conversion equals double bond 
conversion. 

When a morromer contains more acrylate groups, cross-linking can take place, 
which is the formation of a network, linking one polymer chain to another. 
For cross-linking monomers, there is no langer a simple correlation between 
the double bond conversion and the polymerization rate (monomer conver
sion rate). Only at the initial stages of polymerization a linear relationship 
exists between double bond conversion and morromer conversion. At later 
stages where hardly any free morromers are left, most reactions involve pen
dant double bands, i.e. unreacted C=C bands on a morromer that is already 
converted. 
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2.4 Phase separation 

Before polymerization starts, a liquid two-component phase exists with mano
mers and LC molecules. During polymerization, the two-component sys
tem monomer-LC is transformed into a three-component system: monomer
polymer-LC. However when the reaction has proceeded toa certain monomer 
conversion, the polymer network can no longer hold the liquid components 
and phase separation takes place. 
Two phases can be distinguished: the matrix phase (phase I) and the liquid 
phase (phase II). The matrix phase is a three-component phase, containing 
polymer, monomer and liquid crystal. The liquid phase is a two-component 
phase, containing monomer and liquid crystal, which is also present before 
any reaction takes place. The subject of this sectionis to describe the phase 
behavior of this system. 
Upon polymerization, the ratio of polymer-monomer-LC is changed locally. 
Assuming that each reaction step induces only a local disturbance of the 
thermadynamie equilibrium, a thermadynamie treatment of phase separa
tion is legitimate. 
Coexistence of two phases in a system is characterized by the equality of 
the intensive variables ( variables that are not dependent on the size of the 
system) in both phases. Consequently, the chemica! potentialp, of all com
ponents in both phases must be equal: 

(2.20) 

The chemical potential of a component is the derivative of the Gibbs free 
energy (G) of the system to the number of molecules of that component. 

Jli = ( ;~) T,nj(j#i) 
(2.21) 

The next sections give an overview of the thermodynamic models that de
scribe the contributions of isotropie mixing (Flory-Huggins), network elasti
city (Dusek) and nematic ordering (Maier-Saupe) to the Gibbs free energy. 
An important assumption is made: these three effects contribute indepen
dently to the free energy of the system. 

2.4.1 Isotropie mixing: Flory-Huggins 

The isotropie mixing of polymers, monomers and solvents is described by the 
Flory-Huggins lattice model [2]. The fundamental thermadynamie equation 
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to describe a mixing process relates the Gibbs free energy function G to the 
enthalpy H and the entropy S: 

G= H-TS (2.22) 

Mixtures will be homogeneous, well-mixed, when the Gibbs free energy of 
mixing is negative: 

(2.23) 

In order to understand the thermodynamics, a conneetion between the macro
scopie behavior and the behavior on molecular level of the mixture needs to 
be established. Statistica! mechanics provides this connection, in terms of 
the Boltzmann relation. This relation links the entropy to the total number 
of distinguishable microscopie states n. 

S=kslnSl(n,V,E) (2.24) 

with ks = Boltzmann's constant. Consicier an ideal mixture of two compo
nents, species 1 and 2, with respectively n1 and n2 molecules in the mixture, 
ordered in a lattice of size n1 +n2 . Since all molecules have the same size, 
every molecule accupies one unit cell in the lattice. The number of possible 
configurations is: 

(2.25) 

Since two molecules of the same species are indistinguishable, the total num
ber of distinguishable states of the system becomes: 

(n1 + n2)! 
(2.26) 

Using Stirling's approximation (ln n! = n ln n- n, for large n) this yields for 
the entropy: 

(2.27) 

In the three-component system monomer-polymer-LC, the components are 
large and unequal in size. Therefore they can occupy different numbers 
of unit cells in the lattice. This necessitates the conversion of number 
of molecules into volume fractions. Name nzc, nm, np the number of LC, 
morromer and polymer molecules with respectively Nzc, Nm, NP unit cells 
occupied per molecule. The volume fraction of a species i in the mixture is 
then· n N 

· npNp+nmNm+ntcNlc · 
Extending equation 2.27 toa three-component system of large molecules: 

(2.28) 
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So far, this derivation has been carried out assuming no heat or energy ex
change upon mixing, which is an unrealistic situation. From regular solu
tion theory, an expression can be obtained for b..HM. The energy change 
is assumed to originate from the exchange of cantacts between monomer
monomer, LC-LC and polymer-polymer with monomer-LC, polymer-LC and 
monomer-polymer contacts. For two components, i and j, this can be repre
sented by: 

(i- i)+ (j- j) -+ 2(i- j) (2.29) 

where the formation of an i-j contact requires breaking of i-i and j-j contacts. 
The change in energy can be expressed as an interchange energy liEij per 
contact, given by: 

M 1 b..U -tiE··= E-·- -(E·· + E··) - 1) 1) 2 11 JJ (2.30) 

Here Eii and Ejj are the contact energies for each species. Consequently, if 
the total volume remains constant upon mixing, the energy of mixing b..UM 
can be replaced by b..HM. When q new cantacts are formed in the solution, 
the enthalpy of mixing becomes: 

(2.31) 

The number of cantacts can be estimated from the lattice model by assuming 
that the probability of having a lattice cell occupied by a molecule of a certain 
species is simply the volume fraction of that species, cl>i· Thus, every molecule 
is surrounded by c/>iNiz molecules of species i, with z the lattice coordination 
number. For nj molecules: 

(2.32) 

From the definition of cpj, Ninjc/>i = nic/>j, which is the "van Laar" expression 
derived for regular solutions. To eliminate z, a dimensionless parameter x, 
called the interaction parameter, is introduced. It is defined as: 

(2.33) 

The final expression for the enthalpy becomes: 

(2.34) 

Having calculated the entropy and enthalpy contributions to mixing, these 
can now be combined to give the expression for the free energy of mixing, 
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t::.GM = f::.HM- Tt::.SM. For the monomer-polymer-LC system the Gibbs 
free energy of mixing is: 

!:::.CM = k8 T [nm ln c/Jm + nzc ln c/Jzc + np ln c/Jp + 2.::= Xijni</>jl 
t<J 

(2.35) 

The chemical potentials are the derivatives of the free energy, shown here for 
the three components: the monomer (2.36), the LC (2.37) and the polymer 
(2.38) 

(2.36) 

(2.37) 

(2.38) 

2.4.2 Network swelling: Dusek 

Solvent molecules can diffuse into a cross-linked polymer network, causing 
swelling of the network. The elasticity of the network chains aims to resist 
this, giving an extra energy to the system. Dusek provides an expression for 
the contribution of the network deformation by swelling to the Gibbs free 
energy [7]: 

(2.39) 

ve is the number of elastically active network chains. For networks with a 
Gaussian chain length distribution, Ve is related to the network chain length 
(me) between cross-links: ve/np = c/Jp/mc. Further, <I>P is defined as the 
polymer volume fraction during cross-linking. The network is assumed to 
remain homogeneaus upon the formation of each new cross-link. Therefore 
<I>p is equal to c/Jp after the first cross-link is formed, up to the point of phase 
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separation, before cross-linking <Pp is zero . A and B are: 

A=1 B = 2/f (2.40) 

where f is the functionality ( =number of reactive groups) of the monomers. 
From eq. 2.39 the elastic contribution to the chemical potentials can be 
found: 

LlJ-L~ = LlJ-Li~ = 2_ [A (ei> /"' )2/3 _ B] "' 
k T k T m P '~-'P 'f'p 

B B c 
(2.41) 

2.4.3 Nematic ordering: Maier-Saupe 

Below the nematic to isotropie transition temperature, a liquid crystal com
ponent prefers to be nematically ordered. This ordering also gives a contri
bution to the Gibbs free energy. Maier and Saupe developed a mean-field 
theory for this nematic ordering contribution. 
Assuming each molecule has a well defined long axis with polar angles rp and 
e, the distri bution function f( e, rjJ) can be defined. The next step is to intro
duce a convenient thermadynamie potential, which will be minimum in the 
equilibrium state. It is convenient to use the free enthalpy (G) per molecule 
( or chemical potential). 

Gn(p, T) = kBT J f log( 47r f)d( cos B)dBdrp + G1 (p, T, S) (2.42) 

The decrease in entropy due to the anisotropic angular distribution is des
cribed by the integral. The logarithm originates from the Gibbs entropy 
formula: 

(2.43) 
V 

where P v is the probability for the system to be in a state v. In this particular 
case, this probability is related to the distribution function f. 
G1 describes the effects of intermolecular interactions, and is assumed to be 
quadratic in the order parameter s: 

(2.44) 

Miniruizing G with respect to all variations of f that satisfy the constraint 

J f d( cos B)dBdrp = 1 

gives this form of the distribution function is: 

1 (-u(B)) 
J(B) = z exp kBT 

(2.45) 

(2.46) 
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u(O) is the energy associated with one particular orientation of a molecule to 
the director: 

u(O) 1 2 - = --m(3cos e- 1) 
ksT 2 

(2.47) 

with ma mean-field parameter, expressing the strengthof the mean field. Z 
is the nematic partition function, the total number of possible states of the 
system: 

Z = j exp ( ~:~)) d(cos e) 

The intermolecular interactions are described by: 

1 2 
G1 = -2llcPzcS 

where s is the order parameter 

1 
s = 2 (3 < cos2 e > -1) 

< cos2 0 >= j cos2 0j(O)d(cose) 

and v a quadrupole interaction parameter defined as: 

T.· 
l/ = 4 54~ . T 

(2.48) 

(2.49) 

(2.50) 

(2.51) 

(2.52) 

with T ni the nematic to isotropie transition temperature of the liquid crystal. 
The orientational order parameter s may be evaluated based on the free 
energy minimization approach by taking the derivative of equation 2.42 

dlnZ dm - -- + s- + m - cPzcliS = 0 
ds ds 

(2.53) 

The first two terms cancel out each other, which gives: 

m = cPzcliS (2.54) 

Note that the order parameter is defined as a function of the distribution 
function f, which in turn depends on the mean field parameter m. Therefore 
s can be expressed as a function of m. De Gennes [4], proposes the following 
relationship: 

with 

c1 = 0.1983 

c2 = 0.03768 

C3 = -0.01653 

C4 = 0.001458 

(2.55) 

(2.56) 

(2.57) 
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For a given set of temperature and composition, substitution of 2.54 in 2 .. 55 
yields a solution for s. Graphically the possible solutions for s can be seen as 
the in the intersections of 2.55, a sigmoidal curve, and 2.54, a straight line 
with slope ( f-). Wh en the slope is greater than a eritieal value ( determined 

lp leV 

by the tangent point, se ~ 0.44, me ~ 2.00), there is no intersection exeept 
s = 0, implying that the system is in the isotropie state. In a mixture of an 

s 

Slabie 

-s-mtvq. 

