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Abstract

Line edge roughness (LER) is one of the major impediments to the semiconductor industry
achieving the desired device performance and satisfying the goals set by International Technology
Roadmap for Semiconductor (ITRS). LER is defined as any sort of unwanted roughness in
semiconductor features, and among many other factors, structural heterogeneity of the photoresist
materials is one of the sources of LER in photolithographic devices. This gives the motivation to
study a new class of copolymer named ‘gradient copolymer’, which is unique in terms of the
copolymer chain structure. The copolymer composition of gradient copolymers changes from one
end of the chain to the other gradually, while the copolymer composition is on average constant
along the chains for conventional statistical copolymers. In contrast, block copolymers show an
abrupt switch in the polymer composition. In this study, statistical, block and gradient copolymers
have been synthesized for two different monomer pairs (styrene — acrylonitrile and hydroxystyrene
— t-butyl acrylate) using reversible addition-fragmentation chain transfer (RAFT) and conventional
radical polymerization (CvRP) method, and their surface properties extensively studied.

The kinetics of copolymerization of styrene (St) and acrylonitrile (AN) by RAFT method was
studied in detail. Reactivity ratios of St and AN were determined for nine different feed
compositions for RAFT, and the effect of solvent on reactivity ratios was discussed based on the
bootstrap model. Batch polymerization of styrene (St) and acrylonitrile (AN) yielded statistical and
spontaneous gradient copolymers depending on the monomer feed ratio, and the chain structures
were confirmed from the change in the copolymer composition. St- and AN-centered triad
distributions were determined using quantitative *3C NMR. Using the continuous feeding approach,
forced gradient St-AN copolymers were prepared, and St-block-AN copolymers synthesized by the
chain extension method. Statistical, gradient and block copolymers have also been synthesized for
the acetoxystyrene — t-butyl acrylate monomer system. The statistical and gradient structures were
confirmed from the change in the composition since this pair does not provide any well resolved
peaks for different triad sequences in 3C NMR. Hydroxystyrene — t-butyl acrylate (HOST-tBA)
copolymers were prepared by selective hydrolysis of 4-acetoxystyrene — t-butyl acrylate (AOST-

tBA) copolymers.

The properties of the both copolymer systems were found to be strongly dependent on the

copolymer structure. A unique broad glass transition was observed for the gradient copolymers,

which is different from behaviour of the statistical and block copolymers. Surface properties of St-

AN statistical, gradient and block copolymer thin films were found to be very different due to the
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differences in their structure. X-ray photoelectron spectroscopy (XPS) and surface free energy
studies suggest strong phase segregation for the block copolymer and the statistical copolymers do
not show any phase segregation. However, the extent of phase segregation in gradient copolymer
thin films was found to be intermediate of those of block and statistical copolymer thin films.
However, the effect of structural differences on thin film properties was not as significant for the
HOST-tBA system. Grazing angle attenuated total reflectance Fourier transform infra-red (GATR-
FTIR) studies provided detailed information on extent of hydrogen bonding in the HOST-tBA
copolymer thin films. The proportion of ‘free’ and hydrogen bonded carbonyl groups was
quantified from the IR spectra and found to be in good agreement with the structure of HOST-tBA

statistical, gradient and block copolymers.

Overall, the study provided important information on the effect of chain sequence distribution on

the properties of thin polymeric films. The implications for lithographic applications is discussed.
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Chapter 1: Introduction

1.1 Line Edge Roughness (LER)

In microelectronics technology, semiconductor feature size continues to decrease and is moving
down to sub-20 nm scales so as to produce high energy-efficient and high-density data storage
devices. As the device size enters into the sub-100 nm range, Line Edge Roughness (LER) or line
width roughness (LWR) does not scale accordingly and has become a major problem in realization
of small feature sizes. LER is any unwanted roughness in the semiconductor feature, on the order of
several nanometres and has adverse effects on device performance [1]. In early technologies, the
ratio of LER to the device dimension was very low and did not have any significant effect on device
performance. However, as the devices are becoming smaller and roughness of the devices remains
almost unchanged, the ratio of LER to the device dimension increases and this affects the
performance of the device [2]. Therefore, LER puts a limit in effectively achieving minimum
feature size and maximum circuit density. Extensive studies have been made to identify the sources
of LER and to suggest methods of remediation of LER, to achieve the goals set by International

Technology Roadmap for Semiconductor (ITRS) [3-12].

Figure-1.1: 3D model of resist LER generated by simplified Monte Carlo simulation (SMC)
method [3]. The X-Y plane corresponds to the resist surface, the Z-axis is along the resist depth

dimension which shows surface roughness. Just to check.
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1.1.1 The Sources of LER

Since photolithography involves a complicated series of steps, it is difficult to assign a particular
step or factor as the overriding source of LER. In the last couple of decades, a number of studies
have attempted to isolate and describe the factors affecting resist LER in photolithography. It has
been reported that almost all the materials and process parameters involved in photolithography
affect LER [5]. Some of the factors found to be affecting the roughness include polymer structure,
molecular weight and molecular weight dispersity [13-15], acid diffusion [16, 17], development
time and developer concentration [18, 19], the quality of aerial image contrast [5, 20, 21], roughness

transferred from the patterning tool [22, 23], the types of resist materials [8, 24].

Several studies have been reported on the effect of molecular weight and molecular weight
distribution of polymer molecules on LER [13-15, 25]. The surface roughness was found to increase
with molecular weight due to the larger size of aggregates protruding from the surface as a result of
development process [13]. Therefore, it was expected that LER for low molecular weight resists
would be smaller than that of high molecular weight resist, assuming that the size of a single
polymer molecule determines the LER. Yamaguchi and co-workers [13, 14] investigated the effect
of resist molecular weight on LER and found results contrary to the expectations. In their study,
they have quantified LER from AFM images of the feature sidewalls for resists with four different
molecular weights and molecular weight dispersity. LER changes with various extents of defocus
depended on the resist molecular weight and larger LER was found for low molecular weight resists
than a high molecular weight resist. Kozawa and co-workers [15] also studied the dependence of the
resist molecular weight on LER at three exposure dose ranging from 10 to 30 mJ cm2, and in each
case LER was found to be decreasing with increase in molecular weight.
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Figure-1.2: Molecular weight dependence of LER. The solid lines were calculated by assuming the
monodisperse polymer as an initial condition. The dashed lines were calculated by assuming the

randomly protected polymer as an initial condition. The protection ratio was 30% [15].

The intrinsic edge roughness of the mask was found to be one of the sources of LER, which can be
transferred to the resist features [22, 26]. The sidewall roughness of a mask contributing to the
overall LER measured with Atomic Force Microscopy (AFM) was found to be in between 2.7 to 3.0

nm rms, though the value depends on particular masks [22].

Sanchez et al. [20] studied the influence of aerial image contrast (AIC) on photoresists LER for a
diverse set of high contrast photoresist materials by varying AIC in a systematic manner (Figure-
1.3). All the resist materials possess very low LER at the maximum AIC (100%), and as the AIC
decreased, in all cases the magnitude of LER increased. This result also identified the resist
composition as a significant factor governing the behaviour of LER with the change of AIC.
However, at maximum AIC, the magnitude of LER is nearly independent of the resist material
composition. Shin and co-workers [21] have also discussed the correlation of LER with aerial
image modulation for different lithography and found higher aerial image contrast leading to lower
LER, though there is a threshold. They also reported LER of the photoresist UV6 to be more

sensitive to aerial image modulation than PMMA.
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Figure-1.3: LER as a function of decreasing contrast for a diverse set of photoresist materials [20].

LER increases with decreasing image contrast depending on the composition of resist materials.

Shot noise is another source of LER which can be observed in both DUV and EUV lithography [27-
29]. Studies suggest that the shot noise generated LER decreases as the number of photons absorbed
at the line edge increases. An analytical model for the influence of shot noise based on Poisson
statistics predicts the relation between LER and the dose required to produce features in a particular
resist (Esize) is LER o EsizeV/2. Plots for LER against Esize at both wavelengths give straight lines; the
resists requiring low doses have poor LER, whereas the resists requiring high doses have good
LER.
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Figure-1.4: LER vs. (Esiz)™Y? for DUV and EUV exposure [27]. Resists requiring low doses have
poor LER, whereas better LER is shown by the resists requiring high doses.
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The extent of acid diffusion is also a potential contributor to the overall LER of photoresists [16, 30,
31]. Photo acids are generated in the exposed regions of the photoresist during illumination through
a mask. At the high temperatures of the post-exposure bake (PEB), the acid catalyzes deprotection
of the blocking groups and the polymer becomes soluble in regions of high acid concentration. In
regions of low acid concentration, the remaining blocking groups render the polymer insoluble.
These two extremes cause variation in solubility in the boundary regions, which determines the

shape of the resist feature after development [31].
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Figure-1.5: (a) Effect of time in the developing solution on LER for three different developer

strengths, (b) rate of increase of roughness as a function of developer concentration [19].

The contribution of the development process to LER [18, 19] has been found to be on the order of
2-3 nm, depending on the development time and developer concentration (Figure-1.5). It is
apparent that the concentration of the developer has a more profound effect on the line edge

roughness than the development time.

39



An important source of resist LER is the inhomogeneity of the chemical compounds which
determines the solubility of the resist. Qinghuang et al.[8] studied the material origins of LER in a
positive-tone chemically-amplified resist by designing experiments to mimic the composition and
morphology of the resists in the line edge regions. They synthesized copolymers and terpolymers
with different pre-determined levels of de-protection and revealed that the resist in the line edge
region consists of a mixture of the protected and de-protected polymers rather than a uniform, one
component material. Blends of incompatible protected and de-protected polymer parts form two

separate phases and thus cause LER after development due to compositional heterogeneity.

The surface roughness varies within a short range with the variation in protected polymer content
before development process. After developing with a dilute aqueous TMAH developer, the
roughness was significantly increased. The surface roughness after development process increased
first, reached a maximum value and then decreased with further increase in content of protected

polymer in the blend.

g gTre

SI(SI(CH3)3)3 SJ(SI(CHah);

Figure-1.6: Chemical structures of (a) protected, (b) partially protected, and (c) completely
deprotected 248 nm bilayer copolymers and terpolymers of p-hydroxystyrene (HOST), Si
containing methyl methacrylate (SiMM) and methacrylic acid (MA) [8].
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Figure-1.7: Surface roughness as a function of the protected polymer content in the 248 nm bilayer
resist [8]. The roughness changes with the change in the protection level before and after

development process to different extents.

Kozawa et al. [4, 15] studied the effect of deprotonation efficiency of protected units and the

protected unit ratio on LER. They reported that, LER can be expressed as:

where 9», m, and dm/dx represent the normalized standard deviation of the number of the protected
units connected to a polymer molecule, the normalized protected unit concentration, and the
chemical gradient, respectively. They suggested that enhancement of the chemical gradient at the

boundary between lines and spaces is an essential strategy to reduce LER [32].
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The factors affecting the formation of LER can be divided into three categories (initial acid

distribution, catalytic chain reaction, and development and rinse) as summarized in Table-1.1.

Table-1.1: The major contributors to the Line Edge Roughness [5].

Initial acid distribution

Aerial image including reflection from substrate and flare
Acid concentration
Exposure dose
Acid generation efficiency
Shot noise
Specific to EB and EUV
Reaction of acid generator with low energy electron (~ 0eV)

Catalytic chain reaction (acid diffusion and reaction)

Pre-baking and post-exposure bake conditions
(temperature and period)
Diffusion constant of acid and base quencher
Glass transition temperature of polymer
Size of acid counter anion and base quencher
Residual solvent
Base quencher concentration
Activation energy for catalytic reaction and diffusion

Development and rinse

Development time

Temperature of developer

Strength and molecular size of solvents
Rinse

Molecular weight

Molecular dispersion

Rigidity of polymer structure

Polymer aggregation

Crystallization
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1.1.2 Effect of LER on device performance

LER has been considered as a key limiting factor in sub-100 nm device performance as it degrades
both the pattern fidelity and critical dimension control [7]. It was found that the effect of LER on

device performance was more prominent in smaller devices.

A number of studies have been carried out to investigate the effect of LER on device performances
[33-38]. LER is a significant source of channel length variation and thus causes the threshold
voltage (Vi), leakage current (loff), and trans-conductance of the metal-oxide-semiconductor (MOS)
to be affected [37]. An increase in LER from 5.7 to 11.4 nm increases the threshold voltage (from
5.25to 17.3 mV), as well as the leakage current (from 12.34 to 202.5 nA/um) in an 80 nm nominal
gate length device [39]. This kind of dramatic change in leakage current will cause significant
power consumption of transistors. Diaz et al. experimentally showed that a reduction of LER from

9.3 to 6.5 nm translated into 1.5 times improvement in leakage current [36].

Ban and co-workers [40] investigated the device saturation current variation and the leakage current
variation with the amount of LER in 45 nm and 32 nm inverter standard cells and found that, the
deviation between upper bound and lower bound is highly increased as LER increases, while there
was slight increase in average values. The leakage current suffers more critically than that of the
saturation current with a change of LER as shown in Figure-1.8.
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Figure-1.8: The change in current variation and off leakage variation with LER for 45 nm [(a) and
(b)] and 32 nm [(c) and (d)] inverter standard cells. The black circled dot represents the average of

the variation, and the small bars show the upper and lower bounds of the variation.
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1.1.3 Reported Methods for the Remediation of LER

LER has become a critical problem to address in order to keep up with the trend of shrinking
semiconductor device sizes. Since the resist LER can be affected by many different sources in the
different steps throughout the process as discussed earlier, efforts needs to be made at each step to

minimize LER.
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Figure-1.9: (a) LER in resist pattern along the inside and outside edge, and (b) layer dependency of
LER on PHOST film. For all different layer, the LER decreases as the edge location varies from the

inside to the outside with respect to the ideal edge of the resist pattern [3].

A computational approach to develop an effective method to minimize LER was taken using the
fact that the spatial distribution of exposure affects solubility behaviour differently in different
regions [3]. Two different methods named ‘shape control’ and ‘shape and dose control’ have been
proposed to reduce LER. The LER varies with the edge location from the inside to the outside of a
feature. This is due to the fluctuation of exposure from the exposed to the unexposed area and it is
possible to reduce LER by shrinking the exposure area of the feature size according to the shape

control method.

45



Target Width
Unexposed of Feature
Area

Middle Region

Center Region Edge Region

Figure-1.10: In ‘shape control’, the feature area to be exposed is shrunk from the feature boundary
inward (top), and spatial distribution of dose depending on the different regions of the feature in the

‘shape and dose control’ method (bottom) [3].

According to their study, a higher dose helps to reduce the fluctuation of exposure leading to a
lower LER. Therefore, further reduction of LER may be achieved by controlling the spatial
distribution of dose within a feature in addition to the shape control. It has been reported that a
‘shape and dose control’ method provides a better option as it utilizes both shape adjustment and
spatial dose control to find a better balance without increasing the total dose. Using an extensive
simulation, the effectiveness of the methods was verified for polyhydroxystyrene (PHOST) and

poly(methyl methacrylate) (PMMA) resists.
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Figure-1.11: Contour of remaining resist profile at (a) top, (b) middle, and (c) bottom layers (I)
without ‘shape control” and ‘shape and dose control’ methods, (IT) with ‘shape control’ method, and
(ITI) with ‘shape and dose control’ method for PHOST film on Si. Resist thickness: 300 nm, beam

energy: 50 keV, beam diameter: 3 nm, and exposing interval: 1 nm, feature size: 25 nm [3].
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Oh et al. proposed a method named resist reflow processing (RRP) to reduce roughness [9]. In their
method, a developed resist is baked at a temperature above the glass transition temperature and the
roughness of the pattern can be reduced by flowing the resist over the pattern. Using this technique,

they reported a reduction of LER from ~6 nm to ~1 nm for 22 nm CD devices.
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Figure-1.12: (a) The reduction of LER and LWR with RRP time for t-Boc polymer resists with
different percentage of protected groups, before (b) and after (¢) 300 s of RRP. The roughness of
the pattern is significantly decreased by RRP process [9].

In another systematic approach, Bolten et al. combined efficient proximity effect correction (PEC)
with multi-pass grey scale exposure in electron beam lithography to reduce LER [10, 41]. In multi-

pass gray scale exposure technique, each feature is exposed for n times with roughly 1/n of the

48



nominal dose each pass which can reduce LER and thereby enhance device performance. This
novel strategy was claimed to reduce LER by ~25% and LWR (Line Width Roughness; the

variation about the mean of the distance between edges on adjacent features) by ~40%.

Ruzic et al. focused on improving long spatial-length LER rather than focusing on molecular-scale
LER [42]. They used broad ion beams at grazing incidence along the features to heal the LER after
lithography using Ne and Ar beams with beam energy, length of time and angular dependence as
variables. An increased sputtering rate at higher angles of incidence was shown by the Stopping and
Range of lons in Matter (SRIM/TRIM) simulations method. It has been found to reduce LER from
9.8 £ 0.67 nm to 5.5 + 0.86 for 45 nm critical dimensions using an Ar beam at 500 eV for 6 s at 85°

angle of incidence.

Unprocessed | :
Processed
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LWR up to and including this wavelength (Integral of the Fourier Power) (nm)

Figure-1.13: Fourier graph of the LWR up to and including the wavelength of 980 nm for the
unprocessed and processed samples [42].The samples were processed with a 500 eV Ne beam at an
85° angle of incidence. For both the processed and unprocessed samples, LWR increases with

wavelength, though the values for unprocessed samples are higher than the processed samples.

Use of directed self-assembly (DSA) of block copolymer is another approach to healing LER [11,
12]. It has been shown that the highly ordered patterns of immiscible blocks formed by DSA
depending on the relative volume fraction of each block, the total molecular weight, and the degree

of immiscibility, have smaller LER than the lithographic features that were used to guide them [43].
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All of the above discussed approaches, and others, have been reported to minimize the resist LER
by varying the conditions and applying new methods to some extent. Since photolithography
involves a number of steps, and as discussed in earlier sections of this chapter, LER depends on a
number of variables. In addition to optimize those variables, few post-photolithographic treatment
such as resist reflow processing [9], or applying broad ion beams at grazing incidence along the
features [42]. Despite this, further improvements and optimizations are still needed to achieve the
ITRS goals of LER < 10% of the critical dimension.

Both Qinghuang et al. [8] and Kozawa et al. [4, 15, 44] in many of their studies suggested that
compositional heterogeneity of the resist materials in the line edge region is one of the main sources
of LER. By using a series of deprotected, partially protected, and protected copolymers and
terpolymers, LER was found to be strongly dependent on the level of deprotection on the resist
materials. Therefore, the heterogeneity of the resist materials which determines the solubility in the
line edge region is an important source of LER. However, this particular source of LER is
somewhat understudied, and therefore proper understanding of the relation of resist materials

structure and LER could provide potential solution.

Apart from the conventional statistical copolymers with constant average copolymer compositions,
and block copolymers with a well-defined change in copolymer composition, a less studied type of
copolymers architecture, the gradient copolymers have recently attracted significant attention due to
their unique structure. The comparison of the properties of the statistical and block copolymers to
those of the gradient copolymers could be an important source of understanding the correlation
between the resist materials structure and LER. In the following chapter, synthesis, properties and

applications of the gradient copolymers are discussed in details.
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1.2 Gradient Copolymers

1.2.1 Introduction to Gradient Copolymers

Polymer chain microstructure plays an important role in determining materials properties of
polymer products [45]. Extensive theoretical and experimental investigations have suggested that,
beside the overall copolymer composition, the distribution of monomer units along the polymer
chains can be an important microstructural parameter for fine-tuning nanomorphologies, and thus

physical and functional properties of polymeric materials [46-51].
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Figure-1.14: lllustration of the instantaneous copolymer composition and typical monomer
distribution for (a) a statistical copolymer, (b) a diblock copolymer, and (c) a gradient copolymer
[52, 53].

The recent development of advanced radical polymerization techniques provides the researcher with
significant control over polymer properties, by controlling physiochemical characteristics such as
molecular weight, chain architecture, and sequence chemistry [54-57]. A less-studied class of
copolymers named ‘gradient copolymers’, with unique chain microstructure, has recently attracted
significant attention [50, 58-63]. As the name implies, gradient copolymers exhibit a gradual change
in composition from predominantly one monomer to the second monomer along the copolymer
chain [64-67] as illustrated in Figure-1.14. Such a sequence distribution is markedly different from
statistical and block copolymers. For example statistical (often mistakenly referred to as random)
copolymers have a constant average composition along the polymer chain, once a sufficient number
of monomer units are incorporated. Whereas block copolymers exhibit an abrupt change in
chemical composition at the point where one block was chain extended by reaction with a second
monomer [68, 69]. Another type of copolymer termed as ‘tapered block copolymer’ was introduced
by Kraus et al. [70, 71] and Hashimoto et al. [72-74] which has a gradual transition between two
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monomer blocks. With the gradual transition, these copolymers can be considered as the primitive
form of today’s gradient copolymers. Hashimoto et al. [74] simulated the composition of St-
butadiene (Bu) system to extend the tapered region through the entire chain length, and the
sinusoidal copolymer composition directly corresponded to the concept of gradient copolymer [75].
The gradual change in composition along the chains of gradient copolymers results in less intra-
chain and inter-chain repulsion, leading to a much wider range of local environments, unique
interfacial behaviour and thermal properties, compared to statistical and diblock copolymers [47,
76-81].

Gradient copolymers are predicted by theory to undergo microphase separation similar to block
copolymers, however the morphologies formed may be different and reflect the precise differences
in their microstructures [48, 76, 82, 83]. The continuous change in composition along the polymer
chains in the gradient copolymer leads to the formation of many separate microphase domains with
different compositions, as supported by theoretical simulations and experimental data [76, 84, 85].
Gradient copolymers are also expected to possess unique thermal properties, particularly a broad
glass transition temperature (Tg) in situations where the corresponding homopolymers have very
different glass temperatures [48, 50, 75, 81, 86]. Gradient copolymers with their unique chain
structures, have applications in many fields, such as compatibilizers of immiscible polymer blends
[49, 60, 61, 87-89], stabilizers of emulsions or dispersions [90], thermoplastic elastomers [91, 92],

damping materials [81, 86] and multi-shape memory materials [93].

Amphiphilic gradient copolymers represent a new class of responsive polymers, in which average
properties of the monomers change from hydrophilic to hydrophobic gradually along the molecular
chains, and consequently exhibit unique properties in aqueous or mixed solvents [94-106].
Amphiphilic gradient copolymers were found to self-assemble in solutions and can be made to
respond to environmental triggers such as changes in pH [107-110], temperature [63, 103, 111], the
nature of solvents [112, 113]. Consequently such copolymers have vast potential application in the
biomedical and pharmaceutical fields [49, 60, 61, 87, 88, 114-116]. These and other properties are

discussed in detail in the following sections of this review.

1.2.2 Synthesis of Gradient Copolymers

The synthesis of gradient copolymers with continuous change in composition from one end of the
chain to the other requires simultaneous initiation and uniform growth of all propagating chains in

the polymerization process [52]. Controlled radical polymerization (CRP) techniques are therefore

52



widely used to prepare gradient copolymers [64, 101, 102, 113, 117, 118]. Well-defined gradient
copolymers have been synthesized using CRP techniques such as NMP (nitroxide mediated
polymerization) [68, 81, 119-124], ATRP (atom transfer radical polymerization) [80, 125-129] and
RAFT (reversible addition-fragmentation chain transfer polymerization) [101, 102, 107, 130-132].

Gradient copolymers are prepared either by exploiting a natural or spontaneous gradient in
composition, or by producing a forced gradient. Spontaneous gradient copolymers are prepared by
the batch technique, and relies on differences in the copolymerization reactivity ratios [107, 133-
135]. Example pairs of monomers which form spontaneous gradients include styrene (St)/acrylic
acid (AA) [136], tert-butyl acrylate (tBA)/octadecyl methacrylate (ODMA) [137], St/methyl
methacrylate (MMA) [138], n-butyl acrylate (nBA)/n-butyl methacrylate (nBMA) [135] and St/tBA
[139]. In such polymerizations, one monomer is consumed more rapidly than the other resulting in
segments rich in that monomer and preferential depletion of the monomer in the reaction mixture.
As the polymerization proceeds, the second, more slowly reacting monomer is incorporated to a
greater extent by virtue of depletion of the first monomer. The resulting polymer chains will have
various chemical composition distributions (CCDs) depending on the monomer reactivity ratios and
initial feed composition [140]. Figure-1.15 shows the calculated cumulative and instantaneous
compositions of styrene in styrene-n-butyl acrylate copolymers (rst = 0.8, raga = 0.2) at different
initial monomer feed ratios. The gradient in composition was more apparent in the plots of
instantaneous composition, and strength of the gradient was reported to be significantly dependent

on the monomer feed ratio [80].
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Figure-1.15: Feum (left) and Finst (right) of My (styrene) for a simulated living batch
copolymerization of styrene and n-butyl acrylate with reactivity ratios rst = 0.8 and rnga = 0.2 with
different monomer feed ratios. [M]o = 10 M; [IJo = 0.1 M. The rate constants for initiation for both

monomers are assumed to be equal [80].
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Oleszko-Torbus et al. synthesized a series of thermoresponsive statistical copolymers based on 2-n-
propyl-2-oxazoline (nPrOx) and 2-ethyl-2-oxazoline (EOx), and gradient copolymers of nProOx
with 2-methyl- or 2-isopropyl-2-oxazoline (MiPrOx) by living cationic ring opening polymerization
[141, 142] and exploiting differences in the monomer reactivity ratios. Kim and Choi [143] used
ring-opening metathesis polymerization (ROMP) to synthesize dendronized gradient copolymers of
endo-tricycle[4.2.2.0]deca-3,9-diene (TD) monomers via a macromolecular approach, and
demonstrated gradient profile of single chains using AFM.

Whilst the simplicity of the batch approach to synthesis of gradient copolymers makes this method
very attractive, there are a very limited number of monomer combinations with sufficiently different
reactivity ratios to produce copolymer chains with desired architectures [143]. In the batch process,
the reactivity ratios of the monomer pair strongly limits the details of the composition gradients that
are to be formed [144].

The second approach used to create gradient in the copolymer structures is known as ‘forced
gradient’, and is a semi-batch technique. In forced gradient copolymerization, a second monomer is
continuously added to the polymerization mixture during the reaction so as to change the
instantaneous monomer compositions, as illustrated in Figure-1.16. The addition of the second
monomer leads to an increase in its content in the monomer feed, and thus results in a gradual
increase in the composition of this monomer in the copolymer [117, 145]. The majority of gradient
copolymers are made by this technique due to the flexibility and freedom it gives to design the
copolymer compositions and gradient [52, 64, 78, 132, 146, 147]. For example, it has been
experimentally and theoretically demonstrated that, through optimized feeding in a semi-batch
reactor, copolymers with uniform composition or linear gradient in composition can be successfully
designed and prepared [64, 132, 148-152].

Nitroxide mediated polymerization (NMP) has been used extensively to synthesize gradient
copolymers. Billon and co-workers [123] performed the polymerization of St and MA (rst = 0.89,
rva = 0.22) in a batch process to prepare gradients in the copolymer structure. Both the batch and
semi-batch approaches were used to synthesize gradient copolymers of St and AA in dioxane at 120
°C [108, 153]. They also prepared in semi-batch NMP, gradient copolymers of N,N-
dimethylacrylamide (DMAA) /nBA [154, 155], St/nBA [156] and octadecyl acrylate (ODA)/methyl
acrylate (MA) [157]. Torkelson and co-workers reported the synthesis of St/4-acytoxystyrene (AS)
[61, 87, 158], (SYMMA) [159], St/4-methyl styrene (MSt) [122], St/tBA [50, 85, 160], St/nBA [85,
161], St/4-vinylpyridine (VP) [85, 162] and St/nBMA [85] gradient copolymers using the same
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technique. Charleux et al. [90, 136] used the batch NMP technique to produce St/AA gradient
copolymers and confirmed good control over the copolymer molecular weight and molecular
weight distribution.

The ATRP methods has been used extensively by Matyjaszewski and co-workers to synthesize a
series of gradient copolymers of St/nBA [80], St/acrylonitrile (AN) [80], nBA/isobornyl acrylate
(IBRA) [77], MMA/nBA [163] and 2-(dimethylamino) ethyl methacrylate (DMAEMA)/nBMA
[164]. ATRP has also been reported for creating composition gradients in MMA/2-(trimethylsiloxy)
ethyl methacrylate (TMSEMA) [127, 165], tBA/2,2,3,3,4,4-heptafluorobutyl methacrylate
(HFBMA) [128] and St/nBA [166] copolymers. Gradient copolymer grafts based on styrene and a-
tert-butoxy-w-vinylbenzyl-polyglycidol were prepared by surface-initiated AGET ATRP by
Basinska and co-workers [167]. Zhou et al. [126] reported the facile synthesis of MMA/tBA
gradient copolymers using Cu(0) and conventional ATRP ligands as catalysts in N,N-
dimethylformamide (DMF) solvent using the semi-batch technique. Using the same method, Kim et
al. [168] synthesized amphiphilic gradient copolymers of oligoethylene glycol methyl ether
methacrylate (OEGMA) and St, whilst D’hooge and co-workers [169] generated linear gradient
copolymers of MMA/nBA by the fed-batch ATRP technique.

The RAFT method has been similarly broadly used to create gradients in copolymer structures by
both the batch and semi-batch technique. Zhang and co-workers prepared fluorinated gradient
copolymers of OEGMA and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl acrylate (TFOA) [170], and
a series of copolymers of fluorinated methyl acrylate (FMA) and BMA [52] via semibatch RAFT
miniemulsion polymerization. Chen et al. [113] synthesized fluorinated amphiphilic gradient
copolymers of AA and 2,2,2-trifluoroethyl methacrylate (TFEMA) using the RAFT semi-batch
approach., whilst Zhen et al. [171] prepared gradient copolymers of St/MMA using multi-shot
RAFT copolymerization. Guo and co-workers [117, 172] used the same method to produce gradient
structure of St/nBA copolymers. In this method, the polymer is prepared as a series of sequential
blocks and the average composition of each block is continuously changed from one chain end to

the other. At the end of the polymerization, a kind of ‘many block’ copolymer results [117].
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Figure-1.16: A schematic diagram of the synthesis of amphiphilic gradient copolymer of OEGMA
and TFOA using the RAFT semi-batch approach [170].

In addition to the above monomer feeding approach with constant addition rate, gradient
copolymers can also be prepared using a step-increasing constant addition strategy [88, 173]. In the
synthesis of St/MMA gradient copolymers [88], styrene was initially fed into the batch reactor.
MMA was then added at a constant rate of 10 mL/h for 3 h, followed by addition at 15 mL/h for
additional 3 h and then at 20 mL/h for the last 3 h. With increased rate of addition of MMA, the
mole fraction of MMA in the reactor increased rapidly, resulting in gradient St MMA copolymers
with increasing MMA composition. Torkelson and his group have exploited the monomer feeding
strategy to prepare a series of St/nBA gradient copolymers [51, 85, 161, 162, 174, 175].

Polymerization in solution often results in CRP with better control, however the rate of reaction
may be slowed due to dilution of reactants. Enhanced rates of polymerization can be achieved using
emulsion or miniemulsion CRP. In these methods, the propagating radicals experience a segregation
effect within the particles [145]. Using the constant monomer feeding semi-batch strategy for
miniemulsion ATRP with activators generated by electron transfer (AGET), Matyjaszewski and co-
workers [146] synthesized a series of gradient nBA/tBA, nBMA/MMA, and nBA/St copolymers.
They reported that the form of the gradient along the backbone of the copolymers was influenced by
the molar ratio of the monomers, the reactivity ratios of the comonomers as well as the rate of
monomer addition. The preparation of copolymers of BMA/dodecafluoroheptyl (DFMA) [176],
MMA/St [138], and St/Butadiene (Bu) [177] via RAFT miniemulsion copolymerization with
continuous and constant monomer addition has also been reported. Luo et al. [178] produced a
series of triblock St/nBA/St thermoplastic elastomers using the same approach. Chen et al. [102]
synthesized AA/TFEMA gradient copolymers in RAFT emulsion system employing the same
monomer feeding strategy. Charleux and co-workers [179] studied NMP miniemulsion

polymerization of nBA and St in a batch process to create a gradient in the copolymer composition.

56



(@) (b)

1.0 c

14
® BA . .
c o (BA é 1.2 oo L] L[} Y
o 0.8 1.0 —
-"ﬁ 12500{— Theoretical .’ ’
o ® Experimental
a -
£ 0.6+ 10000+
L N ] [ ] y [ ]
g Qo 0 8 8 00 g i . P - .
2 044 == 79001 -
K e
:E: 5000+ .
3 0.21 e
O 2500- .
0.0 . . . . o) E— . ; . :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 01 02 0.3 04 05
Norm. Chain Length Conversion (total)
c (d)
( f ) R (©) - [ e——
° c
c 08- ®e 2 08 Stop
8 ° @ feeding
= o
g " &
g‘ 064 o mBA ®e 4 o 0.6
O nBA
8 o (BA »
2 ) > tBA
E 0.4 ¥ osd g 0.4+
o 024 o o] T Stop 02' 0.24
(o} feeding =
0‘0 - e L) L} L) L) 0‘0 L) L L] L] L}
0.0 0.2 04 06 08 1.0 0.0 0.2 04 0.6 0.8 1.0
Norm. Chain Length Norm. Chain Length

Figure-1.17: Cumulative compositions and the evolution of molecular weight of nBA/tBA
copolymer in batch ((a), (b)) AGET ATRP for copolymerization in miniemulsion. (c) and (d) show
the cumulative and instantaneous composition of nBA and tBA in the forced copolymer with tBA
feeding rate of 0.01 mL/min for 200 minutes. The molecular weight was determined by SEC based
on linear polystyrene standards. The normalized chain length was calculated as the ratio of the

molecular weight at time t to the final molecular weight [146].

The composition profile for the copolymerization of nBA with tBA was studied in both batch and
fed-batch modes [146]. This monomer pair was found to produce statistical copolymers, with both
monomers being incorporated into the copolymer chains at similar rates due to their comparable
reactivity ratios. However, in the forced copolymerization method using continuous feeding of tBA,
both the cumulative and instantaneous composition of tBA increased as shown in Figure-1.17,
resulting in nBA/tBA gradient copolymers. The rate of feeding of tBA could be optimized to

achieve a smooth gradient in copolymer composition.
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Despite the success of these studies, the constant monomer feeding approach is insufficiently
versatile for precision production of polymer chains with designed chemical composition
distributions (CCDs), such as gradient copolymers with specific comonomer composition profiles
along the chain backbone [145]. Therefore, based on the understanding of polymerization
mechanism, a kinetic model was developed [127, 180-185] to allow production of copolymers with
predesigned CCDs, a so-called model-based monomer feeding strategy (MMFS). MMFS was first
exploited by Zhu and co-workers [64, 109, 132, 150-152, 186], and has been demonstrated as an
effective technology for precision production of polymer chains. Broadbelt [148, 149, 187, 188]
used Monte Carlo (MC) simulations to predict the copolymer sequence distribution (CSD) in the
NMP copolymerization of SYMMA, and employed the model to control the CSD in a semi-batch
copolymerization. Schork and co-workers [189-191] developed a kinetic model using the method of

moments and studied the CSD in RAFT copolymerization under semi-batch operation.

In most reported studies, the gradient in the copolymer structure has been characterized by the
change in the copolymer composition determined by *H NMR spectroscopy. However, as detailed
in Chapter 3 of this thesis, the gradient structure is better characterized by considering the change in
the triad distributions as demonstrated for the synthesis of St/AN gradient copolymers in a RAFT
batch process [133]. As shown in Figure-1.18, for an initial styrene feed composition of 60%, the
triad fractions are almost constant throughout the whole chain, while for styrene feed compositions
of 20 and 80%, the proportions of styrene-centred and acrylonitrile-centred triads change with
conversion, though the former shows a comparatively sharper change, indicating a stronger gradient
in composition. Such a study provides a more detailed understanding of the sequence distribution of
this gradient copolymer system.
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Figure-1.18: The experimental styrene centred and acrylonitrile centred triad distributions for 20%
[(@), (b)]; 60% [(c), (d)], and 80% [(e), (f)] styrene feed composition characterized by *C NMR



Table-1.2: A summary of CRP techniques used to synthesize various monomer pairs either by the

batch or semi-batch method.

Monomer pair CRP Batch/ References
technique | semi-batch

N,N-dimethylacrylamide/n-butyl acrylate NMP Semi-batch [154, 155]
Styrene/n-butyl acrylate NMP Semi-batch | [85, 156, 161]
Styrene/n-butyl acrylate ATRP Batch [80]
Styrene/n-butyl acrylate ATRP Semi-batch [166]
Styrene/n-butyl acrylate RAFT Semi-batch [117,172]
Octadecyl acrylate/methyl acrylate NMP Semi-batch [157]
n-Butyl acrylate/methyl methacrylate NMP Semi-batch [192]
Styrene/4-acetoxystyrene NMP Semi-batch [61, 87, 158]
Styrene/4-hydroxystyrene NMP Semi-batch [158]
Styrene/methyl methacrylate NMP Semi-batch [159]
Styrene/methyl methacrylate RAFT Semi-batch [171]
Styrene/4-methyl styrene NMP Semi-batch [122]
Styrene/t-butyl acrylate NMP Semi-batch [50, 85, 160]
Styrene/4-vinyl pyridine NMP Semi-batch [85, 162]
Styrene/n-butyl methacrylate NMP Semi-batch [85]
Styrene/acrylic acid NMP Batch [108]
Styrene/acrylic acid RAFT Batch [107]
Styrene/acrylic acid NMP Semi-batch [108, 153]
Styrene/acrylonitrile ATRP Semi-batch [80]
Styrene/acrylonitrile RAFT Batch [133]
Isobornyl acrylate/n-butyl acrylate ATRP Semi-batch [77]
2-(Dimethylamino) ethyl methacrylate/n- ATRP Semi-batch [164]
butylmethacrylate
Methyl methacrylate/2-(trimethylsiloxy) ethyl ATRP Semi-batch [127, 165]
methacrylate
t-Butyl acrylate/2,2,3,3,4,4-heptafluorobutyl ATRP Semi-batch [128]
methacrylate
Methyl methacrylate/t-butyl acrylate ATRP Semi-batch [126]
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Monomer pair CRP Batch/ References
technique | semi-batch

Poly (ethylene glycol) methyl ether methacrylate ATRP Semi-batch [168]

(OEGMA)/Styrene

Methyl methacrylate/n-butyl acrylate ATRP Semi-batch [169]

2-Hydroxyethyl metharylate/tBA ATRP Batch [129]

Methyl methacrylate/2-hydroxyethyl ATRP Semi-batch [127]

methacrylate

Poly (ethylene glycol) methyl ether methacrylate/ | RAFT Semi-batch [170]

3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl

acrylate

Fluorinated methyl acrylate/butyl methacrylate RAFT Semi-batch [52]

Acrylic acid/2,2,2-trifluoroethyl methacrylate RAFT Semi-batch [102, 113]

2-Methacryloyloxyethyl phosphorycholine/2,2,2- RAFT Semi-batch [193]

trifluoroethyl methacrylate

Styrene/butyl acrylate RAFT Semi-batch [64, 132]

Styrene/2,2,3,4,4,4-hexafluorobutyl acrylate RAFT Semi-batch [131]

2-n-Propyl-2-oxazoline/2-ethyl-2-oxazoline ROMP Batch [141, 142]

2-n-Propyl-2-oxazoline/2-methyl- or 2- ROMP Batch [141]

isopropyl-2-oxazoline
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1.2.3 Properties of Gradient Copolymers

Gradient copolymers, which exhibit a gradual change in their composition from one end of the
chain to the other, are of particular interest because they exhibit unique properties compared with
their statistical, alternating and block copolymer counterparts [194]. The properties of a copolymer
are not only determined by the monomer type and composition but is also strongly associated with
the distribution of different monomer units along the polymer chains [64, 117]. It is obvious to state
that an A-B diblock or A-B-A triblock copolymer will have profoundly different properties
compared with statistical A-co-B copolymers of the same overall composition [195, 196]. Both
theoretical and experimental investigations have suggested that the composition distribution along
chain can be an important microstructural parameter for fine-tuning nanomorphologies and thus
influencing physical and functional properties of polymer materials [47, 51, 64, 75, 81]. For
example, there have been numerous studies [47, 49, 76, 82, 83, 197-201] of interfacial properties,
self-assembly morphologies and the conformations of gradient polymer brushes using self-
consistent field theory. The most important properties of the gradient copolymers are discussed
below.

1.2.3.1 Interfacial Behaviour and Blending Properties

The phase behaviour of the gradient copolymers and their interfacial activities have been
intensively studied by a number of groups [47-49, 51, 60, 61, 82, 83, 160, 162, 202-206]. Shull and
co-workers used the self-consistent field (SCF) theory to study the interfacial behaviour of gradient
copolymers, and introduced a gradient parameter, A which describes the length of the composition
gradient relative to the entire length of the copolymer [48, 82]. For AB copolymers, when A =0, the
copolymer is a conventional block copolymer consisting of separate blocks of A and B units. When
A = 1, the composition varies smoothly along the chain from pure A to pure B. The random phase
approximation (RPA) was used to calculate the scattering function analytically and find the location
of the critical order-disorder transition for the gradient copolymer as a function of the gradient

parameter.
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Figure-1.19: Definition of the gradient parameter A [82].

By combining the SCF and RPA techniques, these authors examined the phase segregation
behaviour of four symmetric A-B copolymers: a block copolymer, two linear gradient copolymers,
and a tanh gradient copolymer [48]. They found that, for a fixed value of yN (y = Flory Huggins
interaction parameter, N = degree of polymerization), increasing the width of the composition
gradient along the chain decreases the lamellar repeat length, which makes phase separation more
difficult for gradient copolymers than that of a block copolymer. The order-disorder transition for
block copolymers, known to occur at (xN) = 10.495, was reported to be raised to 29.25 for a melt of

fully tapered gradient copolymers (A = 1) [48].

This team also experimentally examined interfacial segregation of diblock, gradient, and statistical
copolymers at the interface of immiscible polymer blends using forward recoil spectroscopy
(FRES) [47]. Block copolymers (A = 0) were suggested as more effective compatibilizers than
statistical copolymers, acting as surfactants by localizing at the interface and lowering the

interfacial tension [207].
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Figure-1.20: Interfacial excess (top) and interfacial energy (bottom) as a function of copolymer
chemical potential for the diblock, gradient, and statistical copolymers. The circles are the results of
the mean field fits to the FRES data for the diblock copolymer, and the solid lines are calculated by
mean-field theory using the value of y determined for the block copolymer samples, y = 0.036. The
squares correspond to the coexistence points for the statistical and gradient copolymers, and the

dotted lines are extensions of the theory to the point where the interfacial energy is zero [47].

The interfacial excess, z* is defined as the excess volume fraction of copolymer at the interface with
respect to the volume fraction of copolymer in the bulk, and yVc/RycksT is the normalized interfacial
energy where vy is the interfacial energy, and V¢ is the volume of the copolymer, Ry is the radius of
gyration. The experimental and computation results supported interfacial properties for diblock,
gradient and statistical copolymers varying from formation of a monolayer of diblock copolymers
to a wetting layer for the statistical copolymer. The gradient copolymer with A = 1 exhibits
intermediate behaviour, forming a monolayer with low interfacial energy at the interface but with
larger interfacial excess and interfacial width than the monolayer formed by the diblock copolymer
[47].
64



|:| Chloroform -\\'ater 5 Polystyrene w Poly acrylic acid

Figure-1.21: Schematic representations of the chloroform/water interface in the presence of diblock
copolymer (left) and gradient copolymer (right) [150].

Drop shape analysis was used to investigate the interfacial tension of styrene/acrylic gradient and
block copolymers at the liquid/liquid interface [160]. Figure-1.21 illustrates the nature of absorbed
layers formed for diblock and gradient copolymers. The block copolymer exhibits a single junction
at the interface of the oil and water, while gradient copolymers adopt a parallel structure as a result
of multiple junction points along the chains. The overall properties of the interfacial layer depend
on the geometric distribution of the copolymer chains, which is further dependent on the sequence
distribution along the backbone of the gradient copolymers [160].

Wang and co-workers [49] also studied the effect of gradient on the phase behaviour of ternary
homopolymer/gradient copolymer blends using RPA and SCF theory and found that the
composition profile of the gradient copolymers has a significant effect on the critical behaviour of
the blends. The microphase structure of the blends, including the breadth and distribution of the
copolymer layers, the width of the interface region, and the distribution of homopolymers are
strongly dependent on the gradient distributions. Therefore, by designing the copolymer
composition profile, the interfacial properties of immiscible homopolymer blends could be fine-
tuned.
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Figure-1.22: Schematic illustration of microstructures formed by blends involving copolymers with
(a) steep (b) smooth and (c) intermediate gradient distributions. Circles denotes the positions of the
middle section in gradient copolymer chains. Solid and dashed lines denote the chain sections
composed of A and B, respectively. The darkness of the background represents the A monomer
fraction in the copolymer layer [49].

Torkelson and co-worker [60, 61, 87, 88] produced a series of gradient copolymers, and showed
that macrophase separated polymer/polymer blends can be rendered thermally stable by including a
gradient copolymer as an additive. The gradient copolymer localizing at the interface lowers the
interfacial tension, and as a result, suppresses the phase separation process. Wang et al. [131]

reported compatibility of St/fluorobutyl acrylate (FBA) blends was improved after adding gradient
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St/FeBA copolymer. The copolymer molecular weight and the proportion of added gradient

copolymer significantly influenced the extent of compatibilization.

Gradient copolymers were also found to modulate and suppress phase separation in
polymer/polymer and polymer/fullerene blends, and shown to improve long-term thermal stability
of photovoltaic devices as additives, though at the expense of reducing the filling factor [208].
Physical blends of polymers of 3-hexylthiophene (3HT) and 3-(6-bromohexyl) thiophene (3BrHT)
showed extensive micron-scale phase separation as found by atomic force microscopy (AFM) and
transmission electron microscopy (TEM) studies [209]. Addition of gradient copolymer to the blend
resulted in a dramatic reduction in the domain size, and the size decreased further as the amount of
the gradient copolymer increased. In comparison, statistical and block copolymers were less
effective in promoting mixing, which suggests gradient copolymers are effective compatibilizers for
incompatible homopolymer blends (Figure-1.23) [209]. This result was further supported by
photoluminescence (PL) data. The blend containing P3HT/phenyl-C61-butyric acid methyl ester
(PCBM) and 10 wt% gradient copolymer additive exhibited marked PL quenching even after
prolonged thermal annealing, which suggests that gradient copolymers are effective compatibilizers
and would improve the thermal stability of the corresponding bulk heterojunction-based solar cells
[210].
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Figure-1.23: STEM images of the 1:1 (v/v) P3HT-P3BrHT blend (A) without copolymer additive,
(B) with 20 wt% gradient copolymer, (C) with 20 wt% statistical copolymer, (D) with 20 wt%

block copolymer. (E) Histogram of the domain size distributions [209].