- s=dlrtZfdm 

m 

Figure 2.4: Graphical presentation of the self-consistent salution for the order 
parameters [8]. 

isotropie morromer and a nematie liquid erystal, the eritieal composition <Pni 
to have a nematie phase in the mixture ean be calculated from the eritical 
order parameter Sc· 

T 
</Jni =

Tni 

A more eonvenient form of 2.42 is: 

en <Pzc [ 1 2] --=- -ln Z + -v<PzcS 
ksT Nzc 2 

(2.58) 

(2.59) 

The chemica! potentials eontribution from the Maier-Saupe theory are the 
derivatives of 2.59: 

~-tk: __ 1_ (acn) = -lnZ + ~v</J2 s2 
ksT -ksT onze 2 lc 

(2.60) 

p,~ __ 1 ( acn) 
ksT- ksT onm 

(2.61) 

2.4.4 Binary nematic mixtures: extension of Maier
Saupe 

In the previous ehapter the free energy eontribution of the nematic phase 
of a single nematic component (LC) in an otherwise isotropie mixture was 
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discussed. For the mixing of two liquid crystalline compounds, as will be 
the case in the samples for cholesteric self-stratification, an extension of the 
Maier-Saupe nematic free energy theory is necessary. Following the theo
retical scheme of Brochard et al [9], the free energy density of a binary 
nematic mixtures may be described as [5]: 

(2.62) 

(2.63) 

Where v11 and v22 are the nematic interaction parameters of the pure compo
nents, whereas v12 represents the cross-interaction between dissimilar mole
cules. The orientational order parameters s1 and s2 are calculated with the 
method described in section 2.4.3 and shown in Figure 2.4. Previously the 
nematic interaction parameters was shown to be inversely proportional to 
temperature: 

Tni,1 
vn = 4.54--y 

T: . 2 -4 54 m, v22- . r (2.64) 

From equation 2.63 it follows that G only can be calculated when v12 is 
known. However, the exact relation of v 12 to vn and v 22 is not known. It 
is proposed by Chiu and Kyu [5] that v12 = v21 and is proportional to the 
square root of the product of vn and v22 : 

l/12 
c=---

Jvnv22 
(2.65) 

where c is the proportionality constant characterizing the relative strength 
of the cross-interaction. This yields for the chemical potentials of both com
ponents due to their nematic character: 

(2.66) 

(2.67) 

2.4.5 Conversion-phase diagrams 

To have a graphical representation of phase separation due to polymerization 
in a monomer-LC mixture, the concept of ternary conversion-phase diagrams, 
introduced by Boots [10] is adopted. It combines the thermodynamics of the 
three-component system (monomer-polymer-solvent) with the conversion of 
morromer molecules into polymer. 
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The following relation holds between the conversion a and the overall volume 
fractions: 

cPm = (1- a)(1- cPzc) 
c/Jp = a(1 - cPzc) 

(2.68) 

(2.69) 

Phase separation of the three-component system into the two phases, matrix 
phase (phase I) and liquid phase (phase II) as described in section 2.4 is 
under study here. Tagether with the condition that the sum of all volume 
fractions equals one in both phases: 

(2.70) 

(2.71) 

and the requirement of equality of chemical potentials in both phases for 
having coexistent phases, 

f.L~ = f.L;:, 
I IJ 

f.Ltc = f.Ltc 

(2.72) 

(2.73) 

all equations needed to find all possible combinations of c/J~, c/J;,., c/J{c, c/J;_;, and 
c/J{[ for which 2 phases can coexist are available. 
Figure 2.5 shows an example of a conversion-phase diagram. The line CD 
will be called the phase separation line. Points to the left of this line refer 
to a one phase system (phase I); points to the right of the line refer to a 
two-phase system (phase I and II). Hence, CD is comprised of the points 
with the lowest conversion that satisfy the conditions 2. 72 and 2. 7:3. 

s 

M 

Figure 2.5: Conversion-phase diagram. 

Polymerization takes place on a horizontalline of constant LC-concentration 
in the diagram, called polymerization line. At some point X in the diagram, 
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phase separation takes place and phase II emerges, containing only monomer 
and LC. From the fact that at the moment of phase separation the volume of 
phase II is infinitesimal, the composition of phase I at that point is equal to 
the overall composition before phase separation. For a certain liquid crystal 
volume fraction, the conversion at which the phase separation takes place and 
the composition of the second phase can be determined as follows. Equations 
2.68 and 2.69 give 4>~ and 4>~ as a function of the conversion a. From 2.71, 
4>~ is given as a function of 4>{f. This leaves 2 variables, 4>{f and a, which 
can be obtained by solving 2. 72 and 2. 73. 

The conversion-phase diagram visualizes how the phase separation behavior 
depends on the initial composition of the reaction mixture. The procedure 
to solve 2.72 and 2.73 as described here cannot be carried out by analytica! 
methods. A numerical solution to this set of equations is proposed in chapter 
3. 

It is important to realize the difference between a conversion-phase diagram 
and a phase diagram. In a phase diagram, the size and structure of the 
molecules of each component are invariable, each point represents a certain 
ratio of the component. During polymerization however, this is not necessar
ily the case. The polymer increases in weight, and also changes in molecular 
structure and molecular size distribution. Therefore at each point in the 
diagram, the composition of the system as well as the polymer itself are 
different. 

2.5 Diffusion 

2.5.1 Ditfusion law 

Photo-polymerization with an non-uniform intensity induces local distortions 
in concentratien that induce a transport of material, diffusion. Fick's first 
law for steady-state ditfusion states that the flux is proportional to the con
centration gradient [11]: 

J = -Ddc 
dx 

(2.74) 

where J is the diffusion flux in m-2s-I, D the ditfusion coefficient in m2s- 1 

and c the concentratien in particles m - 3 . 

During the formation of PDLCs, the concentratien within the ditfusion vo
lume changes in time. Then Fick's second law for non-steady state ditfusion 
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applies. 

de = ..!!:._ (D de) 
dt dx dx 

(2.75) 

A concentration grad.ient manifests itself in a gradient of the chemical po
tential. The theory described in former sections gives an expression for the 
local chemica! potential. So the driving force for ditfusion is a gradient in 
the chemica! potential. The flux of particles is then given by [12]: 

J = _ Dedf..L 
kTdx 

The general ditfusion equation then becomes: 

de _ ..!!:._ (De df..L) 
dt dx kT dx 

(2.76) 

(2. 77) 

2.5.2 Ditfusion coefficients as function of degree of poly
merization 

The ditfusion coefficient D as defined in Fick's Law 2. 76 is a constant, inde
pendent of the composition and morphology of the sample. Obviously during 
polymerization the mobility of the molecules is decreasing due to the forma
tion of the polymer network. Therefore D has to be a function of rj;p· From 
free volume theory [11] the following expressionforD can be obtained: 

(2. 78) 

Where rpm is the morromer volume fraction, Dp is the morromer ditfusion co
efficient in the pure polymer, and K1 and K2 are positive constauts described 
inthefree volume theory. 
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Chapter 3 

Simulation results: phase 
separation 
and reaction-propagation 

3.1 Formalism 

23 

The expressions of the chemica! potentials for morromer and liquid crys
tal molecules are the governing equations for both phase separation and 
reaction-diffusion. Isotropie mixing, network elasticity and nematic orde
ring contribute independently to the Gibbs free energy. This implies that 
the chemica! potentials due to these three effects add up independently to 
the total chemica! potential of both compounds. 

p.,t;:.tal = J.L~ + J.L~ + J.L":n 

11 total = 11 M + 11d + 11n 
1""/c 1""/c 1""/c 1""/c 

(3.1) 

(3.2) 

However, in their current condition the expressions for the chemica! potentials 
are not suitable to be used in a numerical model. In the coming paragraphs, 
the three terms will be discussed separately and expressions will be derived 
that can be exploited in a simulation program. 

Expressions for p.,~ and p.,f': were derived in section 2.4.1. Sirree polymer 
and morromers are comprised of the same building blocks, the interaction 
parameter Xm-p between morromer and polymer is assumed zero. In addi
tion, the sizes of the morromer and liquid crystal molecules in the system 
under study are presumed to be comparable. Consequently, it is assumed 
that N1c = Nm = 1. When the assumption is adopted that the polymer 
chains are infinitely long, NP = oo. The formulation of the chemica! poten-
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tials for morromers and liquid crystals are simplified considerably: 

,6.1-L~ 
kET =lnq)m + q)P 

+ Xm-lcq)Lc(q)Lc + q)p)Nm 

- Xp-lcq)zcq)pNm 

b.I-Lf': l 
kET = n q)zc + q)P 

+ (Xm-lcq)m + Xp-lcq)p)(q)m + q)p)Nzc 
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(3.3) 

(3.4) 

lf cross-linking polymerization is started in a morromer-solvent solution, phase 
separation may occur either before or after gelation. In the latter situation 
an infinite network is present almost from the start of the reaction and phase 
separation can be induced by the increasing elasticity of the swollen network 
during polymerization. For the system under study in this thesis, cross
linking is virtually instantaneous. So in this case, network elasticity has to 
be taken into account. 

Network elasticity is described in section 2.4.2. Before expression 2.41 can 
be used, an estimation for the inverse network chain length needs to be es
tablished. Since the average functionality of the morromer blend used is 3.8, 
the mean-field estimate for me valid for tetrafunctional (f = 4) morromers 
from [10] can be used. 

_ 1 x 2 2-a-2~ 
m, =-

c a a (3.5) 

Here a is the morromer conversion ( = np ) , x the conversion of reactive 
nm(start) 

groups- which makes x2 the probability that a unit is cross-linked, and x2 I a 
the fraction cross-links within the reacted units. 
An overall efficiency factor E < 1 is added to the elastic terms to account 
for the fraction of elastically ineffective network chains. Sirree cross-linking 
is instantaneous upon polymerization for the holographic system, <I>p equals 
q)P at all times. This gives for the chemical potentials, with x2 I a as in 3.5: 

(3.6) 

For the description of the nematic ordering one has to discriminate between 
the holographic and the self-stratification approach. Holographic recording 
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concerns one liquid crystalline component in an otherwise isotropie mixture. 
The regular Maier-Saupe theory can be applied (2.4.3); 

(3.7) 

(3.8) 

Self-stratification is carried out starting in the cholesteric phase, containing 
a non-reactive liquid crystal and a liquid crystalline monomer. Then the 
extended theory for nematic ordering in binary nematic mixtures described 
in section 2.4.4 has to be utilized: 

(3.9) 

(3.10) 

3.2 Procedure 

3.2.1 Phase separation line 

Insection 2.4.5, an analytical method for determining the points in a phase 
diagram where two phases can coexist was proposed. However, the set of 
governing equations for phase separation is not analytically solvable. There
fore, a numerical methad is suggested here. The main idea is to calculate the 
total chemical potential for all possible compositions of phase I and phase II, 
and then campare those results with each other, giving the composition of 
both phases at phase separation. 

Phase I consists of polymer, monomer and liquid crystal, which gives three 
volume fractions to vary. But the sum </>~ + </>~ + <Pfc = 1, which cancels 
out one parameter. Two parameters need to be varied to obtain all possible 
compositions of the three-component phase. The liquid crystal volume frac
tion and the conversion were selected arbitrarily to do this. For phase II, the 
same line of reasoning leaves one variable volume fraction, </>{[. 

For every possible combination of cP{c, a and </>{[, the chemical potentials 
of monomer and liquid crystal in both phases (J.Lfc,J.L{[, J.L~ and J.L;,{) are cal
culated separately. The condition for phase separation, J.L{ = J.Lfl is then veri
fied. The combinations of </>~, </>~ and<Pfc that satisfy the conditions J.L{c = J.L{[ 
and J.l~ = J.L;.{ are the points in the conversion-phase diagram where the two 
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phases can coexist. The composition of phase I at phase separation is equal 
to the overall composition of the system, since at the moment of phase sep
aration, the volume of phase II is infinitely small. 
A summary of the procedure is depicted in Figure 3.1. 

Phasei Phase II 
choose: </J{c 0: <P{~ 

derive: <j;~ <j;~ <j;'j. 

calculate: J.Lt;:,_tal,I J.Lt;:,_tal,II 
total,I 

1-ilc 
total,I [ 

1-ilc 

check: J.Lt;:,_tal,I = J.Lt;:,_tal,II total,I _ total,I I 
1-izc - 1-izc 

at PS: </J{c <j;~ <j;~ </JIJ <j;II lc m 

Figure 3.1: Schematic representation of the procedure to calculate the phase 
separation line. 

3.2.2 Reaction-diffusion 

The reaction-diffusion model developed by Christian Leewis [11] simulates 
the ditfusion behavior of two reactive morromers with different reactivity in 
samples prepared by mask illumination. 

A step in the reaction is assumed to give only a small distortion of the 
equilibrium, which justifies a thermadynamie treatment. The mask iliumi
nation pattem is divided into discrete steps. In each reaction step, a small 
volume of polymer is formed, depending on the intensity and the monomer 
concentration in the segment. This causes an inequality in the chemica! po
tential between segments. Chemica! potential gradients are the driving force 
for diffusion. The discretized ditfusion equation gives the change in concen
tration due to ditfusion between segments. After this ditfusion step, new 
volume fractions per segment are obtained. Hereafter, a new reaction step 
can be performed. 

Although this is already a very comprehensive model, holographic exposure 
of mixtures containing both reactive and non-reactive components as inves
tigated in this thesis, demand for some subtle modifications. 
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Firstly, the chemica! potentials are adapted to the system of interest. Isotropie 
mixing, network elasticity and nematic ordering are incorporated in the 
chemica! potentials used in the diffusion equation. Diffusion due to surface 
tension is omitted, since the samples prepared do not hold open surfaces. 

Secondly, the illumination pattem is changed from a step illumination to 
the sin2 intensity distri bution of a holographic interference pattem ( equation 
2.8). The pattem is divided into discrete steps, between which diffusion can 
take place due to a difference in chemical potential. The intensity gradient 
causes a gradient in the reaction rate, that in turn induces chemica! potential 
differences. 

The diffusion behavior will be plotted in two different ways. Concentra
tion as a function of depth will be used to visualize the in-depth profile of 
all volume fractions, conversion-phase diagrams will be used to visualize the 
diffusion behavior of the components in a sample during ongoing polymer
ization. At every depth, the composition is calculated by the simulation 
program. This composition represents one point in a conversion-phase dia
gram. Platting all compositions of one specific depth in time gives a line in 
the diagram. This line will henceforth be called the reaction-propagation line. 

Fora typical holography sample with starting composition of 70 wt% morromer 
and 30 wt% liquid crystal, the depth profile of volume fractions after an il
lumination time of 30s with a maximum intensity of 1. 7 m W / cm2

, pitch of 
150 nm, is shown in graph 3.2. 

For two specific points in depth, at maximum intensity and at minimum in
tensity, an example reaction-propagation line is plotted in a ternary conversion
phase diagram (Figure 3.3). If no diffusion would occur, the lines would be 
horizontal, like normal polymerization lines. Due to the faster depletion of 
morromers at the point of high intensity the reaction-propagation line bends 
slightly downward due to diffusion of morromer to the reactive sites, which 
gives a higher concentration of polymer at the higher intensity side. The low 
intensity point shows more diffusion, the diffusion coefficient decreases less 
due to less rapid polymer formation because polymer is formed less rapidly 
there. This gives morromers and LC molecules more time to diffuse, so a 
larger materials transport takes place. 

The diagram in Figure 3.3 represents an idealized situation, and is there
fore only meant to illustrate the reaction-diffusion behavior of a holographic 
mixture. 
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Figure 3.2: Depth distribution of monomer, polymer and LC volume fractions 
in a typical holography sample. Illumination time is 30 seconds, pitch is 150 nm. 

LC 
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Figure 3.3: High and low intensity reaction-propagation lines of a typical holog
raphy sample. 
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3.3 Weight of effects 

To evaluate the relative importance of the different terms in the expression 
of the chemical potential, the following situation is considered. Assume a 
theoretica! sample that contains two phases with composition 4{ = 0.3, c/J~ 
= 0.35, c/J~ = 0.35 and c/J{f = 0.3 <jJ':), = 0. 70. The polymer chains are assumed 
to be infinitely long, monomer and LC molecules are of the same size (Nm = 

Nzc = 1). With these assumptions, an estimate of the infiuence of variations 
in the different parameters on the numerical values of the chemical potentials 
has been studied. 

3.3.1 Isotropie mixing 

With the assumption that Xm-p = 0 and Xp-lc = Xm-lc = 0.5 the termsin 
the expression for the chemical potentials become: 

/-L~ kBT = lnc/Jm + cPp + Xm-lccPzc(cPzc + cPp)- Xp-lccPlccPp (3.11) 

M 

:~T = ln c/Jzc + cPp + (Xm-lccPm + Xp-lccPp) ( cPm + c/Jp) (3.12) 

Approximate values for the termsin 3.11 and 3.12 for phase I and II with a 
composition as described in the previous paragraphare shown in Table 3.1: 

Table 3.1: Magnitudes of the termsin the monomer and liquid crystal chemical 
potential for isotropie mixing. 

phase I phase II 
ln cPlc -1.204 -1.204 
ln cPm -1.049 -0.350 
x-terms /-Llc 0.245 0.245 
x-terms /-Lm 0.045 0.045 

The logarithmic term changes with composition, while the interaction terms 
keeps the same value, no matter what the composition is. The latter is caused 
by the assumption that Xp-lc = Xm-lc = 0.5. Now the question is whether 
phase I and II can coexist as a consequence of isotropie mixing alone. The 
answer is: no. For one component e.g. the liquid crystal, the chemical po
tential in the two phases can become equal (see Table 3.1 rows 1 and 3), i.e. 
when c/J{f = e<P~ cPfc· Let c/J{c = 0.3, c/J~ = 0.35 and c/J~ = 0.35, as in the ex
ample case. Then c/J{f = 0.43 satisfies this condition. However, the chemical 
potential of the other component will never be equal in the two phases. The 
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difference f-L~ - f-L;;: for this example is -0.14. No phase separation will be 
predicted by consiclering solely isotropie mixing. 

Yet, an inequality of the interaction parameters between LC-monomer and 
LC-polymer does create an additional difference in the chemica! potential. 
Even though this is a very small difference - in the order of f-L[ - f-Lfl = 0.01 
for Xm-lc - Xp-lc = 0.1 - it will give a small range of compositions in which 
two phases can coexist, which will be elaborated further in section 3.4.1. 
Nevertheless, this effect is so small that it will be neglected in the remainder 
of this chapter. 

3.3.2 Network elasticity 

The presence of the polymer network in phase I necessitates the addition of 
a network elasticity term to the chemical potential for that phase. For the 
theoretica! sample, its magnitude is 0.0395, and it is linearly dependent on 
the polymer volume fraction ( equation 3.6). Since no network is present in 
the second phase, the network elasticity term for phase II is 0. This induces 
a larger difference between the chemical potentials of the different phases, 
giving rise to a stronger driving force for phase separation. With decreasing 
polymer volume fraction of phase I, the isotropie term increases, which com
pensates for the change in chemical potential due to network elasticity. Since 
this effect is a factor of 4 larger than the difference in interaction parameters 
willever create, a possibility for coexistence of the two phases is expected in 
a large range of volume fractions. 

3.3.3 Nematic ordering 

For a liquid crystal content higher than the critical c/Jni = {.; - typically 
around 0.9 for e.g. E7, a commercial mixture of LC molecules-thenematic 
ordering of the liquid crystal adds an extra term in the expression for the 
morromer and liquid crystal chemical potential. The nematic term for the 
morromer is in the order of 0.4, for the liquid crystal around 0.05. Again, this 
is different for the two phases, so nematic ordering will influence the position 
of the phase separation line in the conversion-phase diagram. Sirree the 
nematic ordering only plays a role in a certain range of LC volume fractions, 
and the fact that network elasticity also induces phase separation, rises the 
idea that not a single phase separation line in one conversion-phase diagram 
exists, but several. 
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3.4 Simulation results: phase separation lines 

In the previous section the procedure to obtain phase separation lines and 
the way to interpret them was explained. In this section variations and im
portance of the interaction parameter, the network efficiency and nematic 
ordering on the possible occurrence of a phase separation line are investi
gated. 

3.4.1 Interaction parameter: x 
The interaction parameter between two components denotes the gain in en
ergy upon mixing of these components. Therefore, when the x of one compo
nent (i) with a certain component (j) is larger than the x of that component 
(i) with another component (k), the j-k mixing is the more stable one. This 
means that in a system containing components i,j and k the contact between 
i and k is energetically more favorable than the contact between j and k. 
Consequently, different x's between the components in a system could be the 
driving force for phase separation. 

Since polymer and morromers consist of the same building blocks, the inter
action parameter Xm-p was assumed to be zero. However, the interactions 
between monomer-LC and polymer-LC do have a non-zero X· Several mod
els exist that describe the behavior of x, as a function of composition and 
temper at ure [13]. These will not be discussed in detail here. A commonly 
used value for the interaction parameter between polymers and solvents (here 
morromers and LCs) is 0.5, the critical value for infinitely long chains [14]. 

It is suspected that an LC has a weaker interaction (larger x) with a poly
mer than with a morromer i.e. the LC gives preferenee to be near monomers. 
Therefore it was evaluated whether a phase separation line can be found on 
the basis of this difference in interactions. Since the difference in interaction 
parameters is expected to be very small, due to the similarity in size and 
functional groups of the morromers and the polymer-units, values of Xp-lc = 

0.55 and Xm-lc = 0.45 were chosen. The resulting phase separation line is 
shown in Fig. 3.4. A phase separation line is observed, although in a very 
narrow volume fraction region with a high liquid crystal content. 

Consequently, to simplify the interpretation of the conversion-phase dia
grams, it is proposed that Xm-lc = Xp-lc = X· Chemical potentials are 
then nuther simplified to: 
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(3.13) 

(3.14) 

Note that with this assumption, no phase separation is expected based on 
only the isotropie mixing described by Flory-Huggins. 

LC 

M 025 0.5 0.75 p 

Figure 3.4: Phase separation line, consiclering only isotropie mixing. Interaction 
parameters are Xp-lc = 0.55 and Xm-lc = 0.45. 

3.4.2 Network elasticity: E 

In the expression for the chemica! potential due to a cross-linked network, 
an efficiency factor E was introduced. This section gives an overview of the 
effects of an elastic network on phase separation. More substantially, varia
tions of E and x are studied. 
For a x = 0.5, the term for a heavily cross-linked network (E=1) is added 
to the Gibbs free energy. This results in the phase separation line shown in 
Figure 3.5. As can be seen in the graph, a lower limit for the LC content 
exists, that will be called solubility limit. The physical meaning of this limit 
is that upon full polymerization of a system with an LC content below this 
limit, the LC will remain dissolved in the polymer network. Decreasing the 
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Figure 3.5: Phase separation line, consiclering isotropie mixing (x= 0.5) and an 
elastic network ( E = 1). 

network strength (as e.g. is the case for mono- or di-acrylates) gives the 
phase separation line in 3.6. The line for E = 1 is also shown in this diagram. 
A less elastic network adds less driving force for the phase separation, intu
itively it squeezes out the liquid component less hard. The solubility limit 
increases, a higher LC content is needed to obtain phase separation. 
To what extent the strength of the intermolecular interactions infl.uences 
phase separation that is induced by network elasticity, is examined next. 
Phase separation lines for x = 0.3, x = 0.5 and x = 0. 7 are plotted in figure 
3.7. 