Microscopy especially electron microscopy, has played a fundamental role in the study of phase
segregation in block copolymers. Scanning electron microscopy (SEM) [211, 212], atomic force
microscopy (AFM) [213, 214] and transmission electron microscopy (TEM) [215-217] have been
extensively used in determining the boundaries between different morphologies in block
copolymers. However, there are few reports on imaging of gradient copolymers, due to the low
contrast offered by the continuous variation in the composition. Torkelson et al. [162] studied the
surface patterns of St/nBA gradient and block copolymers formed in thin films using three different
types of microscopic analysis (Figure-1.24). Patterns typical of phase-segregated block copolymer
domains could be clearly seen using each of the techniques. In the gradient copolymers films, SEM
micrographs appeared uniform, whereas the AFM images show some level of topography and

diffused patterns could be seen in the TEM micrographs, suggestive of short-range phase
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segregation. However, annealing proved to be a useful means of directly demonstrating the phase
segregation properties of gradient copolymers. One of three gradient copolymer pairs showed no
pattern development, but the other two showed the emergence of island/hole patterns similar to
those observed in block copolymers, which coarsened and then disappeared on annealing [162]. For
example, as given in Figure-1.25, patterns are formed as a result of annealing at 130 °C for St-

block-nBA copolymers, while no such patterning can be seen for St-grad-nBA copolymers.

SblocknBA46  SgradnBA62

AFM

SEM

Figure-1.24: Representative micrographs of St-block-nBA46 and St-grad-nBA62 taken using
AFM, SEM and TEM [162].
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(d)

Figure-1.25: Optical micrographs of(a) as spun, (b) 24 hours annealed St-block-nBA copolymer
thin films; and (c) as spun, (d) 24 hours annealed St-grad-nBA copolymer thin films.

Guo and co-workers studied the morphology of St/nBA copolymers using AFM, and reported that
the block copolymers shows clear boundaries between the blocks. However, no evident boundaries
could be seen for the gradient copolymers, due to much weaker phase separation, and instead
indistinct boundaries were observed [117]. Figure-1.26 shows the high resolution AFM images of
gradient and block dendronized copolymers prepared from these same two monomers [143].
Accurate imaging was possible because both dendronized polymers were large enough to show
clear AFM images, and the size difference between two dendrons was sufficiently large to
differentiate their microstructures. The gradient copolymer showed a smooth and gradual change in
both height and thickness, without any interfacial boundary. Whereas the diblock copolymer

contained a clear boundary, showing abrupt changes in both height and thickness.
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Figure-1.26: AFM image of single chain of dendronized block (left) and gradient (right)

copolymers showing variation in height along the chain from above and the side view. [143].

1.2.3.2 Thermal Properties

Both differential scanning calorimetry (DSC) [50, 64, 65, 77, 80, 81, 85, 86, 154, 218] and dynamic
mechanical analysis (DMA) [75, 77, 80, 154, 156] studies of gradient copolymer systems have
revealed extremely broad glass transition (Tg) regions, indicating contributions from chain segments
with a wide range of compositions. The broad glass temperatures of gradient copolymers differ
markedly from those of the analogous statistical copolymers, which show a single T, and the block
copolymers which usually show two sharp and distinct glass transition temperatures [50, 75, 81,
85].

Torkelson and co-workers studied the thermal behaviour of a range of gradient copolymers,
including St/MSt, St/AS, St/HOST, St/AA, StUnBA, St/tBA, St/BMA, and compared their
properties with those of the corresponding block and statistical copolymers [50, 81, 85, 122, 158,
174]. Conventional thermal analysis did not reveal any significant differences in the Tq of statistical
and gradient copolymers of St/MSt due to the close proximity of the transitions of the
homopolymers (T4 between 100 °C to 110 °C) [122].
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Figure-1.27: The DSC heating curves (a) and first derivatives of the heating curves (b) for [a]
block, [b] statistical and, two different gradient [c,d] copolymer of St and AS [81].

However, for copolymers containing monomers where homopolymers have significantly different
glass temperatures (St/AS; St/HOST), the DSC heating curves were markedly different for
statistical, block and gradient copolymers (Figure-1.27) [81]. A single, narrow T4 was observed for
each statistical copolymer, consistent with a single phase of limited compositional nano-
heterogeneity. Two narrow transitions were evident for each block copolymer, consistent with well-
developed nanophases containing nearly pure St or nearly pure AS or HOST units. However, the
gradient copolymers exhibited unusually broad glass transitions (breadth ~65-80 °C), dependent on
the degree of the gradient in the copolymer structures. These authors also found similar behaviour
for St/AA copolymers [50]. These results are in agreement with predictions by Lefebvre et al. [48]
for gradient copolymers with a sinusoidally varying composition. Recent work by Torkelson et al.
has indicated that the Tq and breadth of the glass transition can be tuned through the choice of
monomer pairs and copolymer compositions [85]. Chain and sequence lengths are also other factors

which can influence the glass transition [49, 77, 81].

Matyjaszewski et al. [77] synthesized well defined statistical, block and gradient copolymers of
isobornyl acrylate (iBRA) and nBA, and investigated the thermomechanical behaviour using
differential scanning calorimetry (DSC) and dynamic mechanical analyses (DMA). While statistical
copolymers showed a single Tg, block copolymers showed two distinct transitions and the DSC

thermograms for the gradient copolymer indicated a single, but very broad glass transition.
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Zhang et al. [52] found that the Tq4 of gradient copolymers of fluorinated methacrylate and butyl
methacrylate were distinctly different than those of the statistical copolymers with similar
copolymer compositions. For statistical copolymers, there was a clear Tq in the range of 30-34 °C,
while the gradient copolymers showed a broad T4 ranging from 20 °C to 50 °C. Similar results were

also reported Guo and co-workers [117, 172].
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Figure-1.28: DSC heating curves (a) and the first derivatives of DSC heating curves (b) for aliquot
samples (taken during gradient copolymerization and then hydrolysed) and the final St-grad-HOST
sample. Arrows in (b) indicate the breadth of the Tq. The broken arrow in (b) is drawn to indicate

the increase in Te as the gradient copolymerization proceeds [81].

Figure-1.28 shows how closely the breadth of the Tq is dependent on the length of gradient in the
copolymer structure. Samples were collected from a semi-batch reaction system, considered to be
‘partial’ gradient copolymers, and were hydrolysed before measuring the glass transition. The
breadth of the T4 was found to increase as a result of gradual incorporation of HOST into the

copolymer.

1.2.3.3 Miicellization and Solution Properties

Extensive studies of the association behaviour of gradient copolymers in selective solvents have
been reported over the past few years [98, 99, 105, 164, 204, 219-226]. A significant finding was
that gradient copolymers have higher solubility than the corresponding diblock copolymers leading
to significantly higher values of the CMC [173, 222, 227]. Monte Carlo (MC) simulations have
been employed to study the self-assembly of gradient copolymers, which differs with respect to the
steepness of the gradient of the local composition along the chain [225]. It was demonstrated that

the association behaviour does not depend solely on the net composition of the copolymers, but also
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on the sequence of monomer units [228]. In contrast to the diblock copolymers, which form well-
defined spherical micelles in selective solvents, gradient copolymers often associate into aggregates
with ill-defined shapes and a wide size distribution [108, 225].

0.8

I330/ 1280

weight% copolymer

Figure-1.29: Concentration dependence of Isso/l2s0 for copolymer present in PMMA; St-b-MMA
(squares, dashed lines); St-grad-MMA (circles, solid lines). CMCs are estimated from the
intersections of the fits to low and high concentration data; block copolymer CMC = 0.2 wt %, and
gradient copolymer CMC =2 wt % [173].

Using SCF theory, Shull [82] predicted that gradient copolymers should exhibit a substantially
higher CMC than those of block copolymers of similar molecular weight and composition, and this
was later experimentally confirmed by Torkelson and co-workers [173] for SYMMA copolymers.
Figure-1.29 shows measurement of the CMCs of copolymers via plots of the ratio of fluorescence
intensity at 330nm to that at 280nm (Is30/l280) as a function of logarithmic copolymer concentration
in PMMA. The ratio Is30/l2g0 increases sharply as the concentration of block copolymer exceeds 0.2
wt%, whereas, the gradient copolymer shows a slight concentration dependence below 2 wit%.
However, above 2 wt%, lz30/l280 increases dramatically, and the intersection of the linear fits to low
and high concentration data leads to an estimated CMC of the gradient copolymer of 2 wt%, an
order of magnitude larger than the CMC for the block copolymer. The higher CMC values
associated with the gradient copolymers means that, on addition to an immiscible blend, gradient
copolymers are less likely than block copolymers to be trapped in micelles and thus are able to

affect the interfacial activity of the blend more effectively than block copolymers [159].
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Pandav and co-workers [204] studied the phase separation behaviour of amphiphilic gradient
copolymers using kinetic MC simulations, and found that the copolymer chains collapse under poor
solvent conditions to form micelle-like aggregates. They also reported that the critical temperature
for the transition exhibits a linear dependence on the gradient strength of the copolymer. This is in

good agreement with the results reported by Gallow et al. [223].

An interesting observation is that the core region of spherical micelles formed by gradient
copolymers can expand or shrink under the influence of environmental stimuli, such as temperature
[94, 112, 153], pH [95, 109, 110, 128] and changes in solvents [94, 104, 221]. Such stimuli-
responsive behaviour was examined by Seno et al. [221] for gradient, block and statistical
copolymers of 2-ethoxyethyl vinyl ether (EOVE) and 2-hydroxyethyl vinyl ether (HOVE). They
found that, the temperature stimulus or the solvent stimulus resulted in shrinking of the micellar
corona and an expansion of the micellar core in EOVE-HOVE gradient copolymer micelles, but
block and statistical copolymer micelles did not undergo these changes in size.

Okabe et al. [63, 103, 111] studied the solution behaviour of block and gradient copolymers of
EOVE and 2-methoxyethyl vinyl ether (MOVE). The dimension of block copolymer micelles was
not sensitive to changes in temperature, because of the distinctive differences in hydrophilicity of
the core and shell. However, and increase in temperature resulted in an increase in size of the
micellar core and a contraction of the micellar shell for the EOVE-MOVE gradient copolymer
micelles. These phenomena were explained as being due to a “reel-in” process, shown
schematically in Figure-1.30 [63]. The gradient copolymers form micelles with a diffuse interface,
and the hydrophobic interactions between the core segments are weaker than within the block
copolymer micelles. With an increase in temperature, the contribution from the hydrophobic
interactions dominates the hydrophobic hydration effect of MOVE segments, akin to reeling in of a
fishing wire, resulting in formation of smaller micelles with larger cores than those formed at lower

temperatures.
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Figure-1.30: Schematic illustration of micellization behaviour in solutions of stimuli-responsive

gradient, block and statistical copolymers [221].

A number of other studies of the micellization of gradient copolymers reported similar behaviour of
gradient copolymers [95, 98, 128, 229, 230]. Borisov and co-workers observed ‘kinetically frozen’
micelles for block copolymers of AA/St incapable of rearrangement on variation in environment,
while gradient copolymers of the same monomers micelles redissolve completely when the pH was
increased [95, 229]. Similar shrinkage of micelles caused by changes in pH was demonstrated by
Luo et al. in the methyl acrylic acid (MAA)/MMA gradient copolymer system [109].

Borisova and co-workers [108] used small-angle neutron scattering (SANS) to examine the
behaviour of St/AA copolymers in aqueous solution. The SANS data exhibited a correlation peak
pointing to the formation of micelles with repulsive coronae. TEM images showed that the micelles
had an approximately spherical shape and exhibited a wide size distribution. They claimed to prove
that, in contrast to ‘frozen’ aggregates formed by PAA-b-PS copolymers in aqueous media, the
micelles of PAA-block-(PAA-grad-PS) amphiphilic copolymers exhibit ‘dynamic’ pH-responsive
properties, i.e. they can reversibly change their aggregation number upon a variation in the pH or
ionic strength of the solution [108]. As a result of the presence of both hydrophobic styrene and pH-
sensitive acrylic acid comonomer units in the terminal gradient blocks, the block-gradient
copolymers were capable of reversible association into nano-scale aggregates (micelles) in aqueous

solution. By combining dynamic light scattering (DLS) and SANS methods, they proved that a
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decrease in the pH of the solution below a certain threshold led to formation of the nano-scale

aggregates, which disassembled upon a subsequent increase in pH.

Zheng et al. [230] studied the micellization behaviour of SYMMA gradient copolymers in binary
acetone-water mixtures. Three different kinds of transitions were observed sequentially in response
to an increase in water content (WC), namely a unimer-to-micelle transition, a ‘star-like’ micelle to
‘crew-cut’ micelle transition resulting from shrinkage of the micelles, and a morphological
transition from spherical micelles to cylindrical micelles and to vesicles (Figure-1.31). Changes in
the solvent quality induced the gradual collapse of the gradient copolymer chains and a change in
the proportion of solvated chains and collapsed chains; the details of the interactions determined the
type of the transition in the system. As a result, three kind of transitions have been observed from a
single gradient copolymer micelle system regulated by solvent quality [230]. Chen et al. [128] and

Pispas and co-workers [98] also reported similar structures for gradient copolymer micelles.
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Figure-1.31: Schematic illustration of the overall transitions of the gradient copolymer micellar
system via increasing the water content in acetone—water mixtures: unimers to micelles transition;
star-like micelles to crew-cut micelles transition; and morphological transition from spherical

micelles to cylindrical micelles to vesicles [230].
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Huang and co-workers [112] reported that the temperature-induced shrinkage/ stretching of
St/MMA gradient copolymer micelles was totally reversible after several heating—cooling cycles
between 288 K and 303 K, indicating that this process is thermodynamically controlled. Based on
the model and experimental analysis, it was proposed that temperature responsiveness is an intrinsic
and universal property of gradient copolymer micelles, and originates from the gradient structure
[112].

Kravchenko et al. [231] performed computer simulations to reveal the difference in internal
structures of micelles formed by gradient copolymers and equivalent diblock copolymers in a
selective solvent. In contrast to the diblock copolymer micelles, segregation of the different groups
in the gradient copolymer micelles is less pronounced even in a strongly selective solvent. The
sensitivity of the size of the gradient copolymer micelles to a change in the solvent quality is
provided by the presence of insoluble units in the corona. A decrease in solvent quality drives
solvophobic groups into the core of the micelle, and induces aggregation of other insoluble groups
in the corona. As a result, the corona becomes less swollen and the total size of the micelle

decreases as shown in Figure-1.32.

Figure-1.32: Typical conformations of diblock copolymers (left) and exponential gradient
copolymers (right) in their corresponding micelles. The green circle depicts a loop formed by the

soluble block near the core-shell interface [231].

Rebaut and co-workers [227] studied the solubility of gradient copolymers in supercritical CO2, and
compared these with the analogous block copolymers. Cloud point measurements showed that the
gradient copolymers were soluble under milder conditions of pressure and temperature than the
block copolymers. Similar to observations in aqueous solutions, the block copolymers form ‘frozen’
aggregates in scCO., whereas the gradient copolymers form ‘dynamic’ aggregates which are

environmentally sensitive [222].
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Natalia and co-workers measured the lower critical solution properties of solutions of EOx/nPrOx
statistical and gradient copolymers as a function of temperature during heating and cooling cycles
[141]. As shown in Figure-1.33, at 5 mg/mL concentration, the hysteresis of the phase transition for
the statistical copolymer was negligible, while for the gradient copolymer a pronounced hysteresis
was observed regardless of the copolymer composition. The hysteresis was more pronounced for
the gradient copolymer of MOx/nPrOx, and the difference in Tcp between heating and cooling runs
was reported to be equal to 7-9 °C.
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Figure-1.33: Transmittance curves during heating and cooling of 5 mg/mL aqueous solution of
EOx/nPrOx (A) statistical and (B) gradient copolymers [141].

1.2.3.4 Mechanical and other Properties

Gradient copolymers also possess unique mechanical properties compared with block and statistical
copolymers. Zaremski and co-workers [232] reported that gradient copolymers of styrene-methyl
acrylate possessed a lower elastic modulus, higher elongation at break and higher tensile strength
compared to statistical copolymers of the same composition. This is in accordance with the results
reported by Michler and co-workers [233], in which a St/butadiene tapered copolymer exhibited
much superior tensile properties than the corresponding neat block copolymer. Similar results have
been reported by Guo et al. [172] for St/nBA copolymers, and the observations were ascribed to
reduction in the stress concentration resulting from the gradual change in local modulus within
different types of nanodomains and the smaller nanodomains of the gradient copolymers. The

mechanical properties of the gradient copolymers were more sensitive to temperature than their
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block copolymer counterparts [172]. As shown in Figure-1.34, the diblock copolymer broke at only
6% elongation, like a brittle plastic, in contrast to the linear gradient copolymer, which behaved like

an elastomer with an elongation at break over 300% [172].
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Figure-1.34: Tensile tests of statistical, linear and V-shape gradient, diblock and triblock St/nBA
copolymers at 25 °C. The inset enlarges the small strain portion to show the yield (figure adapted

from [172]).

Zheng et al. [171] measured the conductivity of gel polymer electrolytes prepared from different
copolymers with a range of contents of electrolytes. The gradient copolymers exhibited remarkably
higher ion conductivity than the block and statistical copolymers for the same uptake of the liquid
electrolyte, and the differences in behaviour clearly resulted from the differences in their copolymer
chain structures. It was proposed that in a film, continuous ionic conducting pathways are formed
by connecting polar conductive domains, which are always circuitous. If strong phase separation
and distinctive domain boundaries exist, the nonpolar domains may isolate some polar domains,
form numerous dead ends, and intersect the polar pathways [234-236]. In comparison, the gradient
copolymer based gel polymer electrolyte had no sharp domain boundaries in morphology because
of the gradient chain structure (Figure-1.35). Therefore, highly connected conducting pathways
were formed, eliminating or minimizing the interruptions of the conducting domains, and

significantly facilitating fast and efficient Li ion transport.
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Figure-1.35: Proposed continuous conducting pathways for gradient copolymers, and pathways

with dead ends for block copolymers [171].

1.2.4 An Overview of the Applications of Gradient Copolymers

The uniqueness in the structure of the gradient copolymers gives them a number of unique
properties, and as a result gradient copolymers have immense potential in a number of applications.
A very attractive aspect of gradient copolymers is that their properties can be optimized by fine-
tuning the copolymer structure. One of the most common application is as compatibilizers for
immiscible polymer blends [49, 60, 61, 87-89]. Multiple reports have experimentally shown the
impact of the incorporation of gradient copolymers on mixing in otherwise immiscible
homopolymer blends. Other applications reported for gradient copolymers include as stabilizers of
emulsions or dispersions [90], as thermoplastic elastomers [91, 92], and multi-shape memory
materials [93]. Gradient copolymers with broad glass transition behaviour can be designed to yield

materials with excellent damping behaviour [81, 86].

Amphiphilic fluorinated gradient copolymers with optimized hydrophilicity and low surface energy
segments exhibit excellent antifouling performance [170]. Besides the well-known application of
such amphiphilic structures as detergents and stabilizers, the micelles formed by self-assembly of
amphiphilic gradient copolymers in agueous medium can be used as micellar catalysis and in drug
delivery [197, 237] and amphiphilic gradient copolymers have also been used to fabricate nano-
carriers in biocompatible media [94]. Stable spherical nanostructures formed by gradient
copolymers of 2-methyl-2-oxazoline and 2-phenyl-2-oxazoline (MPOX) are capable of delivering
DNA chains [115], and the stable MPOx/DNA complexes demonstrate potential in broad

applications in the biomedical field.
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Zheng et al. [171] evaluated a series of statistical, block and gradient St-co-MA copolymers as
polymer electrolytes. They found that the gradient copolymers yielded the highest lithium ion
conductivity (102 S cm™), of the three architectures studied, by providing continuous ion
conductive pathways. It is proposed, therefore, that gradient copolymers could be a much better

replacement for the commonly used statistical copolymer gel electrolytes.

1.2.5 Summary of Gradient Copolymers

The field of conventional radical polymerization has experienced enormous development over the
past two-three decades. In particular, the invention of controlled radical polymerization techniques
such as ATRP, NMP, RAFT provide the freedom to design and prepare homo and copolymers with
precise control over molecular weight, molecular weight dispersity, and the distribution of
monomer units in the copolymer chains, for a wide range of monomer pairs. These advances in the
polymerization techniques have allowed the introduction of ‘gradient copolymers’, a novel class of
copolymers with unique structure compared with conventional statistical and block copolymers.
Theory tells us that the properties of copolymers are strongly dependent on not only their
compositions, but also on the distribution of monomer units along the copolymer chains. This has
been confirmed by comparison of interfacial properties, thermal properties and micellization
properties of gradient copolymers with those of statistical and block copolymers. Microscopic
analyses suggest no evident phase boundaries are formed in gradient copolymers due to weak phase
segregation, in contrast with equivalent block copolymers. The uniqueness in the properties of the
gradient copolymers owing to their unique structures are also visible in their thermal properties.
Gradient copolymers show a broad glass temperature due to the drift in composition along the
chain, while block copolymers generally possess two transitions, and statistical copolymers show a
single sharp Tg. Gradient copolymers also demonstrate unique self-assembly behaviour in solution.
Micelles of gradient copolymers can be designed to be sensitive to the changes in temperature, pH
and solvent quality. Gradient copolymers have wide practical application, for example as
compatibilizers for immiscible polymer blends, as stabilizers of emulsions or dispersions, as multi-
shape memory materials, and also in the biomedical field. With their unique structures and
properties, gradient copolymers possess immense potential to be applied in many other different

polymer-based applications.
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1.3 Summary

Among many others, the type of resist materials is one of the important sources of LER in
photolithographic devices. The heterogeneity of the resist materials in the line edge region forms
different phases which leads to LER. On the other hand, it has been proved that the properties of
copolymers are directly dependent on not only the composition, but also on the monomer
distribution in the copolymer chains. The gradient copolymers exhibit unique interfacial, thermal,
and solution properties than those of the conventional statistical and block copolymers owing to

their unique chain structures.

In this thesis, two different monomer pairs have been chosen for the synthesis of statistical, block
and gradient copolymers, and to study the dependence of their properties on chain structures.
Styrene-Acrylonitrile (St-AN) copolymer system was chosen due to their ability to produce natural
gradients in their structures. The significant difference of the reactivity ratios of St and AN
produces gradient copolymers at specific monomer feed ratios. Also, due to the completely resolved
triad peaks, the change in the triad distributions in the St-AN copolymer structure was possible to
prove. The second monomer pair studied in this thesis was Acetoxystyrene — t-butyl acrylate
(AOST-tBA). This pair was chosen in particular to mimic one of the commercial photoresists,
TERGO.