When there is more interaction between LC-monomer and LC-polymer, the 
interaction parameter x is lower and the phase separation line shifts upward. 
This signifies that for the same LC content, phase separation occurs at a 
higher conversion. For a higher value of x, phase separation occurs earlier. 
This is plausible, since a stronger interaction is energetically more favorable. 
Accordingly, the system will remain in the well-mixed three-component phase 
up to a higher monomer conversion. 
For a realistic holography experiment using multi-functional acrylates and 
LCs, the values for x and E can be assumed to be 0.5 and 1. 
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Figure 3.6: Shift of the phase separation line due to network efficiency factor 
(x= o.s). 
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Figure 3. 7: Shift of the phase separation line due to the interaction parameter x 
(E = 1). 
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3.4.3 Nematic ordering 

Below the nematic to isotropie transition temperature, a liquid crystal is 
in the ordered nematic phase. As from a certain LC concentration in an 
otherwise isotropie mixture, the LC will be nematically ordered. When the 
contribution to nematic ordering is added to the Gibbs free energy, an iso
lated area is found in the phase separation diagram (Fig.3.8). A new, ordered 
phase appears. 

x= o.s 
8=1 

M 

LC 

p 

Figure 3.8: Phase separation lines, ealculated with eontributions to the ehemieal 
potential including isotropie mixing (Flory-Huggins), elastie network and nematie 
ordering. Area A: phase I, area B: both phase I and II in the isotropie state and 
area C: phase I and II, II in the nematie state. 

Examining the compositions in the three separated areas of the diagram, 
it is found that the lower area (A) is the same phase I as before, consisting 
of polymer, morromer and liquid crystal. Area B is a two-phase area, can
tairring phase I and phase II (monomer and LC), with the LC in phase II in 
the isotropie phase. In area C another liquid phase, phase lil, is apparent, 
which contains only morromer and LC like phase II. However, the difference 
is that the LC volume fraction is high enough for the LC molecules to be 
in the nematic phase. The intersection of the phase separation line with 
the monomer-LC axis gives the critical composition for the LC to be in the 
nematic phase: c/Jni· 



Phase separation in LC-acrylate systems 36 

3.4.4 Binary nematic mixture 

The phase separation line for a cholesteric mixture is calculated with the 
combination of isotropie mixing, netwerk elasticity and the extended Maier
Saupe theory for binary nematic mixtures. Once more, it has to be pointed 
out that cholesteric self-stratification experiments are carried out with the 
mixture in the nematic state. Therefore the experiment temperature is cho
sen above the crystalline transition temperature and below the nematic to 
isotropie transition temperature of bath the LC morromers and the non
reactive LCs. The resulting phase separation line is shown in Figure 3.9. 

LC 
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Figure 3.9: Conversion phase diagram of a binary nematic system, experiment 
temperature is in the nematic phase below T ni (LC) and T ni (M). 

However, the shape of this line differs significantly from the phase separation 
line of a holographic system (e.g. Figure 3.5), which experimentally proved to 
separate in confined LC-polymer layers upon photo-polymerization. There
fore it is expected that in a cholesteric system at this temperature no layers 
can be created by phase separation. 

However, by dosing the experimental temperature above the Tni of the LC, 
but below the Tni of the monomer, and still be in the nematic phase (except 
for high LC concentrations), yield another PS-line. For that case, the phase 
separation line is given in Figure 3.10. At the low LC concentrations, this 
line is comparable to the phase separation line of a holographic system. 
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Figure 3.10: Phase separation line of a binary nematic system, experiment tem
perature is between T ni (LC) and T ni (M). 

3.5 Simulation results: reaction-propagation 
lines 

Reaction-propagation lines describe the local change in composition of mono
mer and liquid crystal molecules upon polymerization. In a reaction step a 
certain amount of polymer is formed, which is different in depth of the sam
ple, giving rise to a gradient in the chemical potential. This is the driving 
force for diffusion. A way to study the infiuence of isotropie mixing, elasticity 
and ordering on the diffusion, is to examine the effect on the driving force 
for diffusion of different polymer volume fractions in 2 subsequent depth in
tervals. 

To study the phase separation behavior along the reaction-propagation line, 
the terms in the chemical potential corresponding to isotropie mixing, ne
matic ordering and elastic networks, containing c/Jp and c/Jm need to be con
sidered. These terms are summarized in table 3.2. 
Polymer is formed more rapidly at higher light intensity sites, giving a higher 
polymer volume fraction at those sites. In the columns, towards high or to
wards low denotes that the driving force for diffusion is towards the high 
or low light intensity side, so towards the higher or lower polymer volume 
fraction. For the investigation to the effects of the different parameters this 
table will be used as a reference. 
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Table 3.2: Influence of isotropie mixing, network elasticity and nematic ordering 
on the diffusion of morromers and LCs 

effect <J)p-dependence cPm -dependence effect on M effect on LC 
mixing linear logarithmic towards high towards low 
elasticity linear no towards high towards high 
ordering no no no no 

3.5.1 Infiuence of x on ditfusion 

The monomer chemical potential due to isotropie mixing depends linearly 
on the polymer volume fraction and logarithmic on the monomer volume 
fraction. The interaction parameter contributes with a quadratic dependenee 
on monomer and polymer fractions, plus 2 terms that are linear in <Pm and 
q)P and a cross term, plus X· 

(3.15) 

In the expression for the chemical potential of the monomer, the quadratic 
and the linear terms cancel out since the increase in polymer is the same 
as the decreasein monomer. However, a negative cross-term remains. Since 
cPmcPp is maximum 0.25, 4XcPmcPp can maximum be X· The contribution of the 
chi-terms to the chemical potential of the monomer will therefore always be 
positive. For the depth interval with a higher polymer volume fraction, the 
total contribution of x to the chemical potential is the highest. Subsequently, 
the total J.L~ will be less negative at the high polymer volume fraction depth 
interval. This implies that the interaction term will try to impede the ditfu
sion of morromers to the reactive sites. 
For the liquid crystal, only the quadratic term in <Pm and q)P remains. 

b.ttf': 2 
kBT = ln cPlc + cPp + X(cPm + cPp) (3.16) 

Therefore, the van der Waals interactions - represented by x do not play a 
role in the diffusion of the liquid crystal. Nevertheless, the J.Lf': is lower in 
the low intensity regions than in the high intensity regions, due to the com
positional entropy. It therefore induces diffusion towards the low intensity 
regions. 

The assumption that the interaction between monomer and liquid crystal 
is the same as the interaction between liquid crystal and polymer, tagether 
with the assumption that a monomer-polymer interaction parameter is zero 
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implies that the contri bution of the interaction parameter terms to the chem
ical potentials is the same for all possible combinations of compositions. 
Moreover, the contri bution of the interaction parameter in the Flory-Huggins 
chemical potential ( equations 2.36 and 2.37) is in the order of 0.05- 0.2, while 
the other terms are of size in the order of 1. The effect in the driving force for 
diffusion due to interactions between subsequent depth intervals is therefore 
very small. 

Therefore hardly any difference can be observed between the diffusion be
havior of the modelwithor without the incorporation of the chi-parameters. 
In figure 3.11 the difference between the final depth distribution of liquid 
crystal for chi is zero and chi is 0.5 for an illumination time of 100 
secouds is shown. 

0.5 

0.45 

020!:-------::.o:------::::, .. :----------::,50 

Figure 3.11: Difference in LC depth distribution after 100 secouds exposure 
between x= 0 (red) and x= 0.5 (blue). Only isotropie mixing is considered. 

Following the reaction-propagation line in a conversion phase diagram is a 
more dynamical way of visualizing the system during polymerization. The 
conversion changes as a function of time so the conversion on the M-P axis 
can be seen as a timescale. The reaction-propagation line at 10% of maxi
mum intensity with and without incorporation of the interaction parameter 
is shown in Figure 3.12. The red line depiets zero chi, the blue line shows the 
case of chi is 0.5. The effect of the interaction parameter is indistinguishable. 
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Figure 3.12: Reaction-propagation lines at 10% of maximum intensity, taking 
into account only isotropie mixing for chi=O (red) and chi = 0.5 (blue), 100 seconds 
exposure. 

3.5.2 Network elasticity: E 

The network elasticity gives a contribution to the chemical potential, the 
driving force for diffusion that scales linearly with the polymer volume frac
tion. Depth-dependent polymerization induces a contrast in polymer volume 
fraction between subsequent layers. Since the elastic contribution is always 
positive (E, x2 ja and </Jp in 3.6 are always positive), the chemica! potential 
of both monomer and liquid crystal will be higher when more polymer is 
present. Therefore the network elasticity produces a driving force away from 
the high polymer volume fractions. Both monomer and liquid crystal expe
rience a driving force towards the low intensity regions due to the network 
elasticity. Note that the ditfusion of liquid crystals is therefore enhanced, 
while the monomer is hindered in its diffusion to the reaction sites. 
The difference between no network present and an elastic network present is 
shown in figure 3.13. 

3.5.3 Nematic ordering 

The contribution to the chemica! potential due to the nematic ordering de
pends on the monomer and polymer volume fraction via a cross-term that is 
exactly the same for both monomer and liquid crystal. The nematic parti
tion function does not depend on volume fractions, while the intermolecular 
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Figure 3.13: Reaction propagation lines at 10% of maximum intensity for 100 
secouds exposure for blue:E = 1, red: E = 0. Diffusion slightly enhanced by network 
elasticity. 

interactions are characterized by a c/Jfc dependence. Sirree c/Jtc = 1- c/Jm- c/Jp, 
and the morromer volume fraction decreases with the increase of polymer 
formed, the quadratic and linear termscancel out. The cross-term remains. 

(3.17) 

(3.18) 

Therefore the nematic ordering does not have an effect on the diffusion driven 
by a chemica! potential. However, nematic ordering might nevertheless in
fl.uence the diffusion in a different way. It is not out of the question that 
a nematically ordered compound has a slightly lower diffusion coefficient, 
which might also be anisatrapie in nature as a result of the ordering. A 
quantitative evaluation of this effect is beyoud the scope of this thesis. 

3.5.4 Binary nematic mixture 

The construction of a reaction-propagation line fora binary nematic mixture 
is more complicated than it seems at fi.rst sight. Whereas for halograpbic 
samples, the diffusion takes place in an isotropie mixture, in a cholesteric 
mixture molecules lie in nematically ordered layers. Moreover, the intensity 
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Figure 3.14: Reaction-propagation line at 10% of maximum intensity, 100 sec
onds exposure. Red = isotropie mixing and network elasticity, blue = isotropie 
mixing, network elasticity and nematic ordering. No significant difference is ob
served. 

gradient is applied perpendicular to the long axis of the molecules, so the 
diffusion direction of the liquid crystalline molecules is also perpendicular 
to the long axis. Nematic liquid crystals have a diffusion coefficient that is 
anisotropic. The diffusion coefficient perpendicular to the long axis can be 
up to 10 times less than the diffusion coefficient parallel to the long axis 
[15]. The exact behavior is not known, yet the diffusion coefficient in binary 
nematics ( for cholesteric self-stratification experiments) is estimated to be 
in the order of 10-11 , a factor 10 lower than the diffusion coefficients of the 
isotropie components in the initial states of a holography experiment. 

3.6 Combination of the models 

The results of the phase separation simulation program and the reaction
diffusion simulation (Figure (Figure 3.15), including all the effects of isotropie 
mixing, network elasticity and nematic ordering (Figure 3.15) are combined 
to predict the depth at which phase separation occurs fiTst. This is achieved 
by going along the reaction-propagation line for all depth intervals until the 
phase separation line is crossed in a depth interval. The composition and 
depth at which this crossing takes place first reflects the onset of phase sep
aration. 
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In the simulation program this procedure is achieved by running the reaction
diffusion program, and checking after each step whether the condition for 
phase separation ( or two co existent phases) is reached in a particular depth 
interval. For a standard holography experiment, the pitch is 150 nm, inten-
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Figure 3.15: Phase separation line and reaction-propagation line for a typical 
holography experiment. Exposure time = 30 seconds, UV-intensity = 1.7 mW 
cm-2 , pitch= 150 nm. 

sity 1.7 mW cm-2 , 70:30 composition of monomers:LCs, phase separation 
starts first at a distance of 39.8 nm from the maximum intensity. In absolute 
distauces this gives an estimated polymer layer thickness of 79.8 nm. 

To verify the correctnessof the model, 2 properties of a polymer-LC system 
can be measured. The phase separation line itself, as a result of the phase 
separation model can be compared with differential scanning calorimetry 
measurements. DSC measurements provide the conversion at which phase 
separation takes place for a certain starting composition. Repeating these 
measurements for different LC concentration therefore gives points on the 
phase separation line. 
Secondly, the relative thicknesses of the polymer and liquid crystal layers 
can be measured with SEM. These thicknesses are a good indication of the 
estimations made with the model. 
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Chapter 4 

Experimental methods 

A well established technique to prepare Bragg gratings of alternating polymer 
and LC layers is to make use of an interference pattem from coherent laser 
beams, i.e. laser holography. Phase separation upon polymerization creates 
the Bragg layers with the grating periodicity induced by the interference 
pattern. The phase separation mechanisms have been stuclied in the previous 
chapter and the results of the phase separation model will be compared with 
measurements on holographic Bragg gratings in the next chapter. In this 
chapter the experimental methods to prepare and analyse polymer Bragg 
gratings are explained. 

4.1 Chemieals 

Although the model deals only with one monomer and one liquid crystal 
component, experimentally, holographic PDLC (h-PDLC) systems have only 
been realized with multi-component systems. Therefore the model can only 
be a guide to understand their behavior, by using effective liquid crystal and 
acrylate properties. 
The holographic Bragg gratings were prepared from a mixture of a blend of 
morromers and the liquid crystal mix E7. The monomer blend consistedof 67 
weight percent dipentaerythritolhydroxy pentacrylate (DPHPA, Polyscience 
Inc.), 15 weight percent N-Vinyl-Pyrollidone (NVP, Aldrich) and 18 weight 
percent hexafluoro bisphenol 'A' diacrylate (6F-bisA, Polyscience Inc.), see 
Figure 4.1. Since the morromers have different functionalities, respectively 5, 
1 and 2 double bonds, the average functionality was estimated to 3.8 double 
boncis per molecule with an average molar weight of 448.3 g/mole. 
The liquid crystal component was E7 (Merck, Figure 4.2), a blend of a cyan
oterphenyl and three cyanobiphenyl molecules. It has a nematic to isotropie 
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Figure 4.1: Molecular structures of l:dipentaerythritol pentaacrylate (DPHPA), 
2: n-vinyl pyrollidone (NVP) and 3: hexafluoro bisphenol 'A' diacrylate (6F-bisA). 

transition temperature of 58 oe, so at room temperature it is in the nematic 
state. 
One wt% of the UV-sensitive photo-initiator Irgacure 369 (IRG369, Ciba, 
Figure 4.3)was added to the mixture. The standard composition for these 
holography mixtures contained 30 wt% E7, 69 wt% morromer blend and 1 
wt% photo-initiator. Structure formulas and molecular weights of the com
ponents are summed up in table 4.1. 

Table 4.1: Chemica! properties of the H-PDLC compounds. 

Compound Chemical formula Molecular weight 
[g/mol] 

E7(1) C24H23N 325.45 
E7(2) C1sH19N 249.35 
E7(3) C31H25NO 307.43 
E7(4) C2oH23N 277.40 
DPHPA c25H32012 524.51 
HF-bisA C21H14F604 444.32 
NVP C6HgNO 111.14 
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Figure 4.2: Molecular structure of E7, composition: 8% (A), 51% (B), 16% (C) 
and 25% (D) [16]. 
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Figure 4.3: Molecular structure of Irgacure 369. 

4.2 Holography set up 

Refiection gratings were recorded with the interference pattem of an Ar laser 
with a wavelength 351 nm. The experimental set up is presented in Figure 
4.4. 
A time-controlled shutter (s) , placed directly after the UV-laser is used to 
control the illumination time. The UV-beam is focussed by a focussing stage 
consisting of a UV-lens (fl) and an aperture (a) foliowed by another UV-lens 
(f2). A linear polarizer (p1) is used as a filter to reduce the intensity of the 
beam. A UV mirror (r1) is used to guide the beam after which it passes a 
half-wave plate (>.. / 2) and polarizer (p2) to polarize the laser beam horizon
tally, in the plane of the sample. Hereafter the beam is guided to the sample 
surface, on which the beam spot has a diameter of approximately 1.5 cm. 
The reaction mixture is sandwiched between a Si wafer with rv100-150 nm 
Ag sputtered on top and a glass slide. The laser beam is focussed on the 
sample, where the incoming and refiected beam generate the interference pat
tem, described in equations 2.8 and 2.9. The periodicity of the interference 
pattem and thus the grating pitch can be controlled by tuning the angle of 
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Figure 4.4: Schematic representation of the laser setup, top view. 

48 

incidence of the laser beam with the sample normal, e. When larger pitches 
are required, e has to be increased. However, there is a limit since the glass 
plate tends to reflect the light when the angle exceeds 30°. The laser beam 
then needs to be be coupled into the sample via a prism. The prism is placed 
on top of the glass plate, with a contact liquid in between for matching the 
refractive indices. This way the angle e in formula 2.10 increases, and thus 
the pitch increases and reduces the total internal refiection between the prism 
and the glass plate. 

The intensity of the laser beam was set to 1.7 mW cm_2 , and the iliumi
nation time was 30s. After the interference pattem had been written, the 
samples were fiood exposed by 0.3 mW /cm_2 Philips " facial lamp" for 20 
min in order to fix the grating. 

The reflection gratings were analyzed by scanning electron microscopy (SEM) , 
from which the grating pitch was determined. Reflection gratings with 
pitches between 118 to 145 nm were produced (Figure 4.2). 

(a) 118 nm (b) 145 nm 

Figure 4.5: SEM images of reflection gratings prepared with holographic record
ing. 
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4.3 Analysis techniques 

4.3.1 Nuclear reaction analysis 

A possible way to study the formation of gratings is to measure concentratien 
differences in depth. The feasibility of nuclear reaction analysis is stuclied in 
this perspective. 

In nuclear reaction analysis (NRA) the preserree of an element in a sam
ple is detected through the radiation emitted from a nuclear reaction in the 
target produced by an irradiating ion beam. If long-lived radioactive nuclei 
are produced by the irradiation and detected afterwards, the method is called 
activatien analysis; if the radiation is emitted instantaneously, it is termed 
prompt radiation analysis. The latter is the subject of this section. 

For a nuclear reaction induced by ion beam bombardment (see Figure 4.6) 
the general notation X(a,b)Y is used. Here X is the target nucleus and a is 
the accelerated projectile. Y is the transformed nucleus and bis the reaction 
product leaving the sample which can be a"(, a or neutron. The energy re-
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Figure 4.6: Notation used in resonant reactions. 

leased or Q-value of the reaction is equivalent to the mass difference between 
reactants and products. 

( 4.1) 

The kinetic energy Eb of the emitted partiele with mass mb in the direction e 
of areaction induced by an incident partiele with mass ma and energy Ea is 
determined by the conservation of total energy and momentum, and in the 
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non-relativistic case is given by: [17] 

(402) 

where 

(403) 

(4.4) 

Equations 402, 403 and 4.4 show that Eb is characteristic of the reaction for 
a given energyo 
The specific nature of the reaction cross section, enables the possibility to 
detect specific isotopeso Either reaction products or gamma rays resulting 
from the nuclear reaction are detectedo Partiele detection can suffer from 
interference with the detection of scattered particleso Therefore usually re
actions are selected with a positive Q valueo The reaction products then 
generally have a large excess of kinetic energy often even above the energy of 
the incident ion beamo When gamma rays are detected these interferences are 
absent and the cross section and detector efficiency determine the sensitivityo 

Two different NRA-techniques can be distinguished: due to a sharp peak 
in the reaction cross section (Fig 0 4 0 7), resonant NRA can be used for depth 
profiling, whereas with non-resonant NRA this is not possibleo For resonant 

Figure 4. 7: Schematic representation of nuclear resonance profiling techniqueo 
15 N(p, c:q) 12C reaction at 60385 Me V, FWHM = 1.8 keVO 
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NRA the depth x at which a reaction occurs is: 

(Eo - Eres) cos e 
x= (~~) 

The yield from a thin layer of thickness dx is given by: 

Ed Ni 
dY; = NpO"(E)-

0
- N dx 

cos 1 

= N O"(E)~ Ni (dE) -1 dE 
P cos01 N dx 
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(4.5) 

(4.6) 

(4.7) 

NP is the number of projectiles, O"(E) the total reaction cross section, Ed the 
detector efficiency, N the atomie density of the material and Ni is the atomie 
density of the isotope of interest. (dE/dx) is the stopping in the film under 
investigation with thickness dx. Thus, by changing the projectile energy and 
choosing a reaction with a narrow resonance, the concentration of a certain 
isotope can be measured as a nmction of depth. 
The total yield at a specific beam energy is given by: 

Y; = J dY; = NpEd Ni (dE) -1 J O"(E)dE (4.8) 
cos01 N dx 

The stopping is assumed to be independent of E, and is therefore put outside 
the last integral. The total reaction cross section as function of energy is 
needed for absolute quantification. Sirree this is usually not a known quan
tity, the integral is measured with a standard of which overall composition 
and concentration of the isotope under study is known. 

Theoretically, reactions with alpha particles as projectile could have a bet
ter depth resolution, due to their higher stopping power. But, only few 
well-isolated resonances exist and are suitable for profiling, and the profiled 
depth is limited. 
Nitrogen is a label for the liquid crystal used in the samples in this study. 
The reaction 15 N(p, a'}') 12C at a projectile energy of 897 keV has a cross 
section of 800 mbarn and a resonance width of 1.7 keV. This reaction was 
chosen to investigate the feasibility for the depth profiling of nitrogen in a 
Bragg grating. 

4.3.2 Photo differential scanning calorimetry 

Method 

Differential scanning calmimetry (DSC) is a thermoanalytical technique in 
which the difference in the amount of heat required to increase the tem-
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perature of a sample and reference ( empty sample pan) are measured as a 
function of time. Both the sample and reference are maintained at the same 
temperature throughout the experiment. Samples are polymerized in the 
DSC. Upon polymerization less heat will need to flow to the sample than to 
the reference to maintain both at the same temperature. Assuming that the 
heat capacity of the sample remains constant, the heat flow is directly related 
to the C=C conversion. By observing the difference in heat flow between the 
sample and reference, differential scanning calorimeters are able to measure 
the amount of energy released during polymerization. 
With DSC it is thus possible to determine the reaction heat flow during 
photo-polymerization as a function of time, at a constant temperature. 

dH =V /::;.H -d[C = CJ 
dt 0 dt 

(4.9) 

In this way one can determine the exact number of C=C honds that has been 
converted until a certain point t in time. Here /::;.H0 is the apparent heat per 
C=C bond (78 kJ/mol for acrylates [18]), and V the reaction volume. From 
the area under the DSC curve, the reacted number of C=C honds can be 
determined. 