The aim this study is to prepare gradient copolymers (either spontaneous or forced) with
compositional gradient in the chain structures, in addition to the conventional statistical and block
copolymers by RAFT and CvRP methods for St-AN and AOST-tBA systems. The properties of the
copolymers in bulk as well as on the thin films will be studied to understand the relation between
the properties and the chain structures of the copolymers. The focus of this study was to preparing
copolymers with well-defined structures and understanding properties. The study of LER was not

possible due to limited time frame.
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Chapter 2: Synthesis of Styrene-Acrylonitrile Copolymers

2.1 Introduction

Styrene-acrylonitrile (St-AN) copolymers are found in a wide range of industrial applications, due
to their outstanding chemical, thermal, mechanical and optical properties and their easy
processability [238, 239]. Therefore, this monomer pair has been one of the most studied from the
early days of polymer science [240-242]. Prior to the introduction of controlled radical
polymerization, CvRP was used to synthesize St-AN copolymers and a number of scientists have
studied the kinetics of St-AN copolymerization both in bulk [243-246] and in a variety of solvents
[243, 247-250] as well as in heterogeneous systems such as aqueous emulsions [241, 251] or micro-
emulsions [252, 253]. Several authors have suggested that the reactivity ratios of the styrene and
acrylonitrile monomers are affected to some extent by the medium of the reaction. The interaction
of acrylonitrile with the solvent, which is termed "preferential solvation’, was reported as the reason
for the change in the reactivity ratios with the reaction medium [249, 254]. The effect of solvent on
the copolymerization of monomers of very different polarity has been further reported to be
explained based on the bootstrap model [243, 255-259]. The bootstrap model explains the solvent
effect by postulating a difference in the monomer concentration around the growing chain and in

the free solvent.

RAFT has been found to be suitable for the homopolymerization of both acrylonitrile [260-262] and
styrene [263-265] monomers, and Chernikova et al. [266] have reported the synthesis of St-AN
copolymers with controlled molecular weight and low molecular weight dispersity (Bwm) using
RAFT. St-AN copolymers with varying molecular weight were also successfully synthesized by the
RAFT emulsion copolymerization, as reported by Huang and colleagues [267]. Fan et al. [268]
reported that the reactivity ratios for St-AN copolymers prepared by the RAFT method were higher
than those of CvRP and suggested that this was due to the presence of the RAFT end groups
showing a preferential affinity towards one monomer over the other. A difference in the reactivity
ratios was also reported for reverse ATRP of St-AN copolymers, [269] although Tsarevsky et al.
[270] reported that the reactivity ratios match those observed in the CvRP process. Despite these
studies, the effect of solvent on both the reactivity ratios and the copolymer triad distributions of the

St-AN system have not been studied previously for controlled radical polymerizations.
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In this chapter, the reactivity ratios of styrene and acrylonitrile have been obtained by an analysis of
the sequence distributions for nine different comonomer feed ratios using the RAFT method in
bulk. Based on the Mayo-Lewis plot for the St-AN copolymer system, four different feed
compositions were selected for the study of kinetics of high-conversion St-AN copolymer synthesis
by both the RAFT and CvRP batch polymerizations. For each feed compositions, the copolymer
compositions as well as the St and AN centred triad fractions were characterized using *H NMR and
guantitative *C NMR, and the experimental data were compared with the predicted data. In
addition to the batch St-AN copolymers, RAFT polymerization was also used to synthesize forced
gradient copolymers by employing the continuous feeding approach for the azeotrope feed
compositions. Using PSt as the macro-RAFT agent, PSt-block-PAN copolymers were synthesized
by the chain extension method.

2.2 Materials

Both styrene (St) and acrylonitrile (AN) monomers were purchased from Sigma-Aldrich, and
passed through a basic alumina column to remove the inhibitor prior to polymerization reactions.
Azobisisobutyronitrile (AIBN) initiator was purchased from Sigma-Aldrich, and purified by
recrystallizing in methanol followed by drying in a vacuum oven at room temperature. The RAFT
agent 2-cyano-2-propyl benzodithioate (CPDB) was used as purchased from Sigma-Aldrich and
propanoic acidyl butyl trithiocarbonate (PABTC) was synthesized as described in the literature
[271]. Solvent 1,4-dioxane was purchased from Ajax Finechem and N,N-dimethylformamide

(DMF) was purchased from Merck Millipore.
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Figure-2.1: Materials used for the synthesis of St-AN copolymers.
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2.3 Characterization Techniques

2.3.1 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) is one of the fundamental characterization techniques in
polymer chemistry which gives the molecular weight and molecular weight distributions of the
polymer. In this study, two different SEC systems have been used for polymers and copolymers
characterization. One of them is a Waters GPC 1515 pump system with Ultra Violet and
Differential Refractive Index detectors. HPLC-grade Tetrahydrofuran (THF) was used as eluent at a
flow rate of 1 mL min™ at 40 °C. The samples with a known concentration (1.0 mg mL™) were
dissolved in THF and filtered through a polytetrafluoroethylene (PTFE) 0.45 micron 13 mm filter
before measurement. Molecular weight and molecular weight dispersity of polymer were

determined with respect to polystyrene (PS) standards.

The second SEC used in this project is a Polymer Laboratories GPC 50 Plus equipped with a dual
angle laser-light scattering detector, viscometer and differential refractive index detector. HPLC
grade N,N-dimethylacetamide (DMAc, containing 0.03% LiCl) was used as the eluent at a flow rate
of 1.0 mL min?t and the temperature was held constant at 50 °C. The system allows for the
determination of the absolute molecular weight of the polymers. Empirical values of dn/dc were
determined from the slopes of the refractive index vs concentration for St-AN copolymers (dn/dc
values are given in section 2.5.3.3).

2.3.2 Nuclear Magnetic Resonance (NMR)

NMR was used to study the kinetics of polymerization, to study the polymer structure, and to study
the copolymer compositions. In this study, both proton (*H) and quantitative carbon (**C) NMR
spectroscopy were utlized using a Bruker Avance 400 MHz spectrometer. In most of the cases,
deuterated chloroform (CDCls) was used as solvent, and deuterated dimethyl sulfoxide (DMSO-ds)
was used for the samples those were found to be insoluble (produced non-transparent liquid) in
CDCls. A 10 wt% polymer solution was used for characterization with quantitative *C NMR. The
delay time and scan number of the samples were adjusted for quantitative 3C NMR based on the

types of polymer samples, detail parameters are noted in the later sections for individual samples.
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2.4 Determination of reactivity ratios for St-AN copolymerization

The kinetics of the polymerization of styrene and acrylonitrile monomers have been studied
extensively in different reaction mediums and polymerization techniques. Klumperman and co-
workers [257] investigated the CVRP of St and AN in bulk and in the solvents toluene, butanone
and N,N’-dimethylformamide. They reported a small but noticeable effect of solvent on the kinetics
of St-AN copolymerization. Hill et al. [243] also found a similar solvent effect on the St-AN
polymerization in bulk as well as in acetonitrile and toluene. In addition to the solvent effect, the

reactivity ratios are also reported to be dependent on the polymerization temperatures [272].

In this study, the reactivity ratios of the RAFT polymerization of St-AN were determined using nine
different monomer feed compositions ranging from 10:90 to 90:10 St:AN mole ratios. The
polymerization reactions were carried out at 80 °C in bulk, with a 2:1 RAFT to initiator ratio. The
reaction concentrations for the reactivity ratios determination are given in Table-2.1. A small
amount of dioxane was added to each reaction mixture to use as a reference peak in *H NMR to aid
in determination of the reaction conversion. The dioxane peak in the *H NMR spectrum is well
separated (3.71 ppm in CDCIs3) from the monomer peaks, and therefore could be used as the
reference to monitor the changes in the intensities of the monomer peaks during the course of the

polymerization.

Table-2.1: Reaction concentrations for the synthesis of St-AN copolymers with different feed
compositions to determine the reactivity ratios of St and AN. The number at the end of the names of

the St-AN copolymers represent the styrene fraction in the initial monomer mixture.

Designation | Feed compositions | St (mole) | AN (mole) | CPDB AIBN | Dioxane

St:AN (mmole) | (mmole) | (mmole)
St-AN10 10:90 0.0116 0.1038 0.2099 0.1122 1.1591
St-AN20 20:80 0.0192 0.0769 0.2262 0.1128 2.2727
St-AN30 30:70 0.0259 0.0606 0.2439 0.1098 1.3296
St-AN40 40:60 0.0336 0.0478 0.2199 0.1098 1.2386
St-AN50 50:50 0.0384 0.0392 0.2358 | 0.1122 1.068
St-ANG60 60:40 0.0385 0.0255 0.2262 0.1128 2.2727
St-AN70 70:30 0.0483 0.0209 0.2199 0.1140 1.1591
St-AN80 80:20 0.0481 0.0120 0.2262 0.1128 2.2727
St-AN90 90:10 0.0542 0.0061 0.2267 | 0.1098 | 1.1705
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The reactions were quenched in an ice batch at certain times, and the crude reaction mixtures were
characterized by *H NMR. The spectra of the crude copolymer solutions were compared to the
spectra of the starting crude copolymer solutions, and using the dioxane peak as the reference, the
conversion for each composition was determined from the change in the intensities of the monomer
peaks. Figure-2.2 shows the *H NMR spectrum for the crude reaction mixture for St-AN20
copolymer before the start of the reaction. The reference (dioxane) peak is highlighted in the red
box. The conversion of St to polymer was calculated by comparing the dioxane peak to the St
proton peak ‘a’ and the AN conversion was calculated by comparing the dioxane peak to the AN
proton peak ‘f’, both highlighted in green boxes. The overall conversion were calculated from the
individual monomer conversion using the feed ratios. The copolymer conversion were kept under

10% to enable accurate determination of the monomer reactivity ratios.
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Figure-2.2: *H NMR spectrum of the initial reaction mixture for St-AN20 showing the peaks
assigned to the protons of each monomer and the reference solvent dioxane.

The copolymers were precipitated by adding drop-wise to a mixture of methanol and water. For
very low conversion (less than 5%), n-hexane was found to be a better solvent for precipitating the
St-AN copolymers. The precipitated copolymers were then filtered and dried in a vacuum oven for
48 hours at room temperature to a constant weight. The molecular weight and molecular weight
dispersity of the resultant copolymers were characterized by SEC using THF as the eluent. The
copolymer compositions and triad distributions were also characterized by both *H NMR and
quantitative 3C NMR using CDCIl; as the NMR solvent (delay time: 1 s, scans: 16). For
quantitative 3C NMR, a 10 wt% solution of the copolymer was prepared, and the data were
acquired with a 5 s delay time, and 2048 scans. NMR measurements using different delay times

confirmed that 5 s was sufficiently long to ensure full relaxation of the 3C spins. Figure-2.5 shows
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the comparison of the peak intensities of St-AN60 copolymer for three different delay times, and
only one example is shown as the spectra were essentially identical for copolymers with other

compositions as well.

Table-2.2: Copolymer conversion characterized by *H NMR, compositions characterized by *H and
13C NMR, and molecular weight characterized by 'H NMR and SEC for nine different feed
compositions of St-AN copolymers.

Designation | Conv. | fst Fst Fst Mhn Mn (SEC) | Dwm
(%) ((HNMR) | (3CNMR) | (HNMR) | gmol! | (SEC)
gmol-!

St-AN10 3.8 | 0.10 0.40 0.42 1400 1100 1.46
St-AN20 6.2 | 0.20 0.44 0.47 1600 1300 141
St-AN30 59 | 0.30 0.51 0.53 2800 2900 1.13
St-AN40 3.0 | 040 0.57 0.57 1600 1400 1.30
St-AN50 57 | 0.50 0.60 0.61 2200 1750 1.28
St-AN60 6.0 | 0.60 0.65 0.63 1600 1100 1.26
St-AN70 6.8 | 0.70 0.68 0.68 3200 3100 1.13
St-AN80 33 |0.80 0.75 0.73 1500 1500 1.23
St-AN90 33 | 090 0.81 0.80 1400 1000 1.30

The number at the end of St-AN copolymer name represents the St feed composition in the
copolymerization mixture

Conv. = conversion

fst = St feed composition

Fst = St composition in the copolymer

Mn = Number-average molecular weight

HPwm = Molecular weight dispersity

The overall St-AN copolymer conversion calculated from the individual St and AN monomer
conversion using *H NMR, as listed in Table-2.2 are found to be less than 7% for each monomer
feed composition. The compositions of the purified copolymers were calculated by comparing the
intensity of the peaks due to the aromatic protons of the St units (Hr) to those of the backbone
protons of AN (H¢ and Hq) (Figure-2.3). The RAFT agent CPDB also gives a well resolved peak for

its aromatic protons (Hg) in *H NMR. Therefore, by comparing the intensity of the peak from the
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RAFT end group to those of the copolymer, the molecular weight of the copolymers were
calculated from *H NMR. Copolymer molecular weight (Mn) and molecular weight dispersity (Dw)
have also been determined by SEC. The target molecular weight was sufficiently high (approx.
25,000), but for calculating reactivity ratios, the conversion has to be as low as possible, and
therefore resulted in low molecular weight polymers. Unless it is mentioned to be characterized by
the triple detector, the molecular weight of the copolymers mentioned in this thesis are actually
apparent molecular weights with respect to PSt standard, which may lack the precision and
accuracy due to the introduction of systematic error depending on the quality of the solvent for the
analyte and the standard [273, 274]. Similarly, the apparent dispersity of the copolymers might be
differ from the actual value due to the fact that THF is not as good for PAN as it is for PSt as
solvent which especially affects the dispersity values for the St-AN copolymers with high AN

content.
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Figure-2.3: *H NMR spectrum of purified St-AN60 copolymer with peaks assigned for each proton
in the copolymer and the RAFT end group. Due to high sample concentration (approximately 10

wt%), the chloroform-d peak is overlapped by the aromatic proton peaks from St.
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Figure-2.4: (a) 3C NMR spectrum for St-AN60 copolymer at 6% conversion, with peaks assigned

to each carbon in the copolymer; (b) the highlighted portion of ‘a’,

styrene centred and acrylonitrile centred triads.
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Figure-2.5: Comparison of St and AN centred peaks of St-AN60 copolymers for delay time 5 s
(—), 10 s (—) and 15 s (—) with 2048 scans, showing no differences in peak heights.
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Using *C NMR, the compositions were calculated by comparing intensities of peaks due to the
aromatic carbons (Cq) from St units to the nitrile carbon (Cg) of AN units in Figure-2.4 (a). The
variation in the sequence of the monomer units in a triad gives well resolved peaks [275-277], for
both styrene and acrylonitrile centred triads, as can be seen in Figure-2.4 (b). These triad peaks have
been used to quantify the individual triad fractions present in a copolymer for all different feed

compositions. The structures of the St and AN centred triads are shown in Figure-2.6.
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Figure-2.6: Structures of the styrene centred and acrylonitrile centred triads.
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Table-2.3: Triad fractions obtained from *C NMR of the St-AN copolymers prepared at low

conversion for nine different monomer feed compositions.

Designation St-centred triad fractions AN-centred triad fractions
F(SSS) | F(SSA/ASS) | F(ASA) F(SAS) | F(SAA/AAS) | F(AAA)
St-AN10 0.000 0.164 0.836 0.279 0.560 0.161
St-AN20 0.011 0.260 0.729 0.478 0.456 0.066
St-AN30 0.024 0.336 0.640 0.600 0.366 0.033
St-AN40 0.048 0.431 0.521 0.714 0.267 0.018
St-AN50 0.078 0.507 0.415 0.780 0.211 0.009
St-AN60 0.134 0.554 0.311 0.845 0.152 0.004
St-AN70 0.197 0.572 0.231 0.881 0.100 0.019
St-AN8O 0.292 0.532 0.176 0.898 0.096 0.006
St-AN90 0.402 0.486 0.112 0.925 0.075 0.000
(a) (b)
1.0 ® F(SSS) 1.0
B F(SSA/ASS) s o ¢
os{ * A F(ASA) 08 | . e
5 [ ]
2 e 5 @
% 0.6 . LI . % 06 ® o FoAS)
< . x ® [ ] B F(SAA/AAS)
Z 041 L = 04 . A F(AAA)
g - . A ] g ® .
To2] s . F o2 ] .
i [ ]
s ° * * a "oy
oo e« e @ 00 | 2 2 2 2 % ax 3z
0.0 0:2 014 O‘.6 0‘.8 1.0 0.0 012 0:4 0:6 0:8 1.0

St St

Figure-2.7: Change in (a) St-centred and (b) AN-centred triad fractions with St feed composition

for St-AN copolymers with varying monomer feed compositions at low conversion (less than 10%).
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The St and AN centred triads have been quantified from the quantitative **C NMR for each of the
monomer feed ratios, and the triad fractions calculated which is given in Table-2.3 as well as
plotted against the feed ratios in Figure-2.7. As expected, the fraction of all three St units in a triad
(SSS) increases with the increase in the St in the monomer feed while triad fraction with all AN
units (AAA) decreases.

The triad distributions in the copolymer chains at very low conversion can be used to determine the

reactivity ratios of the monomers using the expressions based on the conditional probabilities [278].

fan 1
= —(——-1
St = o Poroan ) [1]
_ fsz( 1
= =—|(—--1
Tan = v Panes: ) .............. [2]

Where fst and fan are the feed mole fraction compositions of styrene and acrylonitrile, respectively,

and Pst.an and Pan-st are the conditional probabilities given by:

P _ [Asa]+[ass]/2
SETAN T ASA)+[4SS)+[SSS] [3]
p _ [545]+[44s]/2
AN=SE ™ [sAs]+[4As]+[444) [4]

Here, Pstan is the probability that an St-AN unit is formed as a result of a styrene growing chain
end adding acrylonitrile, and Pan-st is the probability that an AN-St unit is formed as a result of an
acrylonitrile growing chain end adding styrene. The parameters in the square brackets are the triad
fractions calculated from the quantitative 3C NMR spectra. Using equations [1] and [2], the
reactivity ratios of styrene and acrylonitrile for all nine different feed compositions were calculated

with the results shown in Table-2.4.

Table-2.4. Reactivity ratios for copolymerization of styrene and acrylonitrile for different feed

compositions calculated from the triad distributions for the copolymerization in bulk at 80 °C.

fst 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Ist 0.805 | 0.658 | 0.553 | 0.536 | 0.497 | 0.469 | 0.400 | 0.315 | 0.202
AN 0.088 | 0.104 | 0.119 | 0.120 | 0.129 | 0.130 | 0.173 | 0.229 | 0.351
ranrst | 0.071 | 0.068 | 0.066 | 0.064 | 0.064 | 0.061 | 0.069 | 0.072 | 0.071
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Table-2.4 shows that the reactivity ratios are not constant across the range of feed compositions and
the reactivity ratio of styrene increases with a higher percentage of acrylonitrile in the monomer
feed, while the opposite is true for the acrylonitrile reactivity ratio. The reactivity ratios are in good
agreement with those reported previously for the bulk CvRP copolymerizations by Hill et al.” and
Klumperman and Kraeger [257], as demonstrated in Figure-2.8. The latter workers have explained

their observations in a range of solvents in terms of a bootstrap effect [257].
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Figure-2.8: Reactivity ratios for copolymerization of styrene [®rst] and acrylonitrile [oran] found in
this study versus the feed composition for the RAFT polymerization at 80 °C. Also plotted are the
reactivity ratios for CvRP reported by Klumperman et al. 571 [mrs;, oran] and Hill et al.” [ Arst,
Aran].

Several decades ago Harwood [256] explained how the polarity of the solvent can affect the
reactivity ratios of mixtures of polar and non-polar monomers following studies of the
copolymerizations of four different monomer pairs of different polarity. He proposed the so called
‘bootstrap’ model to explain his results. He postulated that the monomers could be partitioned
between the solvent phase and a ‘phase’ surrounding the solvated copolymer which altered the
concentration of the monomers in the vicinity of the propagating radical compared to that in the
bulk solution (illustrated in Figure-2.9). The partitioning of monomers 1 and 2 can be described by
their partition coefficients, Ky and Ky, for the equilibria that exist between the two monomers in the

domain of the growing polymer radicals and in the free solvent.
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Figure-2.9: lllustration of partitioning of the monomers into the vicinity of the growing chain

radical proposed by Harwood?° for the bootstrap model.

From the bootstrap model it can be shown that there is a relationship between the reactivity ratios

calculated using the terminal model copolymer equation and the reactivity ratios which would apply

in the case of no partitioning taking place, rs:” and ran . These relationships are:
n=Kr’andro=r/K............ [5]

where K is the ratio K1i/Ko.

Hence ri.rz =ri’.r2’

Table-2.4 shows that the product of the reactivity ratios, ranyrsy, remains approximately constant

(0.067 +/- 0.007) across the feed composition range. This is strong evidence that a bootstrap effect

occurs in the bulk copolymerization of styrene and acrylonitrile due to the different polarities of the

growing copolymer and the unreacted bulk comonomer mixture. This is a consequence of the

difference in compositions of growing copolymer chains and monomer reaction mixtures at most

monomer feed ratios.

Harwood [256] proposed that the partition coefficients were independent of the comonomer
composition, but to explain their observations for the styrene—acrylonitrile copolymerization
Klumperman and Kraeger [257] suggested that there is a linear relationship between K and the
copolymer composition, F1. Klumperman and Kraeger described this dependency by Equation 6, in

which A and B are solvent-dependent constants.

Klumperman and Kraeger [257] used the bulk copolymerization as a reference and defined that for
the copolymerization in bulk A =0 and B = 1. They then calculated the values of A and B for a
range of solvents, and reported that as the solvent polarity increased A increased and B decreased in

value. From the comparison of St-AN copolymerization in bulk and in three different solvents, they
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revealed little but noticeable solvent effect due to penultimate unit effect which can be explained by
qualitative description of bootstrap model. Hill et al. [246, 279] pointed out St and AN monomers
as one of the major examples of copolymerization where penultimate unit model was obeyed.
Therefore, the bootstrap model is applicable for both the penultimate unit model and terminal model

which is also mathematically proved by Klumperman and O’Driscoll [280].

Hill et al. [243] earlier had reported a similar solvent effect on the reactivity ratios of St-AN
copolymers by studying the copolymerization reactions in bulk, toluene, butanone and acetonitrile
and they reported copolymer compositions and triad fraction data in the different solvents. They
also attributed their observations of the reactivity ratios obtained assuming a terminal model to a
bootstrap effect. From Figure-2.8, and according to the relationships in equation 5, the value of K
must decrease as the value of fs; increases, by a factor of approximately four across the composition
range. As the value of fs; increases, the polarity of the bulk comonomer mixture (the ‘solvent’) will
decrease, and so will that of the copolymer that is formed. Therefore, as explained for the CvRP
polymerization of St-AN copolymers, the solvent effect on the reactivity ratios of St and AN could

also be explained based on the bootstrap model for RAFT method.
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2.5 Synthesis of high-conversion St-AN copolymers by RAFT polymerization

2.5.1 Theoretical background

The Mayo-Lewis plot was generated to predict the copolymer composition for styrene-acrylonitrile
monomer pair using the copolymer equation and their reactivity ratios. The difference between the
reactivity ratios of St and AN results in significant deviation in the copolymer compositions from
the ideal copolymerization at specific feed compositions. As Figure-2.10 shows, at 60% St feed
compositions, the copolymer composition meets the ideal copolymerization plot at the azeotrope
feed composition. Therefore, this particular feed composition should provide statistical copolymers
with no change in the copolymer composition as monomer is consumed.

In contrast to this, for the St feed composition less than 60%, the predicted instantaneous copolymer
composition of St is higher than the ideal copolymerization, and especially for 10% and 20% St
feed composition the deviation is most significant. On the other hand, for St feed compositions
greater than 60%, the Mayo-Lewis plot gives lower St compositions in the copolymer than the ideal

copolymerization plot.
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Figure-2.10: Mayo-Lewis plot for styrene — acrylonitrile copolymer showing the copolymer
composition against the monomer feed composition using reactivity ratios, rst = 0.394 and ran =
0.063 as reported by Hill et al. [243]. The red circles show the chosen St feed composition for high-

conversion kinetics studies.
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In summary, at St feed compositions other than 60%, the composition of the St-AN copolymer
should change with conversion to produce a natural gradient in the copolymers chains (for RAFT
polymerization where the individual chains remain alive during the full reaction). Based on the
above predictions, 10% 20%, 60% and 80% St feed compositions have been chosen to study high-
conversion copolymerization kinetics for the synthesis of St-AN statistical copolymers with and

without composition drift.

A computer program REACT, developed by Hill and co-workers [281-283], has been used to
predict the instantaneous copolymer compositions and triad distributions for all four monomer feed
ratios using the terminal model. The data were predicted until 90% conversion with step size 0.01%.
The St compositions and the triad distributions predicted using the REACT program are plotted
against the copolymer conversion for four different St feed compositions (Figure-2.11 to Figure-
2.14).

As expected, for 60% St feed, the azeotrope composition, the copolymer compositions and the triad
distributions are essentially constant throughout the whole conversion range, and therefore produces
St-AN statistical copolymers (Figure-2.12). The Mayo-Lewis plot shows very little deviation in St
composition in the copolymer from the ideal copolymerization plot at 80% feed composition. This
is reflected in the REACT predicted instantaneous composition and triad distribution plot (Figure-
2.11). The copolymer composition of St increases slightly with the increase in the conversion, and
the St composition reaches to 0.78 starting from an initial value of 0.68. There is also a noticeable
change in the triad distributions, though the change in the St centred triads is more prominent than
for the AN centred triads.

More pronounced changes are seen in the compositions and triad distributions with conversion for
10% and 20% St feed composition due to the significant deviation of the copolymer composition in
the Mayo-Lewis plot for these feed compositions. The St composition in the copolymer goes from
0.45 to 0.22 at 90% conversion for 20% St feed (Figure-2.13), while the composition drift is even
steeper for 10% St feed, reaching to Fst = 0.11 at 90% conversion starting from Fst = 0.38 (Figure-
2.14). Both the St and AN centred triad distributions are also found to change significantly with
increasing copolymer conversion. Therefore, for 10% and 20% St feed compositions, REACT

predicts formation of St-AN copolymers with a strong gradient in the copolymer chains.
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Figure-2.11: Instantaneous (a) St compositions in the copolymer, (b) St-centred triad distributions,
and (c) AN-centred triad distributions, predicted by the REACT computer program for St-AN8O

copolymer, using reactivity ratios rst = 0.315 and ran = 0.229.
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Figure-2.12: Instantaneous (a) St compositions in the copolymer, (b) St-centred triad distributions,
and (c) AN-centred triad distributions, predicted by the REACT computer program for St-AN60

copolymer, using reactivity ratios rst = 0.469 and ran = 0.130.
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Figure-2.13: Instantaneous (a) St compositions in the copolymer, (b) St-centred triad distributions,

and (c) AN-centred triad distributions, predicted by the REACT computer program for St-AN20

copolymer, using reactivity ratios rst = 0.658 and ran = 0.104.
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Figure-2.14: Instantaneous (a) St compositions in the copolymer, (b) St-centred triad distributions,
and (c) AN-centred triad distributions, predicted by the REACT computer program for St-AN10

copolymer, using reactivity ratios rst = 0.805 and ran = 0.088.
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2.5.2 Synthesis of St-AN copolymers by RAFT method

For synthesizing high-conversion St-AN copolymers with the desired feed compositions, the
reaction mixtures given in the Table-2.5 were added to a 50 mL round bottom flask for each
composition. CPDB was used as the RAFT agent, and AIBN as initiator at 2:1 mole ratio for all
four feed compositions. A small amount (~0.5 g) of solvent (dioxane or DMF) was added to the
reaction mixture to use as reference for calculating the copolymer conversion from *H NMR. The
flask was then sealed with a rubber septum and purged with N> for an hour to remove oxygen from
the system. In a N2 glove box, the reaction mixture from the flask was divided into six parts in 20
mL vials and each of the vials was sealed with a rubber septum. For each monomer feed
composition, all six vials were allowed to react in an oil bath at 80 °C with continuous stirring. The
vials were collected from the oil bath after at regular intervals and quenched in an ice bath to stop
the polymerization. This process was followed for all four feed compositions to synthesize high-

conversion St-AN copolymers.

Table-2.5: Reaction conditions for the synthesis of high-conversion St-AN80, St-AN60, St-AN20
and St-AN10 copolymers at 80 °C in bulk.

Designation | St AN CPDB AIBN
St-AN80 18.022 g 2.300 ¢ 0.201¢g 0.076 g
0.173 mole 0.043 mole 0.909 mmole 0.463 mmole
St-AN60 15.008 g 5.096 g 0.198 ¢ 0.075¢g
0.144 mole 0.096 mole 0.896 mmole 0.457 mmole
St-AN20 6.130 g 12.380 ¢ 0.178 ¢ 0.070¢g
0.059 mole 0.234 mole 0.805 mmole 0.427 mmole
St-AN10 3.520¢g 16.160 g 0.198 ¢ 0.074 ¢
0.034 mole 0.305 mole 0.896 mmole 0.451 mmole
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2.5.3 Results and discussion

The conversion of St and AN monomer at any polymerization time was determined using *H NMR,
from the changes in intensities of the monomer peaks with respect to the solvent as shown in
Figure-2.2. The overall copolymer conversion were calculated from the individual monomer
conversion and the feed compositions, as described in Section 3.3. The crude copolymer solutions
were diluted by adding THF or DMF, and then precipitated in a methanol-water mixture. The
process was repeated twice for complete removal of unreacted monomers and the purified

copolymers were then dried in a vacuum oven at room temperature to a constant weight.

The molecular weight (Mn) and molecular weight dispersity (Pw) of the purified copolymers were
characterized by SEC using THF as eluent for St-AN80 and St-AN60. Copolymers with high AN
compositions are insoluble in THF and resulted in non-transparent liquid. Therefore DMAc was
used as the eluent for St-AN20 and St-AN10 copolymers. Both *H and quantitative **C NMR were
used to characterize the composition of styrene and acrylonitrile in the copolymers at different
conversion, and the triad fractions of the copolymers were determined using the triad peaks in the
quantitative 3C NMR spectra. The results for each of the monomer feed compositions are described

in the following sections.

2.5.3.1 St-ANB80 copolymers

The conversion data shown in Table-2.6 for individual monomer and the overall copolymer
conversion for St-AN80 shows a steady increase in the individual monomer and overall copolymer
conversion with polymerization time, and reaches almost 65% in 20 hours. However, the individual
rate of conversion of St was slower than that of AN monomer which agrees with the Mayo-Lewis

plot for St-AN copolymer (Figure-2.10) showing lower instantaneous St copolymer composition.

Table-2.7 shows the molecular weight and molecular weight dispersity data characterized by SEC,
and is plotted against copolymer conversion in Figure-2.15 (a). *H NMR of the purified copolymers
has also been used to calculate the copolymer molecular weight as listed in Table-2.7, by comparing
the intensity of peaks for St and AN unit protons in the copolymer to that of the RAFT end group
(Figure-2.16). The molecular weight, characterized by both 'H NMR and SEC, increases linearly
with conversion, with reasonably low molecular weight dispersity indicating the controlled nature
of the copolymerization. The change in the molecular weight distribution of the copolymers with
conversion is plotted in Figure-2.15 (b), which shows the distribution plots shift towards higher
molecular weight as the copolymer conversion increases.
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Table-2.6: Conversion data for the synthesis of St-AN80 copolymers in bulk at 80 °C characterized

by 'H NMR.
Reaction | [H] from St conversion [H] from | AN conversion Overall
time St (%) AN (%) copolymer

conversion (%)

0 min 87.28 - 20.85 - -
20 mins 83.38 4.47 18.42 11.65 5.91
1 hour 71.87 17.66 14.64 29.78 20.08
2 hours 67.96 22.14 11.24 46.09 26.93
5 hours 45.66 47.69 7.02 66.33 51.41
10 hours 36.81 57.83 6.12 70.65 60.39
20 hours 34.16 60.86 441 78.85 64.46

Table-2.7: The molecular weight and molecular weight dispersity data for St-AN80 copolymers

characterized by *H NMR and SEC.

Reaction time Copolymer Mn (*H NMR) Mn (SEC) Dwm (SEC)
conversion (%)
20 mins 5.91 1700 1500 1.23
1 hour 20.08 5000 5000 1.12
2 hours 26.93 8800 7400 1.16
5 hours 51.41 13100 11200 1.24
10 hours 60.39 16000 13100 1.23
20 hours 64.46 20800 14200 1.24
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Figure-2.15: (a) Changes in the molecular weight and molecular weight dispersity and, (b)

molecular weight distribution of St-AN8O0 copolymers with conversion characterized by SEC. The

arrow in the distribution plot indicates increasing molecular weight with conversion.
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Figure-2.16: (a) *H NMR and (b) quantitative 3C NMR for St-AN80 copolymer at 64.46%

conversion with corresponding proton and carbon peaks.
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The composition of the St-AN8O0 copolymer at each conversion was characterized using *H and *3C
NMR as shown in Figure-2.16. The compositions from the *H NMR was calculated by comparing
the aromatic proton peaks from St, to that of the backbone protons from AN. In quantitative 3C
NMR, the aromatic carbon peak was compared to the carbon bonded to nitrogen in AN to determine
the copolymer compositions. The experimental compositions are plotted against the copolymer
conversion to compare with the theoretical instantaneous composition predicted using REACT
computer program which shows excellent agreement with the theoretical predictions for St-AN8O

copolymers as shown in Figure-2.17.

The St centred and AN centred triad fractions were determined by quantifying the triad peaks in
guantitative 3C NMR, shown in Table-2.8 and Figure-2.18. The change in experimental triad
fractions with conversion for both St centred and AN centred triads mostly follow the predicted
trend, though the change in the St centred triad fractions is somewhat larger than predicted. The
error bars for the experimental data are estimated with 95% confidence limits in a single value

calculated from three measurements.

Table-2.8: The compositions and triad fractions of St-AN80 copolymers calculated from *H and
13C NMR spectra.

Conv. Fst St-centred AN-centred
(%) triad fractions triad fractions
IHNMR | ®CNMR | F(SSS) | F(SSA) | F(ASA) | F(SAS) | F(SAA) | F(AAA)

5.91 0.728 0.735 0.354 0.507 0.138 0.906 0.084 0.010
20.08 0.719 0.730 0.392 0.498 0.111 0.942 0.053 0.005
26.93 0.746 0.752 0451 | 0469 | 0.080 | 0.955 0.044 0.001
51.41 0.756 0.763 0.456 0.470 0.074 0.961 0.034 0.005
60.39 0.763 0.775 0.476 0.464 0.059 0.970 0.028 0.002
64.46 0.767 0.781 0493 | 0445 | 0.062 | 0.968 0.032 0.000
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Figure-2.17: The change in the composition of styrene with conversion in St-AN80 copolymers

characterized by 'H NMR (e) and *C NMR (m) for 80% St feed composition compared to the

predicted composition (solid line).
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Figure-2.18: The change in the (a) St-centred and (b) AN-centred triad distribution with conversion
in St-ANS8O copolymers characterized by *C NMR for 80% St feed composition compared to the

predicted composition.
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2.5.3.2 St-ANG60

Similar to the St-AN80 copolymers, the individual monomer and overall copolymer conversion
from 'H NMR was also determined for St-AN60 copolymers as listed in Table-2.9. The overall
conversion increases with polymerization time, and reaches to as high as approximately 94% in 15
hours. As this composition is the azeotrope feed composition, the individual conversion of both St
and AN monomer increases in a similar manner. The molecular weight determined by both *H
NMR and SEC of the copolymer increases with the conversion, with low molecular weight
dispersity (Table-2.10).

The molecular weights of St-AN60 copolymers have been plotted against the copolymer conversion
and shows a linear increase (Figure-2.19). The increase in molecular weight is also supported by the
molecular weight distribution plot, where the molecular weight distribution shifts from lower to

higher molecular weight region as the copolymer conversion increases.

Table-2.9: Conversion data for the synthesis of St-AN60 copolymers in bulk at 80 °C characterized
by *H NMR.

Reaction | [H] from | Stconversion | [H] from | AN conversion Overall
time St (%) AN (%) copolymer
conversion (%o)
0 min 76.10 - 47.07 - -
15 mins 7251 4.72 43.72 7.12 5.68
20 mins 68.27 10.29 40.16 14.68 12.05
1 hour 58.25 23.46 33.65 28.51 25.48
2 hours 42.47 44.19 24.15 48.69 45.99
3 hours 34.20 55.06 16.99 63.90 58.60
4.5 hours 25.99 65.85 14.91 68.32 66.84
15 hours 5.60 92.64 1.82 96.13 94.04
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Table-2.10: The molecular weight and molecular weight dispersity data for St-AN60 copolymers
characterized by *H NMR.

Reaction time | Conversion (%) | Ma (*HNMR) | M\ (SEC) | Pm (SEC)
15 mins 5.68 1300 1100 1.26
20 mins 12.05 2300 3200 1.12
1 hour 25.48 5500 6400 1.13
2 hours 45,99 12200 10900 1.18
3 hours 58.60 16400 13500 1.23
4.5 hours 66.84 20100 15500 1.26
15 hours 94.04 23500 19600 1.31
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Figure-2.19: (a) Changes in the molecular weight and molecular weight dispersity characterized by

SEC and *H NMR and, (b) molecular weight distribution of St-AN60 copolymers with conversion

characterized by SEC. The arrow in distribution plot indicates increasing molecular weight with

conversion.
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Figure-2.20: (a) *H NMR and (b) quantitative 3C NMR for St-AN60 copolymer at 64.46%

conversion with corresponding proton and carbon peaks.

132



The copolymer compositions for St-AN60 copolymers are plotted against conversion in Figure-

2.21. St contents measured by both *H and *C NMR are in good agreement with the predicted

compositions, and nearly constant with copolymer conversion. This indicates the formation of

statistical copolymers with no drift along the copolymer chains. Beside the constant compositions,

the statistical nature of the copolymer chains is also supported by the triad distributions plot

(Figure-2.22). Both the St-centred triad fractions and AN-centred triad fractions are nearly constant

with conversion.

Table-2.11: The compositions and sequence distributions of St-AN60 copolymers calculated from
'H and *C NMR.

Conv. Fst St-centred AN-centred
(%) triad fractions triad fractions
IHNMR | BBCNMR | F(SSS) | F(SSA) | F(ASA) | F(SAS) | F(SAA) | F(AAA)
5.68 0.647 0.654 0.189 0.486 0.324 0.819 0.179 0.002
12.05 0.596 0.641 0.176 0.502 0.322 0.848 0.150 0.002
25.48 0.602 0.633 0.166 | 0529 | 0.305 | 0.858 | 0.141 0.000
45.99 0.600 0.637 0.181 0.526 0.293 0.858 0.141 0.000
58.60 0.594 0.649 0.216 0.508 0.276 0.864 0.136 0.000
66.84 0.604 0.641 0.189 0.542 0.269 0.872 0.128 0.001
94.04 0.605 0.649 0.221 0.530 0.249 0.879 0.120 0.001
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Figure-2.21: The change in the composition of styrene with conversion in St-AN60 copolymers
characterized by 'H NMR (e) and *C NMR (m) for 60% St feed compositions compared to the

predicted compositions (solid line).
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Figure-2.22: The change in the (a) St-centred and (b) AN-centred triad distribution with conversion
in St-ANG0 copolymers characterized by *C NMR for 60% St feed composition compared to the

predicted composition.
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2.5.3.3 Refractive index increment (dn/dc values) for St-AN copolymers in DMACc

The molecular weight and molecular weight dispersity data of the copolymers with high St content
(St-AN80 and St-AN60) have been characterized by SEC using THF as eluent. However, unlike St-
ANB8O and St-AN60, the copolymers with high AN content (St-AN20 and St-AN10) are insoluble in
THF. Therefore, to study the molecular weight data of St-AN20 and St-AN10 copolymers by SEC,
N, N-dimethylacetamide (DMACc) has been used as the eluent.

In addition to the RI detector, the DMAc SEC was also equipped with a dual angle laser light
scattering detector and a viscometer. Therefore, the absolute molecular weight of the St-AN
copolymers with higher AN compositions was characterized using triple detector SEC. One of the
important parameters for characterizing molecular weight and molecular weight dispersity with

triple detection is the increment in the refractive index (dn/dc).

The refractive index increment (dn/dc) is the rate of change of the refractive index with the
concentration of a solution for a sample at a given temperature, wavelength and solvent. For
analyzing the molecular weight and molecular weight dispersity of polymers with the light
scattering data, dn/dc is an essential parameter. In this study, dn/dc values were determined for St
and AN homopolymers and three different compositions of St-AN copolymers in DMAC solution.

One of the approaches to determine the dn/dc values of polymers is to measure the RI of the
copolymers solutions at different concentrations. A pocket refractometer was used to measure the
RI values which were plotted against the polymer solution concentrations (Figure-2.23). In each
case, RI increases linearly as the concentration of polymer solution increases. Using the linear
regression plot in Sigmaplot, the slope was determined for each plot, which is the dn/dc values for

the polymers in DMAc.
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Figure-2.23: The change in the refractive index (RI) against the solution concentration of (a) PSt,
(b) St-AN80, (c) St-AN60, (d) St-AN20 and (e) PAN in DMAc and their corresponding slope at

room temperature.
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Figure-2.24: The dependence of dn/dc values on the St-AN copolymer composition in DMAc, with

95% confidence limit.

The dn/dc value found in this study for PSt in DMAc (0.1335 mL/qg) is in close agreement with the
value reported (0.148 mL/g) by Ono et al [284]. But there is no reported data on the dn/dc value of
PAN in DMAc. However, Elbing et al. [285] and Kambe [286] reported the dn/dc for PAN in
DMF is 0.082 mL/g and 0.085 mL/g respectively, which is close to the value found for PAN in
DMACc in this study (0.0668 mL/g). The dn/dc values of the St, AN homopolymers, and three
different copolymers, are then plotted against the AN compositions in the copolymer. As shown in
Figure-2.24, the dn/dc value decreases with the increase in AN content in the St-AN copolymers,
and possesses a linear relationship. This dn/dc vs AN compositions plot was used to determine the
dn/dc values for other composition of St-AN copolymers, and applied to characterize their

molecular weight data by triple detection in DMAc SEC.

2.5.3.4 St-AN20

Conversion of St monomer was found to be significantly faster than AN monomer, which agrees
with the Mayo-Lewis plot (Figure-2.10), where the predicted St composition is much higher than
the ideal copolymer plot at 20% St feed composition. After 4 hours of polymerization, nearly 98%
of St was converted to polymer, while the conversion of AN monomer was only about 44%. Within
10 hours, almost 100% St monomer was converted to polymer, and an overall conversion of
approximately 84% were achieved. The *H NMR data for St-AN20 copolymers was collected using
DMSO-d6 as solvent, since St-AN copolymers with high AN content are insoluble in CDCls.
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Table-2.12: Conversion data for the synthesis of St-AN20 copolymers in bulk at 80 °C
characterized by *H NMR.

Reaction | [H] from | Stconversion | [H] from | AN conversion | Overall copolymer
time St (%) AN (%) conversion (%)
0 min 131.72 - 434.09 - -
15 mins 109.30 17.02 414.04 4.62 7.10
1 hour 60.84 53.81 360.46 16.96 24.33
2.5 hours 15.25 88.42 281.78 35.09 45.75
4 hours 2.75 97.91 244.30 43.72 54.56
5 hours 0.40 99.70 163.75 62.28 69.76
6 hours 0.08 99.94 117.95 72.83 78.25
10 hours 0.19 99.86 84.29 80.58 84.44

Table-2.13: The molecular weight and molecular weight dispersity data for St-AN20 copolymers
characterized by *H NMR and SEC.

Reaction | Conversion Mn (*H Mn (SEC) Dwm (SEC)
time (%) NMR) RI detector | Triple RI Triple
detector | detector | detector

1 hour 24.33 6700 10901 10400 1.28 1.06
2.5 hours 45.75 11200 20557 19200 1.39 1.09

4 hours 54.56 13100 26287 22000 1.35 1.10

5 hours 69.76 15300 32781 29500 1.44 1.15

6 hours 78.25 18000 35640 30600 1.52 1.11
10 hours 84.44 21500 39052 32400 1.59 1.15

The molecular weight of St-AN20 copolymers, determined from the *H NMR data by comparing
the copolymer peaks to the RAFT end group peak, shows a gradual increase in the molecular
weight with conversion. Similar increase in molecular weight as well as in the molecular weight
dispersity have also been observed from the data collected by SEC for both RI and triple detector.
Both RI and triple detector provides reasonably similar molecular weights for St-AN20 at early

conversion, however the molecular weight determined by these two detectors was significantly
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different at higher conversion. The molecular weight dispersity determined by the RI detector was
found to be unusually high, while it was unusually low for the triple detector. These low dispersity
values could be due to poor separation of the SEC rather than a narrow molecular weight
distribution which might be due to poor solubility of St in DMAc.

Furthermore, the molecular weight of the St-AN80 and St-AN60 copolymers determined by H
NMR and SEC were in good agreement with each other. However, for St-AN20, the molecular
weights determined by *H NMR and SEC were significantly different from each other. This could
be due to the differences in the hydrodynamic volume of the St-AN copolymer in THF and DMACc.
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Figure-2.25: (a) Changes in the molecular weight and molecular weight dispersity and, (b)
molecular weight distribution of St-AN20 copolymers with conversion characterized by SEC. The

arrow in the distribution plot indicates increasing molecular weight with conversion.
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Figure-2.26: (a) *H NMR and (b) quantitative 3C NMR, for St-AN20 copolymer at 64.46%

conversion with corresponding proton and carbon peaks.
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The compositions of St-AN20 copolymers at different conversion, measured by *H and *C NMR
are in very good agreement with the instantaneous copolymer compositions predicted by the
computer program REACT (Figure-2.27). The St compositions of the copolymers are found to be
decreasing as the copolymer conversion increases, indicating significant drift in St content along the
copolymer chains. Therefore, a spontaneous gradient in the copolymer chains of St-AN20 was
achieved as a result of the differences in the reactivity ratios of St and AN monomer at 20% St feed

composition.

Table-2.14: The compositions and sequence distributions of St-AN20 copolymers calculated from

'H and 3C NMR spectra.