A(t) = 1t ~~ (t')dt' (4.10) 

The unreacted double bond concentration [C=CJ is given by: 

A A p 
[C = CJ = [C = C]o- V/::;.Ho = [C = C]a- /::;.Hom ( 4.11) 

with [C=CJo the initial double bond concentration, p the density and m the 
mass of the sample. 

Set-up 

Double bond conversions were measured using a Perkin Elmer Photo-DSC 
7, under nitrogen atmosphere to prevent oxygen inhibition of the initiation. 
The samples were photo-polymerized in the DSC with a braadband UV
source with a maximum intensity at a wavelength of 365 nm with shutter 
controL Sirree heat transfer has a finite rate, the DSC apparatus has a 
limited detection speed. If double bond conversion is too fast, the double 
bond conversion at a certain time will be underestimated. Therefore the 
reaction rate was lowered by decreasing the light intensity. An intensity of 
0.017 m W cm_2 was achieved by using a pinhole and a filter in front of the 
0.18 mW cm_ 2 UV-source. 
Photo-initiator concentration was 1 wt% for all DSC samples. Sample and 
reference pan were kept at constant temperature (isothermal) DSC. 
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Procedure 

The following procedure was used for each DSC experiment. The sample 
pan was placed in the DSC with UV-source on and shutter closed during 5 
minutes to obtain a thermal equilibrium in the DSC. 
Then the sample was irradiated for 10 minutes during which the sample poly
merized. During the experiment the differential heat flow rate to keep both 
samples at the same temperature was measured. Upon phase separation, a 
sample that initially was transparent becomes opaque due to the formation 
of liquid crystal dropiets in the polymer matrix. A microscope with camera 
was installed todetermine the time at which the sample became turbid. 
After these 10 minutes, the measurement was continued for another 5 min
utes during which the shutter was closed. During these last five minutes, 
no extra radicals are produced and the reaction has the time to terminate. 
Another advantage of the closed-shutter measuring time is that the samples 
have the time to reach equilibrium again, so that the baseline is more stable. 
The latter is necessary to correctly calculate the total heat transfer during 
the reaction. When determining the total heat, a time interval is chosen 
starting when the shutter opens and ending at the equilibrated baseline (see 
Figure 4.8). 
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Figure 4.8: Illustration of the importance of the choice of the time interval to 
determine the total heat flow during a DSC measurement. 
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4.3.3 Scanning electron microscopy 

High-resalution imaging of sample surfaces is carried out with a scanning 
electron microscope ( SEM). It uses high energy electrans (""' 50 ke V) in a 
focused beam to scan across a surface. The monochromatic beam of elec
trans is generated in an electron gun. Imaging is obtained by detecting 
backscattered electrans or secondary electrons. The farmer are produced by 
the elastic interactions between the sample and the incident electron beam. 
Secondary electrans are specimen electrans that obtain energy by inelastic 
collisions with beam electrons. A biased electron detector is used to convert 
the radiation of interest into an electric signal for manipulation and display. 
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Chapter 5 

Comparison model results 
experimental results 

5.1 DSC measurements 

5.1.1 DSC results 

55 

DSC measurements were carried out for different LC-monomer blend rat.ios 
at 20°C. The total heat released until phase separation occurred was de
termined with the procedure described in section 4.3.2. The double bond 
conversion was calculated from the area of the DSC-curve (equation 4.10). 
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Figure 5.1: Double bond conversion at phase separation for different LC concen
trations, UV intensity 0.017 mW cm-2 . 
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From the sample weight and the composition the number of unreacted dou
ble honds present before polymerization was calculated. 

The results for the double bond conversion at phase separation are shown 
in Fig. 5.1. On the x-axis the LC fraction is set out, on the y-axis are the 
fractions of double honds converted at phase separation. It is found that 
in mixtures with a low LC concentration, phase separation takes place at 
high C=C conversion (25 % for 34 wt% LC). Below 32 wt% liquid crystal, 
no phase separation is observed. This lower limit for the LC concentration 
agrees with the solubility limit found in the phase separation simulation, the 
lowest LC content for which liquid components separate from the matrix 
phase. It gives a first indication that the model results are plausible. 

For high LC concentration phase separation occurs very rapidly after open
ing the shutter, at a low C=C conversion. Accordingly, the time of phase 
separation is very hard to image with the microscope, sirree it happens so 
fast. Moreover, the limited measurement rate of the DSC further limits the 
determination of the heat at phase separation for sample with a high LC 
concentration. Therefore the points measured for the 60-80 wt% LC concen
tration are questionable. 

5.1.2 Double bond conversion vs. monomer conver-. 
SIOn 

To enable the comparison of model results with DSC measurements, a rela
tionship between the double bond conversion and the morromer conversion 
needs to be established. A theoretica! probability model descrihing this re
lationship for mono- and di-acrylates is summarized below. 

The double bond conversion is denoted as x, M is the probability that a 
morromer has not reacted at conversion x. P is the probability for a morromer 
to be incorporated in the polymer chain at conversion x, which is equivalent 
to the morromer conversion as defined in section 2.3. For a mono-acrylate, 
M equals (1-x), P = 1 -(1-x) = x. For a di-acrylate, M = (1-x) 2 and P = 1 
- (1-x)2

. These expressions are only valid when all double honds are equally 
likely to react. In a cross-linking system this is no langer the case. 

Therefore, an attempt was made to determine morromer conversion experi
mentally. The total heat at the end of the measurement was analyzed, to 
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obtain the total C=C conversion when the polymerization was completed. 
Results of this are shown in Fig. 5.2. 
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Figure 5.2: Double bond conversion after 10 minutes UV-exposure, for different 
LC concentrations, UV intensity 0.017 mW cm-2

. 

It was found that the double bond conversion at the end of the DSC measure
ment was around 30% for all compositions. The values for the double bond 
conversion both at phase separation and at the end of the DSC measurement 
are displayed in table 5.1 

Table 5.1: Double bond conversion at phase separation and after 10 minutes 
exposure. 

LC content C=C at PS C=C at end 
(wt%) (%) (%) 

30 0 (no ps) 33.4 
32 28.4 32.7 
34 24.4 31.7 
36 21.2 33.8 
40 14.8 34.9 
50 5.6 31.5 
60 3.3 32.7 
80 2.7 19.3 

The non-reacted morromers and the liquid crystals were washed out from the 
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DSC samples using solvents. Weak solvents: hexane, cyclohexane, cyclohe
xanon and methanol were used to prevent damage to the polymer. Samples 
were immersed in the solvents for 30 minutes up to 2 hours. Afterwards 
the solvent was evaporated by heating the sample to 70oC on a hot plate. 
A micro-scale balance was used for weighing the samples before and after 
washing. 
The amount of monomer present before the washing can be calculated from 
the initial weight before washing. Dividing the weight of the polymer after 
the washing procedure by the initial weight gives the monomer conversion 
(er), assuming that the residue after washing only consists of polymer. The 
monomer conversions obtained by this method are shown in table 5.2. 

Table 5.2: Monomer conversion obtained from residue after washing out liquid 
compounds. 

LC content monomer conversion C=C conversion C=C per morromer 
(wt%) (%) (%) 

30 93.5 34.3 1.4 
30 90.8 35.5 1.5 
40 79.7 32.2 1.5 
40 97.7 31.3 1.2 

It was found that at the end of the DSC measurement on average 1.4 double 
bond per monomer had reacted. Consiclering the average functionality of 3.8 
doublebondsper monomer, less than half of the doublebondsper monomer 
did react. It was expected that this value would be larger, or rather the 
monomer conversion was expected to be lower. 

Two reasons can be found for the high morromer conversion at the end of 
the DSC measurement. The number of double bonds reacted per morromer 
has to be considered as a lower limit. If the solvent does not dissolve the 
morromers and LCs completely, the residue still contains morromers or liquid 
crystal molecules. Morromers and liquid crystals are trapped in the polymer 
matrix, leading to an overestimation of the polymer content, which leads in 
turn to a too high monomer conversion. This overestimation of the monomer 
conversion gives an underestimation of the average number of double bonds 
reacted per monomer. Also, since the reaction can continue after the exper
iment has been stopped, the exact double bond conversion could be slightly 
higher than the conversion measured with DSC. However this is expected to 
be a small effect since the samples are brought into air that inhibits further 
reaction due to its oxygen content. 
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Table 5.3: Calculation of monoroer conversion at phase separation, comparison 
experiment-model. 

LC content C=C conv. experimental PS-model 
morromer conversion morromer conversion 

(wt%) (%) (%) (%) 
32 28.36 53.88 89.71 
34 24.37 46.29 87.88 
36 21.15 40.19 87.50 
40 14.76 28.04 81.67 
45 4.86 9.23 63.64 
50 5.60 10.64 40.00 
60 3.34 6.34 60.00 
80 2.71 5.16 30.00 

Secondly, for a system that auto-accelerates after gelation, the polymer chains 
loose their ditfusion mobility very rapidly. Consequently they can not ter
minate, and the pendant (non-reacted) double bonds have a much lower 
probability to react. After gelation, most morromers react fi.rst with one dou
ble bond and the pendant double bonds will react much slower. 

Taking above discussion into account, the experimentally determined value 
of 1.4 double bonds reacted per molecule can be considered low. Therefore 
the morromer conversion was treated as if the morromers were di-acrylates. 
The expression relating the morromer conversion to the double bond conver
sion discussed earlier in this chapter was used. 
The morromer conversion at phase separation was both determined experi
mentally by washing out the unreacted morromers and LCs, and predicted 
by the di-acrylate approximation. The results are listed in Table 5.3: The 
results for the morromer conversion at phase separation from the modeland 
from the DSC measurements are compared in Figure 5.3: 

From the figure it can be seen that the morromer conversion predicted by the 
phase separation model is much higher than the morromer conversion cal
culated with the di-acrylate approximation on the experimentally measured 
double bond conversion from the DSC measurement. Sirree the real func
tionality of the morromers is 3.8 double bonds per molecule, the di-acrylate 
approximation gives an underestimation of the morromer conversion. 
The discontinuities at 50 wt% LC for the experimental values and at 60 
wt%LC for the model are explained by the transition from a liquid phase 
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Figure 5.3: Monomer conversion calculated by phase separation model (red) and 
experimentally determined monomer conversion at phase separation (black). 

that is isotropie to a liquid phase that is nematic. Since the discontinuity 
lies at different LC concentrations for the measured and the predicted con
version, and with the knowledge that changes in the interaction parameter 
and the network efficiency factor shift the phase separation line to other con
versions at phase separation, it can be understood that these two parameters 
could be used to fit the results of the phase separation model with the ex
perimentally determined phase separation line (from the DSC results). The 
interaction parameter was determined to be 0.46 in this way. 

In the region of interest, for the low LC concentrations in Figure 5.3, the 
relationship between LC concentration and monomer conversion at phase 
separation is linear for both the experiment and the model. The difference in 
slope can be explained by the approximation for the relation C=C conversion 
- monomer conversion. If the functionality of the morromers is higher, the 
slope of the measured conversion will be steeper. 
Therefore, it is concluded that the results of the model are satisfying, but 
that a more realistic way to couvert double bond conversion into monomer 
conversion needs to be found. 
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5.2 SEM measurements 

To verify whether the predicted depth at which phase separation starts ac
cording to the model is in agreement with the experiments, scanning electron 
microscopy measurements were performed. Cross sections of holographically 
recorded Bragg gratings were prepared by breaking the samples under liquid 
nitrogen environment foliowed by washing out the LCs with methanol. A 
layer of 10 nm gold was sputtered onto the cross section to prevent charging 
of the polymer by the electron beam. 