Conv. Fst St-centred AN-centred
(%) triad fractions triad fractions
IHNMR | BCNMR | F(SSS) | F(SSA) | F(ASA) | F(SAS) | F(SAA) | F(AAA)

24.33 0.434 0.441 0.019 | 0.252 0.729 0.493 0.436 0.071
45.75 0.398 0.408 0.017 | 0.207 0.776 0.349 0.469 0.182
54.56 0.355 0.358 0.009 |0.191 |0.800 |0.287 |0.461 |0.252
69.76 0.285 0.289 0.014 |0.191 |0.795 |0.208 |0.388 |0.404
78.25 0.252 0.260 0.010 | 0.185 0.805 0.181 0.253 0.567
84.44 0.239 0.244 0.020 | 0.187 0.793 0.166 0.236 0.598

The successful synthesis of a spontaneous gradient in the structure of St-AN20 copolymer chains is
also supported by the change in the St and AN centred triad distributions in the copolymer chains
with copolymer conversion. The predicted and the experimental triad fractions are compared in
Figure-2.28, and are in a good agreement. It is clear from the comparative plot of the triad
distributions that both the St and AN centered triad fractions change as the copolymer conversion
increases. The change in the AN centred triad fractions is more pronounced than the St centred
triads. However, it is to be noted that, unlike the triad peaks of St-AN80 and St-ANG60 in CDCls, the
triad peaks of St-AN20 are not that well resolved in DMSO-d6. Therefore, the error associated with
the triad fraction calculations from the *3C NMR using DMSO-d6 as solvents are likely to be more

significant than those in CDCls.
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Figure-2.27: The change in the composition of styrene with conversion in St-AN20 copolymers
characterized by 'H NMR (e) and *C NMR (m) for 20% St feed compositions compared to the

predicted compositions (solid line).
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Figure-2.28: The change in the (a) St-centred and (b) AN-centred triad distribution with conversion
in St-AN20 copolymers characterized by *C NMR for 20% St feed composition compared to the

predicted composition.
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2.5.3.5 St-AN10

Similar to the St-AN20 copolymer system, St-AN10 copolymer also shows significantly higher St
copolymer composition than the ideal composition in the Mayo-Lewis plot. Therefore, the
conversion of St monomer is faster than that of the AN monomer. Conversion of St reaches to more
than 99% in just three hours, while it was about 56% for AN. Approximately 93% overall

conversion was achieved in 11 hours for St-AN10 copolymer as determined by *H NMR.

Table-2.15: Conversion data for the synthesis of St-AN80 copolymers in bulk at 80 °C

characterized by *H NMR.

Reaction [H] St [H] from | AN conversion Overall

time from St | conversion (%) AN (%) copolymer
conversion (%)

0 min 431.81 - 3582.28 - -

lhour 192.49 55.42 3113.92 13.07 17.31

2 hours 63.14 85.38 2376.90 33.65 38.82

3 hours 2.30 99.47 1576.44 55.99 60.34

4 hours 2.76 99.36 989.26 72.38 75.08

6 hours 0.27 99.94 590.99 83.50 85.15

11 hours 0.00 100.00 263.24 92.65 93.39

Table-2.16: The molecular weight and molecular weight dispersity data for St-AN10 copolymers

characterized by *H NMR, and SEC.

Reaction | Conversion Mn (*H Mn (SEC) Dwu (SEC)
time (%) NMR) RI Triple RI Triple
detector | detector | detector | detector

lhour 17.31 4300 9021 7600 1.26 1.05

2 hours 38.82 8200 14693 11900 1.32 1.08

3 hours 60.34 10800 23964 17500 1.37 1.08

4 hours 75.08 16200 36463 26100 1.61 1.22

6 hours 85.15 19900 39822 26100 1.81 1.18
11 hours 93.39 21300 47045 35700 1.95 1.35
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Figure-2.29: (a) Changes in the molecular weight (M) and molecular weight dispersity and, (b)

molecular weight distribution of St-AN10 copolymers with conversion characterized by SEC. The

arrow in the distribution plot indicates increasing molecular weight with conversion.
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Figure-2.30: (a) *H NMR and (b) quantitative 3C NMR, for St-AN10 copolymer at 64.46%

conversion with corresponding proton and carbon peaks.
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The molecular weight and molecular weight dispersity data for St-AN10 copolymers studied by
SEC and 'H NMR are listed in Table-2.16 and also plotted in Figure-2.29. The trend in molecular
weight looks somewhat similar to that for St-AN20. The molecular weight found from SEC using
both RI and triple detector, and also calculated from *H NMR increases gradually with conversion.
However, the copolymer molecular weights calculated from *H NMR were nearly half of that of the
molecular weight found from SEC. The molecular weight of the copolymers determined by the SEC
are significantly higher than those determined by *H NMR, which might be due to error in baseline

correction in SEC.

Table-2.17: The compositions and sequence distributions of St-AN10 copolymers calculated from
'H and 3C NMR spectra.

Conv Fst St-centred triads AN-centred triads

(%) H 13C F(SSS) | F(SSA) | F(ASA) | F(SAS) | F(SAA) | F(AAA)
NMR NMR
17.31 0.331 0.355 0.012 0.141 0.847 0.240 0.493 0.266
38.82 0.303 0.320 0.005 |0.110 0.885 0.145 0.401 0.455
60.34 0.224 0.236 0.010 | 0.080 0.909 0.075 0.287 0.638
75.08 0.142 0.147 0.006 | 0.100 0.894 | 0.051 0.165 |0.784
85.15 0.123 0.131 0.006 | 0.096 0.898 0.043 0.140 |0.817
93.39 0.125 0.135 0.002 0.159 0.838 0.037 0.150 |0.814

The composition of St in the St-AN10 copolymer decreases as the copolymer conversion increase
as found from both the *H and *C NMR data listed in Table-2.17. The St compositions in the
copolymer have also been plotted against the copolymer conversion to compare with the values
predicted by the REACT program. The experimental St compositions determined from H and
quantitative 3C NMR are in excellent agreement with the predicted data (Figure-2.30). As
predicted, the St-AN10 copolymer shows a significant drift in St composition in the copolymer,

indicating the formation of a spontaneous gradient structure in the copolymer chains.
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In addition to the change in the copolymer composition, the formation of a spontaneous gradient
copolymer for 10% styrene feed is also strongly supported by the changes in the triad fractions with
copolymer conversion (Figure-2.31 and Figure 2.32). Both the St and AN centred triad fractions
were determined from quantitative 3C NMR, and plotted against the conversion to compare with

the predicted triad fractions. However, the changes in the AN centred triads are more significant

than those of the St centred triads.
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Figure-2.31: The change in the composition of styrene with conversion in St-AN10 copolymers
characterized by 'H NMR (e) and 3C NMR (m) for 10% St feed compositions compared to the

predicted compositions (solid line).
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Figure-2.32: The change in the (a) St-centred and (b) AN-centred triad distribution with conversion

in St-AN10 copolymers characterized by *C NMR for 10% St feed composition compared to the

predicted composition.
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2.6 Synthesis of styrene-acrylonitrile forced gradient (St-grad-AN) copolymers

As discussed in the previous sections, owing to the significant difference in their reactivity ratios,
styrene and acrylonitrile monomer pairs produce natural gradients in compositions in their structure
at certain feed compositions (80%, 20% and 10% St), while for the azeotrope composition (60%
St), constant compositions have been found. Beside the natural gradient in the St-AN copolymer
chains produced for batch polymerization of 80%, 20% and 10% St feed composition, a semi-batch
continuous feeding method was also applied to produce composition drift in the copolymer chains

to prepare forced gradient St-grad-AN60 copolymers, for azeotrope (60% St) composition.

2.6.1 Experimental procedure

In a 20 mL vial, 0.120 g (0.504 x 10 mole) of PABTC RAFT agent, 0.059 g (0.360 x 10 mole) of
AIBN and 4.604 g (0.063 mole) of DMF was added to 3.185 g (0.060 mole) of acrylonitrile
monomer. In another vial, 0.060 g (0.366 x 10 mole) of AIBN and 1.173 g (0.013 mole) of
dioxane was added to 9.335 g (0.090 mole) of styrene. DMF was used as reference solvent to
monitor the change in the conversion of acrylonitrile while dioxane was used for styrene. Both of
the vials were sealed with rubber septa and degassed with N2 gas for 30 minutes. The styrene
monomer along with the solution was transferred to an air tight syringe. The vial with the
acrylonitrile monomer was put into an oil bath at 70 °C for polymerization, and at the same time,
the syringe containing the styrene monomer solution was connected to the vial to add the styrene
continuously to the reaction system. Styrene solution was added at a rate of 1.1 mL/hour for 10
hours. Samples were collected from the reaction system at regular interval to monitor the progress

of reaction.

2.6.2 Results and discussion

The crude reaction mixture collected during polymerization was characterized by *H NMR. The
conversion of styrene and acrylonitrile was calculated by comparing the spectra to the initial
spectrum, and the overall conversion were calculated using the ratio of monomer feed
compositions. The percentage conversion of AN was calculated by comparison with the initial
amount of AN. However, in case of St, the conversion was calculated based on the amount of St
added up to that time point, and the overall percentage of St conversion was determined based on
the total amount of St to be added. Table-2.18 shows the *H NMR data for the individual monomer

conversion as well as the overall copolymer conversion.
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Table-2.18: Conversion data for the synthesis of St-grad-AN60 copolymers in bulk at 80 °C
characterized by *H NMR.

Reaction | [H] from | Conv. of Overall | [H] from | Conv. of | Overall copolymer
time St added St | conv. of AN AN (%) conv. (%)
(%) St (%)
0 hour 81 - - 91 - -
1.5 hours 42 48.52 7.01 68 25.27 14.32
4 hours 28 65.93 25.41 35 61.54 39.86
6 hours 27 66.67 38.54 15 83.52 56.53
8 hours 31 62.17 47.92 5 94.35 66.49
11 hours 21 74.07 74.07 3 96.59 83.08
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Figure-2.33: The change in the instantaneous monomer compositions with polymerization time for

St-grad-ANG0 copolymer synthesis characterized by 'H NMR.

The polymerization reaction was started with all of the acrylonitrile monomer in the reaction
mixture, and styrene was gradually added to the reaction system. At the very beginning of the
reaction, there was only acrylonitrile monomer in the system. As the reaction time progressed, with
the addition of St, the instantaneous acrylonitrile feed composition decreased while styrene feed
composition increased. This allows the copolymer chain to start with acrylonitrile monomer units,
and gradually incorporating styrene units, and in the end when most of the AN monomer is
converted to polymer, the copolymer chains will be styrene dominant. The changes in the

instantaneous St and AN monomer fractions in the reaction system are plotted against the
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polymerization time in Figure-2.33, and shows a gradual increase in St composition with time as
additional St monomer was added to the system, while the instantaneous composition of AN
decreases.

The collected copolymer samples from the reaction system were diluted by adding a small amount
of THF and the copolymers were precipitated in a methanol-water mixture. The filtered and purified
copolymers were then dried in a vacuum oven at room temperature to a constant weight. The
molecular weight and molecular weight dispersity of the copolymers were characterized by SEC,
and H and *C NMR were used to determine the compositions of the copolymers as well as their
triad fractions. Molecular weight of the copolymers were also determined from H NMR by
comparing the copolymer peaks to those of the RAFT end group peaks.

Table-2.19: The molecular weight and molecular weight dispersity data for St-grad-AN60
copolymers characterized by *H NMR.

Reaction time Conversion (%) | Mn (*H NMR) Mn (SEC) Dwu (SEC)
1.5 hours 14.32 1818 4700 1.25
4 hours 39.86 5410 9100 1.19
6 hours 56.53 6511 12900 1.20
8 hours 66.49 10376 14200 1.31
11 hours 83.08 11025 17700 1.49

The molecular weight determined by both SEC and *H NMR techniques are plotted against the
copolymer compositions (Figure-2.34 (a)). The molecular weights determined from these two
methods are little different from each other, but in both cases, copolymer molecular weight
increases linearly with the conversion for St-grad-AN60 copolymers with reasonable molecular
weight dispersity characterized by SEC. The increase in the molecular weight with conversion is
also clear from the molecular weight distribution plot for the copolymers with conversion, which
shows the gradual shifting from lower molecular weights to higher molecular weights as the

conversion increases.

The conversion of the St-grad-ANG60 increases linearly with time as shown in Figure-2.35. The St
composition in the St-grad-AN60 copolymer gradually increases when plotted against the

copolymer conversion as well as against St feed composition. The gradual change in the St
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composition with conversion of copolymer proves the successful synthesis of forced gradient

copolymers using the continuous feeding approach.
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Figure-2.34: (a) Change in the molecular weight and molecular weight dispersity characterized by
SEC, and the molecular weight characterized by 'H NMR, plotted against the overall conversion of
St-grad-ANG60 copolymer. Figure (b) shows the changes in the molecular weight distribution with

increasing copolymer conversion.
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Figure-2.35: (a) Change of conversion of St-grad-AN60 copolymer with time, (b) change in the St
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Table-2.20: The composition and triad fractions for the St-grad-AN60 copolymers characterized by
'H and quantitative 1*C NMR.

Conv. | Fst(*H | Fst (1C St-centred triad fractions AN-centred triad fractions
(%) | NMR) | NMR) [ F(SSS) | F(SSA/ASS) | F(ASA) | F(SAS) | F(SAA/AAS) | F(AAA)
14.32 0.26 - - - - - - -
39.86 0.34 - - - - - - -
56.53 0.43 0.45 0.026 0.261 0.712 0.442 0.458 0.099
66.49 0.47 0.49 0.066 0.363 0.572 0.519 0.408 0.073
83.08 0.50 0.55 0.187 0.379 0.434 0.547 0.382 0.071
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Figure-2.36: The change in the St and AN centred triads, as the copolymer conversion increases

with continuous addition of St to the reaction system.
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The triad fractions of the St-grad-AN60 copolymers were characterized by quantitative 3C NMR.
The formation of a gradient is also strongly supported by the change in the triad fractions of the
copolymers as the copolymer conversion increases. Figure-2.37 shows the bar plot for the St and
AN centred triad fractions at different copolymer conversion. With gradual addition of St monomer
into the reaction system, the fraction of triads containing two or three St units increases, while the

opposite happens for the triad fractions with two or three AN units.
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Figure-2.37: Bar plots for the St and AN centred triad fractions against the conversion of St-grad-

ANGO copolymers, characterized by quantitative 13C NMR.
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2.7 Synthesis of St and AN homopolymers and St-AN block copolymers

2.7.1 Synthesis of St and AN homopolymers

Styrene and Acrylonitrile homopolymers have been synthesized by RAFT polymerization using
PABTC as the RAFT agent. The homopolymers were prepared to study their properties in
comparison with the properties of the copolymers. Also the homopolymers have been used as the
macro-RAFT agents for the synthesis of block copolymers by the chain extension method.

Styrene homopolymer with different molecular weights have been synthesized by varying the ratio
of monomer to RAFT agent. Since the polymerization rate of St homo-polymerization is quite slow
at low temperatures, 1,1’-azobis(cyclohexanecarbonitrile) with a half-life of 10 hours at 88 °C
temperature, was used as the initiator specifically for polystyrene synthesis. The ratio of RAFT
agent to initiator was 10:1 to achieve a St homopolymer with low molecular weight dispersity at 90
°C temperature in bulk. A small amount of dioxane was added to the reaction system to use as a
reference for calculating the conversion, and the conversion was kept under 50%. The resultant
polymers were precipitated in methanol, and dried in the vacuum oven. The molecular weight and
molecular weight dispersity of the PSt was characterized by *H NMR, and also by SEC using THF

as the eluent.

Homopolymers of acrylonitrile were synthesized at 70 °C using AIBN as initiator and DMF as
solvent. Due to the insolubility of polyacrylonitrile (PAN) in THF, the molecular weight and
molecular weight dispersity was characterized by *H NMR and SEC.

2.7.2 Synthesis of St-AN block copolymers

Block copolymers of styrene and acrylonitrile with molecular weights similar to those of the St-AN
statistical copolymers have been synthesized by the chain extension method. PSt homopolymers
with different molecular weights were used as the macro-RAFT agent to produce polystyrene-
block-polyacrylonitrile (PSt-b-PAN) with different copolymer compositions.

The chain extension process was carried out at 70 °C temperature using AIBN as the initiator, and
DMF was used as the solvent. The ratio of the AN monomer and PSt macro-RAFT agent was set to
achieve the target copolymer compositions. The resultant copolymer was characterized by SEC, and
also by *H NMR, to determine the copolymer compositions. Table-2.21 shows the molecular weight
and composition data for the PSt-b-PAN copolymers.
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Table-2.21: Molecular weight, molecular weight dispersity characterized by SEC, and the
composition of copolymer characterized by *H NMR. The number at the end of the block
copolymer indicates the St composition in the copolymers.

Designation Mn Dw Mn (PSt-b-PAN) Dwm (PSt-b-PAN) Copolymer

(PSt) | (PSt) RI Triple RI Triple | compositions

detector | detector | detector | detector | (St:AN) by 'H
NMR
PSt-b-PAN27 | 3100 | 1.10 11400 11500 1.59 1.03 27:73
PSt-b-PAN36 | 5100 | 1.09 14400 14600 1.45 1.06 36:64
PSt-b-PAN68 | 11300 | 1.11 15900 - 1.40 - 68:32
PSt-b-PAN83 | 10300 | 1.06 12100 11816 1.44 1.04 83:17

PSt-b-PAN copolymers with four different copolymer compositions have been synthesized. As
Table-2.21 shows, the PSt chains have successfully been extended to produce the block copolymers.
The molecular weight distribution of the PSt homopolymers are compared to those of the resultant
PSt-b-PAN. In each case, the molecular weight distribution plot of the copolymer moved to the
higher molecular weight region. For the copolymers with low St composition, the copolymer
molecular weight distribution plot shows a small amount of tailing in the low molecular weight

region. This could be due to a fraction of the PSt dead chains.

In comparison, for the block copolymers with high St compositions, the copolymer molecular
weight distribution plots show a slight shifting of the plot towards the higher molecular weight
region. However, the copolymers show slight tailing at molecular weight lower than the
homopolymers. It is to be noted that THF has been used as the eluent to characterize the
homopolymers while DMAc was used for the copolymers. Therefore, this could be due to the
differences in the hydrodynamic volume of the homo and copolymers in the THF and DMAc

respectively.
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Figure-2.38: Comparison of molecular weight distribution plots of PSt homopolymers with the
corresponding PSt-b-PAN copolymers.

The *H NMR spectra of the PSt homopolymer and the PSt-b-PAN27 copolymer are shown in

Figure-2.39. The spectrum of the PSt shows a broad peak for the aromatic protons at around 6.2-7.2

ppm, and a broad peak for the backbone protons at around 1.0-2.2 ppm. After successful chain

extension with AN monomer, the peak for the AN protons can be seen in Figure-2.39 (b) at

chemical shifts around 2.1 and 3.1 ppm. The copolymer compositions have been determined by

comparing the aromatic proton peak from PSt to the peak at around 3.1 from PAN.
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Figure-2.39: (a) *H NMR of PSt homopolymer, and (b) *H NMR of PSt-b-PAN36.
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2.8 St-AN statistical copolymers prepared by CvRP method

In addition to the St-AN copolymers synthesized by the RAFT method, St-AN statistical
copolymers have been synthesized using CvRP. For specific monomer feed compositions (80%,
20% and 10%), the copolymers synthesized by RAFT possess gradients along the individual
copolymer chains, while in the CvRP technique, new chains are being created at every instant and
the composition of the chains created at a particular instant depends on the instantaneous monomer
composition in the system. Therefore, the composition gradients produced by CvRP could be

termed as inter-chain gradient, while it is intra-chain for RAFT polymerization.

2.8.1 Experimental procedure

For comparison purposes, St-AN copolymers with similar molecular weights to the RAFT St-AN
copolymers were prepared by CvRP for the same four St feed compositions. The molecular weight
of the copolymers were controlled by optimizing the ratio of monomer to initiator. The reaction
mixtures, as per as Table-2.22 for each feed composition, were added into a 20 mL vial, and purged
with N2 gas for 60 minutes. After purging, the reaction mixture was divided into several vials inside
a N2 glove box, and the vials were sealed with rubber septa. All the vials were placed together in an
oil bath for polymerization at 80 °C, and after certain a polymerization time, the vials were
collected from the oil bath to quench the polymerization reaction in an ice bath. The copolymers
were precipitated and dried in the vacuum oven to constant weight.

Table-2.22: Reaction conditions for the synthesis of St-AN copolymers by CvRP process for 80%,
60%, 20% and 10% St feed composition at 80 °C temperature.

Copolymer St AN AIBN Solvent
St-AN80 3.998¢g 0.515¢g 0.315¢g DMF

0.038 mole | 0.010 mole 1.921 mmole | 0.515 g (7.055 mmole)
St-AN60 4.998 g 1.737¢ 0.189¢g DMF

0.048 mole | 0.024 mole 1.152 mmole | 0.372 g (5.096 mmole)
St-AN20 1.805¢g 3.875¢g 0.354¢g DMF

0.017 mole | 0.073 mole 2.159 mmole | 12.648 g (0.173 mole)
St-AN10 1.080 g 4.500 g 0.520¢g DMF

0.010 mole | 0.085 mole 3.171 mmole | 14.032 g (0.192 mole)

2.8.2 Results and discussion
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The molecular weight data, copolymer composition and the triad distribution of the St-AN
copolymers synthesized by CVRP were characterized using SEC, *H and 3C NMR. Similar to those
of the RAFT copolymers, for St-AN copolymers with high St composition, THF was used as the
eluent for SEC study, while the eluent was DMACc for the copolymers with high AN content. The
experimental copolymer compositions and triad distributions of the St-AN copolymers for all four

feed compositions were then compared with the data predicted by REACT.

The individual monomer and copolymer conversion characterized by *H NMR for the St-AN
copolymers synthesized by CvRP followed a similar trend as seen for the RAFT method. As
assumed from Mayo-Lewis plot, the individual St conversion for St-AN80 was slower than AN,
while both of the monomer conversion increased approximately in a similar rate for the azeotrope
composition in St-AN60. On the other hand, conversion of St was significantly faster than AN for
both St-AN20 and St-AN10, owing to the significant deviation of the St composition in the Mayo-
Lewis plot from the ideal copolymer composition. The data for the conversion, molecular weights,
compositions and triad distributions for the St-AN copolymers synthesized by CvRP technique are
given in Table-2.23 to Table-2.34, and Figure-2.40 to Figure-2.47.

The molecular weight data for all for St-AN copolymer shows molecular weights comparable to
those of the RAFT copolymers with reasonable molecular weight dispersity. However, the
molecular weight and molecular weight dispersity for St-AN20 and St-AN10, from the RI and triple
detectors were significantly different, as was found for these particular copolymers synthesized by
RAFT. The experimental compositions and triad distributions characterized by *H and *C NMR
showed excellent agreement with the data predicted by REACT. The composition and triad
distributions showed a slight drift with conversion for St-AN80 copolymers, while the drift was
significantly stronger for St-AN20 and St-AN10 copolymers. For St-AN60 with azeotrope

composition, the composition and triad distributions were nearly constant with conversion.
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2.8.2.1 St-AN8O

Table-2.23: Conversion data for the synthesis of St-AN8O copolymers in bulk at 80
characterized by *H NMR.

Reaction [H] St conversion | [H] from | AN conversion | Overall copolymer
time from St (%) AN (%) conversion (%)
0 min 528 - 113 - -
20 mins 309 41.52 78 30.47 39.31
40 mins 220 58.33 22 80.12 62.68
1 hour 109 79.35 8 92.50 81.98

Table-2.24: The molecular weight and molecular weight dispersity data

copolymers for different copolymer conversion characterized by SEC.

Reaction Conversion Mn (SEC) | DPwm (SEC)
time (%)
20 mins 39.31 13700 1.59
40 mins 62.68 12000 1.70
1 hour 81.98 13100 1.99
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Figure-2.40: Molecular weight distribution plots for St-AN80 CvRP copolymers for 39.31%,
62.68% and 81.98% copolymer conversion characterized by SEC using.

Table-2.25: The copolymer compositions and sequence distributions of St-AN80 copolymers
calculated from *H and *3C NMR spectra.