When phase separation starts at different depths, e.g. due to a change in the 
initial composition, light intensity, etc., the relative layer thicknesses of the 
polymer layer and the LC layer will differ. Therefore, these relative thick
nesses can be used to verify the predictions of the model. 
Measurements of the periodicity showed that refl.ection gratings with pitches 
between 118 to 145 nm were produced. However, the layer thickness is not 
trivial to determine, especially sirree the layers formed by holographic expo
sure were not completely homogeneous, and differed in the order of nanome
ters. 

Instead it was chosen to investigate the layer formation by varying compo
sitions and curing intensities. It was found that increased intensity resulted 
in optically transparent H-PDLCs, without layers. These are logica! results 
sirree a higher intensity gives a higher reaction rate, creating less time for dif
fusion. Therefore, the reaction-propagation line is a straight horizontal line, 
the same for all depths of the sample and the situation before the recording 
is frozen in. 
Higher liquid crystal content did neither lead to the formation of layers. More 
liquid crystal means that the reaction-propagation line is shifted upwards in 
the conversion-phase diagram. Both high and low intensity regions will come 
to a composition on the phase separation line at some time. Therefore phase 
separation takes place throughout the whole sample. 
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A model descrihing the phase separation behavior of holography and choleste
ric mixtures is proposed, tagether with an adapted version of Christian 
Leewis' reaction-diffusion model. Infiuences of isotropie mixing, network 
elasticity and nematic ordering, contributing both to phase separation and 
to diffusion through their contribution to the chemical potential were inves
tigated. 

When consiclering only the isotropie mixing described by Flory-Huggins, ne
glecting the interaction enthalpy between polymer and morromer, and as
suming the other interactions equal, no phase separation is predicted by the 
model. Introducing a small difference in the intermolecular interactions be
tween monomer-LC and polymer-LC, does lead to phase separation, although 
this was found to be a very small effect. 

However, the elasticity of a densely cross-linked network was found to induce 
phase separation. An elastic network squeezes out the liquid components, en
hancing the phase separation. Investigating the effect of the Flory-Huggins 
interaction term showed that the strength of this interaction has a significant 
infiuence on the phase separation. Weaker interactions, refiected by a higher 
interaction parameter x, between LC and the two other components decrease 
the solubility limit, i.e. the highest concentration of LC for which no phase 
separation can occur. Increasing the interaction parameter x shifts the line 
downward, which means that for stronger interactions phase separation will 
take place at a lower conversion. Consequently, the value of the x parame
ter can be obtained by fitting the model with experimental results. For the 
holography system the value of chi was determined to be 0.46. 
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The network efficiency factor, accounting for the elastically inactive chains, 
was also investigated. Less elastic networks squeeze out the liquid com
ponents less hard with the result that the phase separation line is shifted 
upwards. Consequently, the network efficiency factor can also be used as a 
fit parameter by camparing the model with experimental results. 

Nematic ordering of the liquid crystal in holography mixtures introduces a 
new state of the liquid phase, in which the liquid crystal is in the nematic or
dered phase. For binary nematic systems like the cholesteric self-stratification 
systems a single phase separation line was found. 

By combining the phase separation model and the reaction-diffusion model, 
the onset of phase separation in a holography sample (70:30 monomer:LC, 
150 nm pitch, 1.7 mW cm-2 , at room temperature, 30s illumination) was 
estimated on 39 nm from the intensity maxima in the interference pattern. 

DSC and SEM measurements were conducted to campare the rnadeling re
sults with actual conversions at phase separation. The accuracy of the poly
mer layer thicknesses measured with SEM was low, due to the gradual onset 
of phase separation in depth which does not provide a clear boundary be
tween the LC layer and the polymer films. However, SEM images showeà 
that when layer formation was predicted by the model, the holographic sam
ples did have a layered structure. 
We encountered some difficulties to find a correct relationship between double 
bond conversion and monomer conversionfora heavily cross-linking system 
as the holography system is. Gelation is the main cause that rnanamers loose 
their mobility to diffuse to reaction sites during the polymerization. There
fore the experimentally measured average number of double bands reacted 
per monomermolecule was lower than expected from a cross-linking system. 
Calculating the monomer conversion from double bond conversion using the 
di-acrylate model resulted in the underestimation of the monomer conver
sion. Comparison with results of the model showed that the general trend 
for the conversions at phase separation of the model agrees with the trend of 
the measured conversions. However, the phase separation line that was de
termined experimentally showed a shift with respect to the results from the 
phase separation model. The interaction parameter and network factor can 
be used to fit the model to experimental results. Absolute volume fractions 
however do not agree due to the di-acrylate approximation for the monomer 
conversion. 
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Recommendations for future work: 

First of all, the relationship between morromer conversion and double bond 
conversion for the holographic mixture should be established. Experimen
tally this can be dorre by washing out the un-reacted morromers and LCs 
from the polymer (as dorre in this study). However, sirree the morromer 
conversion after extraction was unexpectedly high, it can be supposed that 
the morromers and LCs were not successfully washed away. This could be 
checked with FTIR measurements on the residue, sirree the LCs are marked 
by the cyano group and the morromers by the un-reacted acrylate group. In 
the case that morromers and LCs still are present in the polymer, we suggest 
longer extraction times (e.g. weeks) in the weak solvents mentioned in section 
5.1.2, or even stronger solvents, as long as the polymer does not get damaged. 

Layered structures have not yet been obtained by cholesteric self-stratification. 
The phase separation line for a mixture of a nematic liquid crystalline di
acrylate and a non-reactive liquid crystal has a shape comparable to the 
holographic system, for temperatures between T ni (LC) and T ni (M). There
fore, it is suggested that molecules with significantly different T ni (LC) and 
Tni(M) are chosen and that experiments are performed at a temperature in 
between. 
Also, a balance between the reaction rate and diffusion rate also needs to 
be established. Sirree diffusion for nematic liquid crystals in the direction 
perpendicular to their long axis, in depth of the sample, is around 10 times 
slower than diffusion along the long axis. To allow phase separation to create 
layers in depth, the diffusion has to be increased, either by increasing the dif
fusion rater or by decreasing the polymerization rate allowing more time for 
diffusion to the liquid components. The diffusion rate can be increased by 
elevating the temperature (to just below the clearing temperature), which 
will enhance the mobility of LC and monomers. A more efficient way to 
decrease the polymerization rate is by decreasing the intensity of the curing 
linearly polarized UV-light. 

To verify the formation of layers and the relative layer thicknesses, the depth 
profile of the liquid crystal and polymer concentrabon can be studied. Con
centration differences in LC between polymer layers and LC layers are ex
pected to be in the order of 40%-60%. Therefore, secondary ion mass spee
trometry (SIMS) could be useful to do molecular depth profiling in the Bragg 
gratings. A feasibility study to use nuclear reaction analysis for this purpose 
is presented in the appendix. 
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In order to characterize the efficiency of phase separation in confined layers, 
it would be useful to measure the concentration of liquid crystal as function of 
depth. In a mixture of liquid crystalline morromers and liquid crystals, only 
the LC component contains N atoms. Thus, by determining the nitrogen 
concentration depth profile, the distribution of liquid crystal throughout a 
grating can be investigated. In this section NRA is stuclied as a possible 
methad to achieve a nitrogen depth profile in a polymer matrix. 

A.l Selection of the reaction 

In table A.l the resonant (p,cq') reactions of nitrogen with protons within the 
singletrou energy range are shown. EP is the proton energy, er the reaction 
cross section. Eî' is the energy of the gamma photon emitted upon reaction 
[19]. 
For depth profiling two characteristics are of importance, the resonance width 
and the reaction cross section. A narrow resonance will give a thin excited 
layer, while a high cross section will give a high yield. An interesting eaudi
date for NRA is found in the 15 N(p, ct1') 12C reaction at 897 keV. lts width of 
1.7 keV will give an excited layer in the order of 50 nm thickness. With a er 
of 800 mbarn the reaction has a rather high probability. With equations 4.2 
and ?? the energy of the emitted alpha particles can be determined. First, 
the Q-value of the reaction has to be calculated. Writing the reaction as 
15 N(p, ct1') 12C, and subtracting the energy of the emitted gamma photon 
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Table A.l: (p,1) and (p,cq) nitrogen resonances. 

Resonance 
EP CJ (mb) FWHM E-r Relative 

Reaction (keV) or S (eV) (keV) (Me V) intensity 
15 N(p, cq)12c 429 300 0.12 4.43 100 
15 N(p, l)160 429 0.001 0.12 6.40 60 

6.13 60 
15 N(p, l)160 710 40 6.72 
15 N(p, cq)12c 897 800 1.7 4.43 100 
15 N(p, cq)12c 1028 15 140 4.43 100 
15 N(p, 1 )160 1028 1 140 13.09 ""'100 
14N(p, 1 )150 1058 0.37 3.9 8.28 53 

5.24 42 
3.04 42 

15 N(p, cq)12c 1210 425 22.5 4.43 100 
14N(p, 1 )150 1550 0.09eV 34 6.18 36 

5.18 64 
15 N(p, cq)12c 1640 340 68 4.43 100 
14N(p, 1 )150 1742 0.16eV 3.5 8.92 50 

0.06eV 8 5.18 39 
14N(p, 1 )150 1806 0.52 4.2 8.98 94 
15 N(p, c:q)12c 1979 35 23 4.43 100 

this gives: 

Then, the alpha energy is: 
Ea = 420 keV (A.2) 

A.2 Experimental set up 

A.2.1 Accelerator set up 

The Eindhoven 3.5 MV Singletrou accelerator built by High Voltage Engi
neering Europe (HVEE), depicted in Figure A.1, is used to produce the 900 
ke V proton beam. An RF oscillating probe current produces a hydragen or 
helium plasma in a souree at the high voltage terminal of the acceleration 
tube. Protons are injected into the acceleration tube by the combination 
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of an eÀ-traction voltage and a probe voltage and accelerated by the termi
nal voltage (TV). The beam then passes an analyzing (or energy-selecting) 
90 degrees magnet. A switching magnet enables the operator to select the 
requested beam line. In the beam line used for these experiments, four 
quadrupoles, placed just before the vacuum chamber, perfarm the final fo
cussing. Two sets of slits, the object slit and the aperture slit take care of the 
object size and the beam current. The last stage is a scanning magnet which 
allows to scan over the sample with a minimum stepsize of 75 nm. At four 
positions in the beam line Faraday cups are installed to measure the beam 
current. The target chamber, shown in Figure A.2 contains the target wheel, 
that has eight sample positions. The TueDacs software controls the stepper 
motor for x-y translation and the rotation stage of the target wheel with a 
respective resolution of 2/-Lm and 0.001 degree. The beam is visualized on a 
fluorescent ceramic, placed on one of the positions of the target wheel. A 
cross wire on another position is used to define the origin - or zero-position 
of the beam. Furthermore, the vacuum chamber contains four detectors. A 
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Figure A.2: Target chamber of the microbeam line, top view. 

Si(Li)-detector for PIXE measurements placed at 135 degrees, a passivated 
implanted planar silicon (PIPS) detectors at 147 and 45 degrees for scatter
ing experiments, are used for the detection of reaction products. An n-type 
Ge detector is at an angle of 90 degrees, with solid angle times efficiency of 
about 0.1 msr for the detection of gammas from NRA. 

A.2.2 Detectors 

Gamma detection 

The detector used for the detection of gamma photons is a Canberra GR1520, 
that is reverse biased with a voltage of 4500 volts. The geometry is a coaxial 
open end, closed end facing window, with a window diameter of 47.5 mm, 
lengthof 43.5 mm and a distance from the window (outside) of 5 mm. lts 
depletion voltage is -3000 Volts DC. Calibration of the detection system was 
carried out using 137Cs and 6°Co reference gamma sourees with respective 
emission lines of 662, 1173 and 1332 keV. In this way a calibration curve for 
the channel-energy relation was obtained. 

Partiele detection 

Apart from measuring the photons emitted during the reaction also the reac
tion products, alpha particles in this case, can be detected. For this purpose, 
either a standard PIPS and or a thin film Si detector placed at 14 7 degrees 
with the sample normal were used. The thin film detector has the advantage 
that scattered protons (800 keV protons deposit 230 keV in the Si layer) can 
be discriminated very easily sirree they appear at the low energy side of the 
spectrum. 
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For the thin film detector, a high capacity preamplifier of the type Ortec 
142C for capacities of more than 400 pF was installed for impedance match
ing purposes. Since the detector thickness is only 5 f-LID, applying a positive 
bias voltage of 10 V is sufficient for a depletion layer thickness equal to the 
thickness of the detector. A 241 Am244Cm alpha-emitter, with alpha energies 
of 5.443, 5.486, 5.779 and 5.805 MeV was firstly used totest the device, and 
later for calibration. Alpha particles emitted by this souree deposit between 
630 and 667 keV in the 5 pm Si, while 420 keV alphas will be completely 
stopped in the Si layer. These energies are similar, so the AmCm a-source 
is appropriate to use for calibration. 

A standard backscatter detector was also used for detection of a-particles. 
Energy calibration of the detection system was carried out with a 10 f-LID thick 
polycarbonate foil coated with a 100 Ángströms thick nickellayer. Interpre
tation of these spectra is simpler, since all particles are completely stopped 
in the detector. Consequently, the energy in the spectrum equals the full 
energy of the detected particle. 

A.3 Samples 

A sample with 80 nm Si3N4 deposited by low pressure chemical vapor depo
sition (LPCVD) on a Si wafer was available in the accelerator lab. A test 
sample with a thicker layer of Si3N4 was prepared with the help of the ex
perimental plasma physics group at the department of applied physics of the 
TU je: by plasma deposition, an 800 nm Si3 N4 layer was deposited on a Si 
wafer. The density ofSi3 N4 is 3.44 g/cm3 , its rnalar weight is 140.286 gjmole. 

In addition, a nitrogen-containing polymer layer of 20 f-LID on a Si wafer 
was prepared by doctor blading. The polymer has an approximate density 
of 1 gjcm3 and an approximate stopping power of 2.8 eV / Ángström. 

A.4 Estimated {-yield 

The estimated gamma yield was calculated for the 800 nm Si3N4 layer. 
The stopping power of Si3N4 for an 897 keV proton is 6.889 eV / Ángström. 
This implies that the resonance width of 1. 7 ke V (FWHM) corresponds to 
a layer thickness of 24.7 nm. The areal density N atoms in such a layer is 
1.43 1017 atoms/cm2 . However, the target isotape of the selected reaction 
is 15 N, which has a natural abundance of 0.366%. Thus the areal density 
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of 15 N excited by the resonant reaction is 5.234 1016 atoms/cm2 . Gamma 
rays traveling through matter are attenuated by the sample. Since the de
tector is placed behind the sample, the transmission of the Si wafer needs 
to betaken into account. However, for 4.43 MeV gammas the transmission 
of 2 mm Si is 100%. With an incident beam current of 200 nA ( = 1.25 
1012 protons / second) , a solid angle times detector efficiency of 0.1 msr [ 11] 
and assuming that the r's are emitted isotropically, the number of detected 
gamma photons can be calculated with equation 4.7. For measurement with 
a duration of 15 minutes: 

y = 5.234.1016 0.8.10-24 1.25.1012 900 0.1.10-3 

= 471 counts 

A.5 Results and discussion 

A.5.1 Gamma detection 

(A.3) 

(A.4) 

The first attempt to detect nitrogen in the 800 nm Si3 N4 sample was per
formed with a proton beam optimized on a terminal voltage of 900 kV. After 
energy calibration of the Ge-detector, the spectrum shown in Figure A.3 was 
measured. The low energy peaks result from background radiation, and were 
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Figure A.3: Total gamma spectrum from 900 keV protons NRA experiment on 
800 nm Si3N4 on Si wafer. 

also found in the calibration spectra. The peak at 1.77 MeV is a peak from 
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the 27 Al(p, 1')28Si reaction in the aJuminurn sample holder. Enlarging the 
high-energy si de of the spectrum shows the 4430 ke V gamma peak from the 
15 N(p, cq) 12C reaction (Fig.A.4). In 15 minutes, 450 gamma photons were 
detected, which corresponds to the expected yield (equation A.4). The low 
detector efficiency at high energies causes the peak to be a continuurn from 
4400 ke V to 4460 ke V. 
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Figure A.4: 900 keV proton NRA on 800 nm Si3N4 on Si wafer, 4300-4500 keV 
gamma energy. 

Since polymers on average have a stopping power of 2.5 eV / Ángström for 900 
ke V protons, the layer that is excited by the proton beam has a thickness of 
around 70 nm. The areal density of 15N atoms in an excited cyano-polymer 
layer is then 600 times lower than the 15 N density in Si3N4 . This low concen
tration implies that the expected gamma yield from a polymer sample will 
be 600 times lower than the yield from Si3N 4 . During a measurement of 1 
hour, 3 gamma photons detected can be expected. This is a very low yield, 
and consiclering the radiation damage due to the high power density of 288 
kW cm-2 , not a realistic option. 

A. 5. 2 Depth profile 

In order to measure a depth profile of nitrogen, the beam energy needs to 
be changed in small steps. The procedure for changing the beam energy was 
as follows: for stability reasons (warming up of the tank) the starting TV 
was 950 kV. Subsequently, the terminal voltage was lowered to a new level, 
whereafter the beam current on Faraday cup 4.2 was optimized by adjusting 
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the 90 degree analyzing magnet, the switching magnet and the magnets in 
the microbeam line. 

At each depth a measurement with a duration of 50 minutes was performed. 
The resulting gamma-yield per proton energy is shown in graph A.5. Note 
that the energy on the x-axis is actually the terminal voltage setting, which is 
an indication of the actual beam energy. In the present set-up, it is not pos
sible to measure the exact beam energy. On the y-axis the normalized yield 
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Figure A.5: Depth profile of 800 nm Si3N4 on Si wafer, abtairred with gamma 
detection from the 15 N(p, 0:')') 12C reaction. 

is set out. Since the beam current could not be tuned to exactly the same 
value for each experiment, each yield is normalized with respect to beam 
current. The error bars represent the error caused by background, which is 
the square root of the number of counts. 
This experiment showed that the yield was high enough to detect a con
centration gradient in depth of this sample. However, with a more efficient 
detection method, smaller differences in concentration could be detected. 

A.5.3 Partiele detection 

Figure A.6 shows the RBS-spectrum of an NRA experiment using 900 keV 
protons on the 800 nm Si3N4 sample. On the x-axis the energy of the de
tected particles is set out, on the y-axis the yield. From zero to 900 ke V, 
protons scattered from Si and N are measured. Between 900 ke V and 2 Me V, 
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pile up due to the high beam current appears. Up to 420 keV the alpha par
ticles from the (p,a')') reaction are expected. The background of scattered 
particles interferes with the detection of the alpha particles originating from 
the 15 N(p, al') 12C reaction. 

Between 3.4 and 3.7 Me V, particles were detected. Since the energy of these 
particles is higher than the projectile energy, they cannot be attributed to 
scattered protons. In the 12 11m cyano-polymer sample, a similar effect was 
observed. Particles with an energy between 2. 7 and 3. 7 Me V (Figure A. 7) 
were found. 

Since the only common element of the two stuclied samples is nitrogen, these 
particles need to originate from a nuclear reaction on nitrogen. The non
resonant 15 N(p,a) 12C, which has a high cross section (314mb) [20] for inci
dent protons of 900 keV. This non-resonant reaction takes place throughout 
the whole 800 nm thick Si3 N4 layer, producing a relatively high yield ( esti
mated 5322 counts). Since 3 MeV alpha particles and 420 keV alphas (down 
to 0 ke V alphas) will deposit the same energy in a thin film detector of 5 11m 
thick Si, using a thin film detector with inherently a poor energy resolution 
resulted in continuous spectra in which no peaks can be distinguished. 
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Figure A.6: RBS spectrum of a 900 keV protons NRA experiment on 800 nm 
Si3N 4 on Si wafer. 
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Figure A. 7: RBS spectrum of NRA experiment, 900 keV protons on 12 f..Lm 
CN-polymer on Si wafer. 
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A.6 Conclusions 

NRA was studied for the purpose of nitrogen dcpth profiling in polymer-LC 
Bragg gratings. 
For a test sample of 800 nm Si3N4 on Si, gammas produced by the reaction 
15 N(p, c:t')') 12C were detected. By increasing the projectile energy, the reac
tion will occur deeper in the sample. It was shown that a depth profile of 
nitrogen in the model sample could be measured with this gamma detection. 

Partiele detection was investigated as a more efficient detection method. Al
pha particles of 420 keV have a range of around 800 nm in Si3N4 . Thus, 
800 nm is the the maximum depth that can be profiled using partiele de
tection. This is in contrast with gamma detection, for which the depth has 
no limit due to their 100% transmission in Si3 N4 and Si. Leaving the latter 
out of consideration, another complication was encountered. Interferences of 
non-resonant (p,a) reactions on nitrogen were observed. Another detection 
option for the particles would be using a thin film detector, but due to the 
bad energy resolution and the interferences, this was not a suitable methad 
to detect the alpha particles. 
So, nitrogen depth profiling with the 15 N(p, c:t')') 12C is possible for the Si3 N4 

test sample, given that the gammas are detected. 

Polymers on average have a stopping power of 2.5 eV / Ángström, three times 
lower than Si3N4 , giving an excited layer that is three times as thick, decreas
ing the depth resolution significantly. This could partially be overcome by 
tilting the sample with respect to the incident beam, increasing the effective 
pathof the projectiles in the sample. In addition, the nitrogen concentration 
in E7, the liquid crystal containing the cyano-group, is much lower than in 
Si3N4 , where it is higher than 1:2. Taking this into account, a factor 600 less 
yield can be expected from a polymer sample. With concentrabon differences 
between layers of 40-60 %, measurement times would need to be long time 
(in the order of 4-5 hours per measured depth) to get reasonable statistics. 
Irradiating fora long time with a power density of 288 kW cm-2 will result in 
significant radiation damage to the polymer without cooling. Furthermore, 
the liquid crystal is a liquid, which will easily evaparate in the high vacuum 
of the target chamber. A cryogenic stage, and capping of the sample with 
an evaporation barrier, e.g. polyvinylalcohol, to prevent the latter, would be 
necessary to overcome these problem. 

Another difficulty is to tune the beam energy to measure at the wanted 
depth. The projectile energy can only estimated roughly with the terminal 
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voltage value and the setting of the analyzing magnet. Secondly, changing 
the beam energy is a rather time-consuming occupation. A bias voltage on 
the sample could be a salution to this. 

So, the answer to the question whether N-NRA is a suitable methad for ni
trogen depth profiling in polymer-LC systems is: no. Consiclering the small 
differences in concentration, and the low gamma yield of the liquid crys
tal, nuclear reaction analysis is nat accurate enough to accomplish a depth 
profile. 
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