Conv. Fst Fst St-centred triad fractions AN-centred triad fractions
(%) | HNMR | 3CNMR | F(SSS) | F(SSA) [ F(ASA) | F(SAS) [ F(SAA) | F(AAA)
39.31 0.73 0.75 0.380 0.508 0.111 0.943 0.055 0.002
62.68 0.74 0.76 0.447 0.479 0.074 0.926 0.072 0.002
81.98 0.76 0.79 0.491 0.440 0.069 0.954 0.044 0.002
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Figure-2.41. The change in the (a) composition of St in the copolymers characterized by *H NMR
and 3C NMR; (b) St-centred triad fractions and (c) AN-centred triad fractions characterized by
quantitative 13C NMR, with conversion for St-ANSO0.
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2.8.2.2 St-ANG60

Table-2.26: Conversion data for the synthesis of St-AN60 copolymers in bulk at 80 °C
characterized by *H NMR.

Reaction | [H] from | Stconversion | [H] from | AN conversion Overall

time St (%) AN (%) copolymer
conversion (%o)

0 min 1021 - 617 - -

15 mins 680 33.33 410 33.58 33.56

30 mins 651 36.17 380 38.31 38.10
1 hour 520 49.07 287 53.39 52.96

1.5 hours 311 69.54 174 71.77 71.55

Table-2.27: The change in the molecular weight and molecular weight dispersity of the St-AN60

copolymers with conversion.

Reaction Conversion (%) Mn (SEC) Dwm (SEC)
time
15 mins 33.56 15200 1.81
30 mins 38.10 14100 1.79
1 hour 52.96 14000 1.73
1.5 hours 71.55 13100 1.80
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Figure-2.42: Molecular weight distribution plot for St-AN60 CvRP copolymers for 33.56%,
38.10%, 52.96% and 71.55% copolymer conversion characterized by SEC.

Table-2.28: The copolymer compositions and sequence distributions of St-AN60 copolymers
calculated from *H and **C NMR spectra.

Conv. Fst Fst St-centred triad fractions AN-centred triad fractions
(%) H 13C F(SSS) | F(SSA) | F(ASA) | F(SAS) F(SAA) | F(AAA)
NMR NMR
33.56 0.60 0.62 0.139 0.571 0.290 0.858 0.132 0.010
38.10 0.64 0.63 0.143 0.566 0.291 0.865 0.120 0.014
52.96 0.67 0.66 0.197 0.577 0.226 0.896 0.093 0.010
71.55 0.63 0.64 0.165 0.583 0.252 0.857 0.138 0.004
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Figure-2.43. The change in the (a) composition of St in the copolymers characterized by *H NMR
and 3C NMR; (b) St-centred triad fractions and (c) AN-centred triad fractions characterized by

quantitative 13C NMR, with conversion for St-AN60.
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2.8.2.3 St-AN20

Table-2.29: Conversion data for the synthesis of St-AN20 copolymers in bulk at 80 °C
characterized by *H NMR.

Reaction | [H] from | St conversion | [H] from | AN conversion Overall

time St (%) AN (%) copolymer
conversion (%o)

0 min 9.70 39.79

10 mins 4.86 49.90 31.54 20.73 26.57

20 mins 0.18 98.14 19.11 51.97 61.21

40 mins 0.00 100.00 13.08 67.13 73.70

1 hour 0.00 100.00 11.50 71.10 76.88

Table-2.30: The molecular weight and molecular weight dispersity data for St-AN20 copolymers
characterized by SEC.

Reaction | Conversion Mn (SEC) Dwm (SEC)
time (%) RI detector Triple RI Triple
detector detector detector
10 mins 26.57 18000 27200 2.14 1.28
20 mins 61.21 14100 12500 1.92 1.22
40 mins 73.70 15200 10300 1.88 1.50
1 hour 76.88 15500 10000 1.84 1.52
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Figure-2.44: Molecular weight distribution plot for St-AN20 CvRP copolymers for 26.57%,
61.21%, 73.70%, and 76.88% copolymer conversion characterized by SEC.

Table-2.31: The copolymer compositions and sequence distributions of St-AN20 copolymers

calculated from H spectra and quantitative >*C NMR.

Conv. Fst Fst St-centred triad fractions AN-centred triad fractions
(%) | THNMR | BCNMR | F(SSS) | F(SSA) | F(ASA) | F(SAS) | F(SAA) | F(AAA)
26.57 0.40 0.40 0.022 0.191 0.787 0.406 0.524 0.070
61.21 0.32 0.33 0.014 0.181 0.805 0.232 0.485 0.283
73.70 0.26 0.27 0.008 0.173 0.820 0.184 0.438 0.378
76.88 0.21 0.22 0.019 0.194 0.787 0.157 0.412 0.430
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Figure-2.45. The change in the (a) composition of St in the copolymers characterized by *H NMR
and 3C NMR; (b) St-centred triad fractions and (c) AN-centred triad fractions characterized by
quantitative 13C NMR, with conversion for St-AN20.
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2.8.2.4 St-AN10

Table-2.32: Conversion data for the synthesis of St-AN10 copolymers in bulk at 80
characterized by *H NMR.

Reaction | [H] from | St conversion | [H] from | AN conversion Overall

time St (%) AN (%) copolymer
conversion (%o)

0 min 5.04 38.57

10 mins 3.22 0.36 37.03 0.04 7.20

20 mins 0.15 0.97 28.65 0.26 32.85

30 mins 0.00 1.00 19.92 0.48 53.52

40 mins 0.00 1.00 15.92 0.59 62.85

50 mins 0.00 1.00 12.49 0.68 70.86

°C

Table-2.33: The change in the molecular weight and molecular weight dispersity of the St-AN10

copolymers with conversion characterized by SEC.

Reaction | Conversion Mn (SEC) Dwv (SEC)
time (%) RI Triple RI Triple
detector | detector | detector | detector

10 mins 7.20 20600 20300 1.87 1.19
20 mins 32.85 15700 11500 1.90 1.37
30 mins 53.52 14000 9100 1.93 1.38
45 mins 62.85 17200 8600 1.76 1.49

1 hour 70.86 15300 11100 1.94 1.28
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Figure-2.46: Molecular weight distribution plot for St-AN10 CvRP copolymers for 7.20%,
32.85%, 53.52%, 62.85%, and 70.86% copolymer conversion characterized by SEC.

Table-2.34: The copolymer compositions and sequence distributions of St-AN10 copolymers
calculated from H spectra and quantitative >*C NMR.

Conv. Fst Fst St-centred triad fractions AN-centred triad fractions
(%) | THNMR | BCNMR | F(SSS) | F(SSA) | F(ASA) | F(SAS) | F(SAA) | F(AAA)
7.20 0.32 0.33 0.013 0.120 0.867 0.257 0.517 0.226

32.85 0.26 0.27 0.005 0.118 0.877 0.154 0.479 0.367

53.52 0.17 0.18 0.005 0.112 0.883 0.119 0.317 0.564

62.85 0.14 - - - - - - -

70.86 0.14 0.15 0.000 0.093 0.907 0.100 0.281 0.619
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Figure-2.47. The change in the (a) composition of St in the copolymers characterized by *H NMR
and 3C NMR; (b) St-centred triad fractions and (c) AN-centred triad fractions characterized by
quantitative 13C NMR, with conversion for St-AN10.
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2.9 Conclusions

The styrene-acrylonitrile copolymer system have been chosen in this project so as to exploit the
ability of this monomer pair to produce a natural gradient in the copolymer chains due to the
difference in the reactivity ratios of styrene and acrylonitrile. The reactivity ratios for nine different
monomer feed compositions were determined at 80 °C in bulk RAFT polymerization from the triad
fractions of the copolymers at low conversion (less than 10%). The effect of feed composition on
the reactivity ratios was evident, and was explained based on the bootstrap model.

The Mayo-Lewis plot was used to select four different monomer feed compositions for high-
conversion kinetics studies, and a computer program REACT was used to predict the instantaneous
composition and triad distribution data. The experimental compositions and triad distributions were
found to be in close agreement with the predicted data for all four different feed compositions. St-
ANB80O, St-AN20 and St-AN10 resulted in a gradual change in their compositions and triad
distributions, while for the azeotrope feed composition (St-AN60), the composition and triad
distributions were nearly constant throughout the whole conversion. Similar agreement in
experimental compositions and triad distributions with the predicted data have also been observed
for the St-AN copolymers with the same four feed compositions synthesized by CvRP. However, it
is to be noted that there is a fundamental difference between the type of gradient in the RAFT
copolymers and the CvRP copolymers. The gradient in the RAFT copolymers are intra-chain, while

it is inter-chain in the CvRP copolymers.

In addition to the natural gradient produced in the structures of St-AN batch copolymers
synthesized by the RAFT process, the continuous feeding approach was employed to synthesize
forced gradient copolymers for the azeotrope feed composition. In this process, the polymerization
reaction was started with 100% AN monomer, and St was gradually added to the polymerization
mixture. The composition and triad distribution plots proved the successful incorporation of St
monomer in to the copolymer chains. Using PSt homopolymers as the macro-RAFT agent, block
copolymers of St and AN of four different compositions were synthesized by the chain extension

method.
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Chapter 3: Properties of Styrene-Acrylonitrile Copolymers

3.1 Introduction

A number of studies have already reported through both theoretical and practical investigations that
the properties of copolymers are strongly dependent on the structures of the copolymer chains [48,
51, 64, 75, 81]. Gradient copolymers of similar copolymer composition as the block and statistical
copolymers, are unique in terms of their copolymer chain structures. Studies suggest that the
thermal properties, interfacial properties as well as the solution properties of the gradient
copolymers are very different from those of the block and statistical copolymers [49, 56, 77, 81].
The thermal properties of St-AN copolymers and also their properties as thin films are investigated
in this study. The aim is to compare the effect of statistical, block and gradient structures of the St-
AN copolymers on their properties. Furthermore, the properties of the copolymers synthesized by
the RAFT and CvRP methods were compared to study the effect of inter-chain and intra-chain
gradients in the copolymer structures.

3.2 Characterization Techniques

3.2.1 Thermogravimetric analysis (TGA) and Dynamic Scanning Calorimetry
(DSC)

The thermal properties of the synthesized copolymers were characterized using TGA and DSC,
using a Mettler Toledo instrument. The samples were heated in Mettler Toledo aluminium pans at
10 °C/minute starting from 25 °C to 500 °C to collect the TGA data. For DSC results, the samples
were heated from -25 °C to 200 °C at 10 °C/minute, and held at 200 °C for 5 minutes to erase the
thermal history. The samples were then cooled to -25 °C, and reheated again to 200 °C at 10
°C/minute. The glass transition for the samples were determined from the second heat scan.
Approximately 3-6 mg of polymer sample was used for each run of the DSC. Both TGA and DSC

data were collected in N2 environment.

3.2.2 X-ray Photoelectron Spectroscopy (XPS)

In this study, the XPS analyses were conducted using a Kratos AXIS Ultra X-ray Photoelectron
Spectrometer with a monochromatic Al Ka x-ray source (1486.6 eV) at 225 W (15 kV, 15 mA).
The survey (wide) scans were carried out over 1200 — 0 eV binding energy range with pass energy

of 160 eV at 1.0 eV steps and 100 ms dwell time. For narrow (high-resolution) scans the pass
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energy was lowered to 20 eV, with 0.05 eV steps and 250 ms dwell time. The base pressure in the
analysis chamber was 1.0 x 10° Torr and during sample analysis it was 1.0 x 10® Torr. The number
of sweeps were adjusted depending on the intensity of a particular peak. The angular dependent
XPS data have been collected by changing the incident angle of the X-ray radiation from 0° to 60°,
and the approximate penetration depth at these two incident angles are 10 nm and 5 nm
respectively. The spectra were charge corrected using the adventitious C 1s signal at 284.8 eV. The
data were analysed using CASA XPS software.

3.2.3 Contact Angle Measurement

The surface free energy of the polymer thin films was characterized by measuring the contact
angles of different liquids on the thin films surface. An OCA20 contact angle system comprised of a
combined stage and lens assembly fitted with a Kodak Digital Science camera linked to Kodak
Digital Science Picture Postcard Software imaging program was used to measure the static contact
angles at room temperature. The samples were placed on a Teflon stage and backlit, and a 50 pL
glass syringe was used to apply the liquid droplet on to the thin films at room temperature. The size
of the drops were 5-10 uL depending on the type of liquids, and the error of the contact angle data

was calculated from six measurements for a single sample.

3.3 Thermal properties of St-AN copolymers

The thermal behaviour of copolymers are directly dependent on the composition and also on the
distribution of monomer units in the copolymer chains. The effect of copolymer compositions and
chain structures has been discussed in detail in Section 1.2.3.2. In several studies, it has been
reported that gradient copolymers possess a broad Tg, while statistical copolymers gives a sharp
transition and block copolymers gives two Tgs, one for each block (when there is a significant
difference between the Tgs of each block) [52, 81, 117, 172].

Being two of the most popular monomers, the thermal behaviour of polymers of St and AN
monomers are well studied. Especially for PSt, a number of studies reported the glass transition
temperature (Tg) data, ranging from as low as 62 °C to 108 °C depending on the polymer molecular
weight and characterization technique [287-291]. Both the TGA and DSC data have been collected
for the PSt homopolymer synthesized by the RAFT method in this study with molecular weight
11300, as shown in Figure-3.1. The TGA curve shows that PSt starts degrading as the temperature
reaches approximately 350 °C which is in close agreement with the literature report [287]. The
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glass transition temperature found from the DSC heating curve and heating curve first derivative

was found to be 100.5 °C, which is also within the reported range of Tg4 values.
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Figure-3.1: (a) TGA curve, (b) DSC heating curve, and (c) first derivative of DSC heating curve

for PSt homopolymer.
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Figure-3.2: (a) TGA curve, (b) DSC heating curve, and (c) 1% derivative of DSC heating curve for
PAN homopolymer.

In contrary, the thermal properties of PAN are not as well characterised [292]. The literature reports
a very broad range for the Tq4 values of PAN from 39 °C to 180 °C [292-299]. Several studies
mention two Tg values for PAN homopolymers using DMA and DSC studies, one in the range of
~90-110 °C and another at 140-170 °C [299-302], while some other studies reported a single Tq
[303-307]. Bashir [299] did an extensive study on the ‘unusual nature of the glass transition
temperature of PAN and to justify the source of two Tg4 values, he proposed that un-oriented PAN
exhibits a two-phase morphology consisting of laterally-ordered and amorphous domains, and this

leads to two glass transitions. For oriented PAN, only one glass transition was reported [299].
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The TGA plot (Figure-3.2) shows that PAN starts degrading at temperature close to 276 °C which is
similar to the reported values [306, 308]. However, the DSC curve and the 1% derivative of the DSC
curve show two transitions for PAN homopolymer, one at ~88 °C and another at ~157 °C. The
second transition appears to be much weaker than the lower temperature transition. The difference

between the first Tq for PAN (the stronger transition), and the T4 of PSt homopolymer is very small.

The DSC curves and the 1% derivative of the DSC curves for the St-AN copolymers synthesized by
the RAFT and CvRP methods are shown in Figure-3.3 to Figure-3.7. Based on the literature, a
broad T4 should be observed for St-AN80, St-AN20 and St-AN10 copolymers due to the gradient in
their structure, while St-AN60 should provide a single sharp T4 due to its statistical nature. As the
figures show (Figure-3.3, 3.5, 3.6), the St-AN copolymers synthesized by RAFT methods show
broad Tgs in their DSC plots, and the transition is clearer in the 1% derivative of the heating curve.
However, the same copolymers synthesized by the CvRP method show narrow Tgs, despite having
gradients in their structures. The gradients along a single chain is producing a broad T4 for the
RAFT copolymers, while it is not true for the gradients across the chains, as in the CvRP

copolymers.

For the St-AN60 copolymers, at the azeotrope feed composition synthesized by both methods, a
sharp single transition is obtained which agrees with the prediction for a statistical copolymer.
However, instead of two Tgs predicted for the block copolymers, St-block-AN copolymer gives a
single transition just above 100 °C. No transition was seen around 87 °C or 157 °C for the PAN
block. However, a very broad transition ranging from ~80 to 115 °C is found for the forced gradient
copolymer St-grad-ANG60 proving the presence of a strong gradient in their structure.

For all the St-AN batch copolymers as well as the block copolymers, the transitions are at
temperatures above 100 °C, and no trace of transition is seen below that temperature. This suggests
the presence of the second transition at ~157 °C of PAN in the copolymer. However, the breath of
Tg (=80 °C to 115 °C) for the forced gradient copolymer again proves the presence of the first
transition (~88 °C) of PAN. The DSC results found for the St-AN copolymers therefore indicate
that the complex thermal behaviour of PAN homopolymer is carried over to the copolymer chains,
producing complex thermal data for the St-AN copolymers.
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Figure-3.3: (a) DSC heating curve, (b) 1% derivative of DSC heating curve for St-AN80
copolymers synthesized by RAFT; (c) DSC heating curve, (d) 1% derivative of DSC heating curve
for St-AN80 copolymers synthesized by the CvRP method.
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Figure-3.4: (a) DSC heating curve, (b) 1% derivative of DSC heating curve for St-AN60
copolymers synthesized by RAFT; (c) DSC heating curve, (d) 1% derivative of DSC heating curve
for St-AN60 copolymers synthesized by the CvRP method.
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Figure-3.5: (a) DSC heating curve, (b) 1% derivative of DSC heating curve for St-AN20
copolymers synthesized by RAFT; (c) DSC heating curve, (d) 1% derivative of DSC heating curve
for St-AN20 copolymers synthesized by the CvRP method.
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Figure-3.6: (a) DSC heating curve, (b) 1% derivative of DSC heating curve for St-AN10
copolymers synthesized by RAFT; (c) DSC heating curve, (d) 1% derivative of DSC heating curve
for St-AN10 copolymers synthesized by the CvRP method.
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3.4 Preparation of thin films of St-AN copolymers

St and AN homopolymers and their copolymers were coated on to silicon wafer to prepare thin
polymeric films either by spin coating or dip coating. A suitable coating method and a suitable
solvent were selected to ensure uniform thin films in order to study the copolymer properties on the
thin films. A range of solvents such as DMF [309-311], 1,2-dichloroethane [312, 313], acetone
[314], methyl ethyl ketone [315], THF [316], dichloromethane[317] have been reported to be used
to prepare thin films of St-AN copolymers either by spin coating or solvent casting.

Among the solvents reported to be used for preparing St-AN copolymer thin films, DMF is the most
commonly-used, and hence was used in this study to prepare thin polymeric films. St-AN60
copolymer was suspended in DMF to prepare 3 wt% solution, and spin coated on to a silicon wafer.
Prior to spin coating, the silicon wafer was cleaned by sonicating the wafers in methanol, isopropyl
alcohol, and acetone consecutively, for 5 minutes in each. However, the films spin coated using
DMF as solvent results in a rough and non-uniform surface (Figure-3.8). The thickness of the thin
films were measured by a SCI Filmtek 2000M. For each sample, thickness of nine different spots
were measured and size of each spot was 5 um by 2 um. The Filmtek data shows thin film thickness

values ranging from nanometres to micrometres.

The concentration of polymer solutions were varied from 0.5 wt% to 10 wt% and also several
different spin speeds were used in an attempt to achieve uniformity in the thin films, but
unfortunately in every cases the film thicknesses were found to be varying from nanometres to
micrometres as measured by Filmtek. Similar results were found for the PSt, PAN homopolymers
and other compositions of St-AN copolymers, when DMF was used as the solvent for spin coating.

As an alternative, the dip coating process was applied to prepare thin films of St-AN60 copolymers
using DMF as solvent for three different solution concentrations. A clean silicon wafer was slowly
dipped into the polymer solution, removed after 30 seconds followed by drying in a vacuum oven
for 72 hours. However, for each concentration, films with irregular thicknesses were found as
shown in Figure-3.9. In addition to varying the concentration and spin speed, an alternative
approach was applied to clean the silicon wafer surface. The wafer surface was treated with oxygen
plasma etching for 30 s prior to spin coating of the polymer solution, which provided thin films

with random microstructures and varying thickness as shown in Figure-3.10.
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Figure-3.8: Microscopic image (top) and the thickness data by collecting film thickness for nine
different points (bottom) for St-AN60 copolymer thin films spin coated on to silicon wafer using
DMF as solvent. The size of each measurement spot as shown by the rectangle in the microscopic

image is 5 um by 2 um.
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Figure-3.9: The microscopic image of St-AN60 copolymer thin films prepared by dip coating
technique for 1 wt% (top left), 2 wt% (top right) and 4 wt% (bottom) copolymer solution in DMF.
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Figure-3.10: Microscopic image (top) and the thickness data by collecting film thickness for nine
different points (bottom) for St-AN60 copolymer thin films spin coated on to silicon wafer cleaned

with oxygen plasma etching, using DMF as solvent.
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Methyl ketones have been reported to be used to prepare thin films of St-AN copolymers with high
St compositions by spin coating [315, 318]. Therefore, as an alternative of DMF, methyl isobutyl
ketone (MIK) was used to prepare 3 wt% solution of St-AN60 copolymers. After passing through a
PTFE 0.45 micron 13 mm filter to remove the insoluble impurities including undissolved polymer,
the solution was spin coated for 60 s at 4000 rpm, on to a clean silicon wafer. The microscopic
image, as well as the thickness data (Figure-3.11) shows very uniform film thickness for St-AN60
copolymer thin films using MIK as solvent. The average film thickness was found to be 89.5 nm,
with very low standard deviation (0.53 nm). Hence, MIK was used to prepare thin films of the St-
ANBO, St-AN60, St-grad-ANG60 as well as the PSt homopolymers. In all cases, polymeric thin films

with excellent uniformity was formed with average thickness ~90 nm.

Unlike PSt homopolymer and the St-AN copolymers with high St composition, the PAN
homopolymer, PSt-block-PAN copolymers, St-AN20 and St-AN10 copolymers are insoluble in
MIK. Since DMF is a good solvent for PAN homopolymer, as well as St-AN copolymers with high
AN compositions, and MIK is found to provide uniform thin films for St-AN copolymers with high
St compositions, a 50:50 mixture of DMF and MIK was used to prepare 3 wt% PAN solution and
spin coated on to silicon wafer. The thin films formed in this process contained irregular cracks

which were visible even to the naked eye (Figure-3.12).

Peng et al. [319] reported the use of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as solvent to prepare
PAN polymer thin films with nano-scale roughness and controllable thickness by the dip coating
process. HFIP is a highly volatile solvent with very low boiling point (59 °C), which is capable of
dissolving PAN homopolymer as well as St-AN copolymers with high AN compositions. A 2 wt%
solution of PAN was prepared using HFIP as solvent and the clean silicon wafer was slowly dipped
in to the polymer solution. After 30s the wafer was slowly removed from the solution and left at
ambient temperature to dry off the remaining solvent. The film thickness measured by Filmtek
showed very uniform thin films with standard deviation as low as 1.87 nm for thickness data of nine
different points (Figure-3.13). Therefore, HFIP was also used to prepare thin films of St-AN20, St-
AN10 and St-block-AN copolymers, and in each case thin films with very uniform thickness were
formed.

These uniform thin films of St-AN copolymers prepared by using MIK and HFIP as solvents were
then used to characterize by XPS and contact angle measurements to study the copolymer

properties.
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Figure-3.11: Microscopic image (top) and the thickness data by collecting film thickness for nine
different points (bottom) for St-AN60 copolymer thin films spin coated on to silicon wafer using

MIK as solvent.
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Figure-3.12: Normal image captured by mobile camera (top) and microscopic image (bottom) of
the PAN thin films surface spin on to silicon wafer using 50:50 mixture of DMF and MIK as

solvent.
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Figure-3.13: Microscopic image (top) and the thickness data (bottom) for PAN homopolymer thin

films formed by dip coating, using HFIP as the solvent.
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3.5 XPS study of St-AN copolymer thin films

X-ray photoelectron spectroscopy (XPS) is a useful technique that has been used extensively to
study the surface composition of polymer and copolymer thin films [320-323]. It is reported to be a
highly sensitive surface analysis technique which probes the top 10 nm of a polymeric film, and
specifically useful for analysing the elemental composition and chemical-bonding state of the
surface [324, 325]. A number of studies have reported the XPS studies of PSt and PAN
homopolymers, and their copolymer thin films [325-332]. In this study, the surface composition of
the PSt and PAN homopolymers, and different compositions of St-AN statistical, block and
gradient copolymer thin films have been studied using a Kratos AXIS Ultra XPS. The survey data
were collected with pass energy 160 eV at 1.0 eV step size, and for high resolution, the pass energy
was 20 eV at 0.05 eV step size. The data have been collected at 0° and 60° incident angle, and the

approximate penetration depths at these two incident angles are 10 nm and 5 nm respectively.

3.5.1 Effect of RAFT end group on XPS data

The PSt and PAN homopolymers, as well as their copolymers synthesized by the RAFT method
contain the RAFT end groups at the end of their chains, which could influence the usual properties
of the polymers on the thin film surface. PSt homopolymer and one of the St-AN copolymers (St-
AN20) synthesized by the RAFT method has been chosen to remove the RAFT end group, and the
effect of the end group was studied by comparing the XPS data before and after removing the end

group.

The end group was cleaved by treating the polymer with AIBN initiator using dioxane as the
solvent. The molar ratio of polymer and initiator was 1:100. After sealing with a rubber septum, the
mixture was purged with Ar gas for 30 minutes and stirred in an oil bath at 80 °C temperature for
six hours. The initial pink colour disappeared giving a colourless solution. The copolymer was
precipitated in methanol and after several washing steps the polymer was dried in vacuum oven at
room temperature. The copolymers before and after cleaving the RAFT end groups were

characterized by UV and *H NMR spectroscopy to confirm the complete removal of the end group.
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Figure-3.14: The change in colour after cleaving the RAFT end group. The pink colour due to the

end group disappears once it is cleaved and gives white/colourless polymers.
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Figure-3.15: The change in the UV spectra after cleaving the RAFT end group. The peak at around
320 nm due to the RAFT end group disappears once the end group was cleaved.
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Figure-3.16: Comparative *H NMR spectra for (a) PSt homopolymer and (b) St-AN20 copolymer

before and after cleaving the RAFT end group which shows the change in the peak at around 8

ppm.
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The initial sign of the RAFT end group removal is the change in the colour of the copolymers. The
presence of the RAFT end group in the copolymer chains gives the polymer powder a pink colour,
which disappears upon the treatment with AIBN, and produces a white/colourless powder after
cleaving RAFT end group. Figure-3.14 shows the copolymer St-AN20 copolymer powders before
and after cleaving the RAFT end group.

The removal of the RAFT end group was confirmed by comparing the UV spectrum of the RAFT
end group with the St-AN20 copolymers spectra before and after cleaving the end group. The peak
at around 315 nm for the RAFT end group shown in Figure-3.15, can be seen for the St-AN20
copolymer before cleaving the RAFT end group. However, after cleaving the end group, the peak at
around 315 nm disappeared, which indicates the complete removal of the RAFT end group.

The removal of the end group was further confirmed from the comparison of the *H NMR of the
PSt homopolymer and St-AN20 copolymer before and after cleaving the end group. The aromatic
proton from the CBDB RAFT agent gives a well resolved peak at around 8 ppm for both PSt
homopolymer and St-AN20 copolymer. As shown in Figure-3.16, the peak for the end group

disappears after cleaving the end group.

The XPS survey data have been collected for the homo and copolymer before and after cleaving the
RAFT agent. XPS detects two small peaks for sulfur, one at binding energy at 229 eV for 2 s
electron and another one at binding energy 165 eV for 2p electron (Figure-3.17). However, no such
peak for sulfur has been seen for St-AN20 copolymer (Figure-3.18). This could be due to the low
molecular weight of the homopolymer PSt (M, = 4600) compared to that of the copolymer (M, =
13100). The XPS data for the St-AN20 copolymer on the film also does not show a sulfur peak.
This means, the end group in the copolymer does not preferentially concentrate at the surface and
hence will not affect the XPS composition data of the St-AN copolymers. To verify this, the XPS
survey data was collected for PSt homopolymer with higher molecular weight (Mn = 11300), and as
expected, no trace of the sulfur peak was found. Based on this study, the XPS studies of the

copolymers were continued without cleaving the RAFT end groups.
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Figure-3.17: XPS survey scan data for PSt homopolymer (a) with RAFT end group, (b) without

RAFT end group, and (c) comparison of their S peak region.
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Figure-3.18: XPS survey scan data for (a) St-AN20 copolymer with RAFT end group, (b) without
RAFT end group, and (c) comparison of their S peak region.
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3.5.2 XPS studies of the homopolymer thin films

Survey and high resolution XPS data for PSt and PAN homopolymers are given in Figure-3.19 and
Figure-3.20 respectively. Survey data for PSt shows the C peak at binding energy 285 eV, and S
peak at 165 eV (close view is given in Figure-3.17). PAN shows C and N peaks at binding energies
of 285 and 399 eV, respectively, but no peak for S was seen. This is again due to the difference in
their molecular weight; PAN had significantly higher molecular weight (M, = 21000) than that of
PSt (Mn = 4600). Both of the homopolymers show small amounts of O in the survey data, which

could be due to the oxygen trapped in the copolymer thin films.

High resolution spectra of the C 1s peak from PSt (Figure-3.19) shows both aliphatic and aromatic
components at binding energy 284.8 eV and 285.0 eV, respectively. The ratio of aliphatic C
(23.8%) and aromatic C (76.2%) from the high resolution was found to be in close agreement to the
actual ratio 1:3. PAN gives three components in C 1s high resolution XPS for three different types
of C (Figure-3.20) with a ratio of approximately 1:1:1, and a single component in the N 1s peak at
399.7 eV.
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Figure-3.19: Survey (top) and high resolution (bottom) XPS data for PSt homopolymer thin film.
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Figure-3.20: Survey (top) and high resolution (bottom) XPS data for PAN homopolymer thin film.
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3.5.3 XPS studies of St-AN copolymer thin films

The surface composition of the thin films of statistical, block and gradient copolymers synthesized
by RAFT and CvRP methods were studied by XPS data. Both survey and high resolution XPS data
were collected at two different incident angles (at 0° and 60°, approximate penetration depth 10 nm
and 5 nm respectively) to characterize the surface composition at two different depths. The
copolymer compositions were also characterized after annealing the copolymer thin films for 10
hours under vacuum at 130 °C, to study the effect of annealing on surface composition on the

copolymer thin films.

The fraction of St and AN was determined using the N content in the survey spectra of the thin
films. As an example, Figure-3.21 shows a survey spectra for St-AN60 copolymer thin films, which
shows the presence of 5.331% of N on the surface. Since the AN monomer unit contains 1 N atom
and 3 carbons atoms,

Then total percentage of C from AN is =5.331 x 3 =16.0

Total percentage of C from St is = (94.67-15.993) = 78.7%

78.677

(— )

('}'9.6?7) (15.993)
Therefore, composition of Stis="\ = 3 /=0.65

And composition of AN is=1-0.65=0.35
The copolymer composition on the surface is St:AN = 0.65:0.35
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Figure-3.21: XPS survey spectrum for St-AN60 copolymer thin film, showing the atomic
percentage of C and N on the surface.
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The composition of the copolymer on the thin films surface for the statistical, block and gradient
copolymers are listed in Table-3.1 to Table-3.10, and also the bar plots are given in Figure-3.23 to
Figure-3.32. For the St-AN batch copolymers with different compositions synthesized by the RAFT
and CvRP methods and for the forced gradient copolymers synthesized by the RAFT method, the
XPS data have been collected for three different conversion. This gives an indication as to how the
change in the copolymer composition and triad distribution of the copolymer chains affect the
surface composition of the thin films. The errors in the bar plot were determined from six

measurements for a single sample.

The copolymer composition and triad distribution for St-AN60 copolymers are constant with the
copolymer conversion, whereas St-AN80 copolymers show a slight change in both composition and
triad distribution. This is reflected on the XPS data of their copolymer thin films. The surface
compositions characterized by XPS are slightly higher in St than the bulk composition determined
from C NMR, but there is no change in the surface composition at two different incident angles.
The surface composition was unchanged even after annealing the thin film. The thin films of St-
ANG60 and St-AN80 copolymers synthesized by RAFT and CvRP method showed similar

behaviour.

As described elsewhere, the fraction of St in St-AN20 and St-AN10 copolymers decrease with the
copolymer conversion to produce a natural gradient in the copolymer chains. For these two
copolymers, the St compositions in the thin films are significantly higher than the composition
calculated from 3C NMR. It should be noted that St is comparatively hydrophobic while AN is
hydrophilic. Therefore, AN units have a tendency to move towards the substrate silicon wafer due
to the presence of SiO», while St moves in the opposite direction. Hence, the styrene composition of
St-AN20 and St-AN10 increases as the thin films are annealed above glass transition temperature of
the copolymers. Through the annealing process, the St units move further to the thin film air
interface while AN units move towards the substrate to achieve thermal equilibrium. The angle
dependent XPS data show that the composition at 60° incident angle is much higher than that of at
0° incident angle. XPS data with 60° incident angle gives the composition of the top 5 nm of the
thin film surface, while 0° gives the data of top 10 nm approximately. Therefore, the higher
composition of St at 60° indicates the movement of St units towards the thin film and air interface.

The difference between the styrene composition determined from *C NMR and the XPS

composition becomes more pronounced for the thin films prepared with higher conversion

copolymers. This is reasonable considering the gradient structures of St-AN20 and St-AN10
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copolymers. At the initial conversion, the copolymer produces chains with little or no change in the
composition which causes little difference between the copolymer composition and thin film
surface composition. However, the copolymer composition starts decreasing steeply after 55% and
40% conversion of St-AN20 and St-AN10 copolymer, respectively (Figure-3.26 and Figure-3.30),
which is reflected in the difference of the copolymer composition and thin film surface
compositions for these two copolymers at higher conversion. However, the difference in St
composition is significantly higher for St-AN10 copolymers due to the stronger gradient produced
in copolymer structures than that of St-AN20 copolymers. A similar effect of gradient in the
copolymer structures on the thin film surface compositions have been found for St-AN20 and St-

AN10 copolymer synthesized by CvRP method.

The forced gradient copolymer St-grad-AN60 copolymer thin films also follow the trend shown by
the natural gradient copolymer thin films. The St compositions at the surface of the thin films are
much higher than the bulk copolymer composition, and the difference between the composition in
the copolymer and the surface composition increases for the thin films of copolymers with higher
conversion. However, the biggest difference between the copolymer composition and the thin films
surface composition is found for the block copolymers, especially for those with low St
compositions. As spin coated thin films do not show much difference in the compositions, but after
annealing, the composition of St on the surface increased significantly.
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Figure-3.22: Survey (top) and high resolution (bottom) XPS data for St-AN20 copolymer thin film.
The survey data shows the peak for C 1s and N 1s, and the high resolution data shows their

components.
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Table-3.1: Surface composition of RAFT St-AN80 copolymer thin films for different conversion,

characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 27% Conv. 51% Conv. 64%
BC NMR 0.75 0.76 0.78
Un-annealed 0° 0.77 0.78 0.78
Un-annealed 60° 0.77 0.77 0.80
Annealed 0° 0.77 0.78 0.80
Annealed 60° 0.77 0.79 0.79
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Figure-3.23: Comparison of the St compositions in RAFT St-AN80 copolymer characterized by
13C NMR to those for the thin film surface compositions characterized by XPS at 0° and 60°
incident angle, before and after annealing.
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Table-3.2: Surface composition of RAFT St-AN60 copolymer thin films for different conversion,

characterized by XPS at 0° and 60°, before and after annealing.

F(St) conv. 46% conv. 67% conv. 94%
BC NMR 0.64 0.64 0.65
Un-annealed 0° 0.65 0.67 0.67
Un-annealed 60° 0.67 0.67 0.68
Annealed 0° 0.66 0.67 0.67
Annealed 60° 0.67 0.68 0.69
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Figure-3.24: Comparison of the St compositions in RAFT St-AN60 copolymer characterized by
13C NMR to those for the thin film surface compositions characterized by XPS at 0° and 60°
incident angle, before and after annealing.
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Table-3.3: Surface composition of RAFT St-AN20 copolymer thin films for different conversion,
characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 22% Conv. 55% Conv. 87%
13C NMR 0.44 0.36 0.24
Un-annealed 0° 0.45 0.43 0.34
Un-annealed 60° 0.44 0.39 0.31
Annealed 0° 0.45 0.40 0.34
Annealed 60° 0.45 0.40 0.36
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Figure-3.25: Comparison of the St compositions in RAFT St-AN20 copolymer characterized by
13C NMR to those for the thin film surface compositions characterized by XPS at 0° and 60°
incident angle, before and after annealing.
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Table-3.4: Surface composition of RAFT St-AN10 copolymer thin films for different conversion,

characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 39% Conv. 75% Conv. 93%
13C NMR 0.27 0.16 0.13
Un-annealed 0° 0.35 0.35 0.28
Un-annealed 60° 0.34 0.22 0.20
Annealed 0° 0.35 0.24 0.19
Annealed 60° 0.34 0.27 0.29
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Figure-3.26: Comparison of the St compositions in RAFT St-AN10 copolymer characterized by
13C NMR to those for the thin film surface compositions characterized by XPS at 0° and 60°

incident angle, before and after annealing.
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Table-3.5: Surface composition of RAFT St-grad-AN60 copolymer thin films for

conversion, characterized by XPS at 0° and 60°, before and after annealing.

different

F(St) Conv. 57% Conv. 63% Conv. 83%
13C NMR 0.45 0.49 0.55
Un-annealed 0° 0.48 0.53 0.62
Un-annealed 60° 0.50 0.55 0.68
Annealed 0° 0.51 0.58 0.71
Annealed 60° 0.54 0.63 0.78
St-grad-AN60 RAFT: F(St)
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Figure-3.27: Comparison of the St compositions in RAFT St-grad-AN60 copolymer characterized

by 3C NMR to those for the thin film surface compositions characterized by XPS at 0° and 60°

incident angle, before an

d after annealing.
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Table-3.6: Surface composition of four different composition of RAFT PSt-b-PAN copolymer thin
films, characterized by XPS at 0° and 60°, before and after annealing.

F(St) PSt-b-PAN27 | PSt-b-PAN36 PSt-b-PANG5 PSt-b-PAN83
13C NMR 0.27 0.36 0.65 0.83
Un-annealed 0° 0.48 0.55 0.67 0.82
Un-annealed 60° 0.30 0.41 0.76 0.86
Annealed 0° 0.30 0.46 0.78 0.90
Annealed 60° 0.53 0.66 0.86 0.87
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Figure-3.28: Comparison of the St compositions in RAFT PSt-b-PAN copolymers characterized by
13C NMR to those for the thin film surface compositions characterized by XPS at 0° and 60°

incident angle, before and after annealing.
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Table-3.7: Surface composition of CvRP St-AN80 copolymer thin films for different conversion,

characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 39% Conv. 63% Conv. 82%
13C NMR 0.73 0.74 0.76
Un-annealed 0° 0.73 0.75 0.79
Un-annealed 60° 0.74 0.76 0.80
Annealed 0° 0.74 0.76 0.84
Annealed 60° 0.75 0.78 0.85
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Figure-3.29: Comparison of the St compositions in CvRP St-AN80 copolymer characterized by **C
NMR to those for the thin film surface compositions characterized by XPS at 0° and 60° incident
angle, before and after annealing.
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Table-3.8: Surface composition of CvRP St-AN60 copolymer thin films for different conversion,

characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 38% Conv. 53% Conv. 72%
13C NMR 0.63 0.66 0.65
Un-annealed 0° 0.63 0.67 0.64
Un-annealed 60° 0.63 0.66 0.66
Annealed 0° 0.62 0.65 0.65
Annealed 60° 0.64 0.68 0.67
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Figure-3.30: Comparison of the St compositions in CvRP St-AN60 copolymer characterized by **C
NMR to those for the thin film surface compositions characterized by XPS at 0° and 60° incident

angle, before and after annealing.
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Table-3.9: Surface composition of CvRP St-AN20 copolymer thin films for different conversion,

characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 25% Conv. 52% Conv. 77%
13C NMR 0.38 0.32 0.23
Un-annealed 0° 0.40 0.37 0.35
Un-annealed 60° 0.42 0.38 0.37
Annealed 0° 0.40 0.38 041
Annealed 60° 0.43 0.44 0.43
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Figure-3.31: Comparison of the St compositions in CvRP St-AN20 copolymer characterized by *C
NMR to those for the thin film surface compositions characterized by XPS at 0° and 60° incident

angle, before and after annealing.
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Table-3.10: Surface composition of CvRP St-AN10 copolymer thin films for different conversion,
characterized by XPS at 0° and 60°, before and after annealing.

F(St) Conv. 33% Conv. 53% Conv. 71%
13C NMR 0.26 0.17 0.14
Un-annealed 0° 0.32 0.28 0.30
Un-annealed 60° 0.32 0.29 0.32
Annealed 0° 0.35 0.32 0.39
Annealed 60° 0.38 0.34 0.42
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Figure-3.32: Comparison of the St compositions in CvRP St-AN10 copolymer characterized by *3C
NMR to those for the thin film surface compositions characterized by XPS at 0° and 60° incident
angle, before and after annealing.
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3.5.4 Comparison of XPS results

The comparative bar plots of the XPS data for thin films of the St-AN statistical, block and gradient
copolymer synthesized by the RAFT method are shown in Figure-3.33 and Figure-3.34. The XPS
results of the thin films of St-AN copolymers synthesized by the RAFT and CvRP methods are
compared in Figure-3.35. St-ANG6O is entirely statistical copolymer, while St-AN80 with very little
composition drift is also nearly statistical. Therefore, the surface composition for the thin films of
these two copolymer synthesized by both RAFT or CvRP method do not show much change in the

St composition of the thin films even after annealing.

On the other hand, the composition of the thin film surface shows a large change after annealing,
especially for the block copolymers with lower St composition in the copolymer. Though, the thin
films of the block copolymers with high St composition do not show as much difference as the thin
films with low St containing copolymer do. The surface composition of the thin films of the
spontaneous gradients (St-AN20 and St-AN10) and the forced gradient copolymer (St-grad-AN60),
are however in between of those of the statistical and block copolymers.

The XPS results of the thin films of statistical, block and gradient copolymers could be explained
based on the effect of copolymer structure on phase their behaviour as discussed in section 1.2.3.1.
The block copolymers go through complete phase segregation on the thin films by moving the St
units towards the thin film-air interface and AN units towards the substrate, while no change occurs
for the statistical copolymer. Gradient copolymers, on the other hand, due to the continuous
gradient in composition of the copolymer chains, exhibits weak phase separation with a broad phase

boundary.

Figure-3.35 shows the comparison of the surface composition determined by XPS for the thin films
of copolymers synthesized by the RAFT and CvRP methods. For the weak gradient (St-AN80) and
statistical (St-AN60) copolymer thin films, the copolymer composition does not change on the
surface. However the gradient copolymers synthesized by the RAFT method, in which the
copolymer composition changes along a single chain, behaves slightly different for the thin films
than those of the gradient copolymers synthesized by the CvRP method, in which the composition
changes across the copolymer chains. The effect of annealing is noticeably higher on the thin films
of CvRP copolymers than those of the RAFT copolymers, due to the intra-chain and inter-chain

gradient in the RAFT and CvRP copolymers respectively.
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3.6 Contact angles and surface free energy studies of St-AN copolymer thin

films

Surface free energy is one of the fundamental properties of copolymer thin films, and is strongly
dependent on the surface and interfacial behaviour of the copolymers. Therefore, a study of the
surface free energy (SFE) through contact angle measurements is one of the most common
techniques to study the polymer and copolymer thin films. A number of literature studies have
reported the contact angles and surface free energy of polymer and copolymer thin films [333-342],
including the St-AN copolymer system [343-349]. Using the contact angles of liquids with different
polarity, the SFE of a polymer or copolymer thin films could be measured either by the geometric
mean (GM) method which is also known as Owens and Wendt method, the harmonic mean method,
or the harmonic mean (HM) method, or the van Oss, Good, and Chaudhury (vOGC) method which

is also known as the acid-base approach.

In this study, the static contact angles of PSt and PAN homopolymers, and their copolymer thin
films were measured for water (H20) and thiodiglycol (TDG) using an OCA20 contact angle
system at room temperature. SFE were measured for water-glycerine and water-thiodiglycol system
by geometric mean method using the following equation.

yL(1+c0s0) = 2. V(s v + 2. N(ys™. ylP) oo [7]

Where, yL = surface free energy of the test liquid

y.9 = dispersive component of the surface free energy of the test liquid
y.” = polar component of the surface free energy of the test liquid

vs = surface free energy of the solid

vysY = dispersive component of the surface free energy of the solid

ys" = polar component of the surface free energy of the solid

Table-3.11: The surface free energy components calculated by the geometric mean method for

water and thiodiglycol [343].

Test liquid Dispersive component, Polar component, Total surface free
yi 9 (mJ m?) yLP (MJ m?) energy yL (mJ m?)
Water 21.8 51.0 72.8
Thiodiglycol 38.4 15.6 54.0
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The static contact angles of water and thiodiglycol measured at room temperature, for the thin films
of St and AN homopolymers, and their copolymers synthesized by the RAFT method are given in
Table-3.12. The contact angle values before and after the annealing process have also been plotted
against AN composition in the copolymers in Figure-3.37 and Figure-3.38. The contact angle values
for water and thiodiglycol on PSt and PAN homopolymer thin films found in this study are similar
to the values reported in the literature [343]. As Figure-3.37 and Figure-3.38 show, before the
annealing process, the contact angle of water and thiodiglycol decrease, as the composition of AN
increases in the copolymer. However, the contact angles for the thin films of block copolymers with
low AN compositions were significantly lower in comparison to those of the statistical copolymers
for both water and thiodiglycol.

Both for water and thiodiglycol, the contact angle values increase as the films are annealed at 130
°C temperature for 10 hours, but the increase in the values are significantly different for copolymers
with different structures. The block copolymers with high AN compositions go through the biggest
changes in the contact angles after annealing for both water and thiodiglycol, while the change is
very small for the statistical copolymer thin films. The change in the contact angle value for the
spontaneous gradient copolymers are in between to those of the statistical and block copolymers.
However, unlike the spontaneous gradient copolymer, the forced gradient copolymer does not show

any change in the contact angle values after annealing.

The contact angle results are in close agreement with the results found in XPS studies. PSt units,
being the hydrophobic part of the copolymers are likely to be moving towards the thin film-air
interface, and the due to the comparative hydrophilic nature, AN units move towards the substrate.
Therefore, after annealing, the surface composition of PSt in the thin film increases, which as a
result increases the contact angle values. Due to phase segregation, the block copolymers show the
biggest change in the surface composition, and hence in the contact angle values after annealing.
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Figure-3.36: Static contact angle image of water (left) and thiodiglycol (right) on RAFT St-AN60
copolymer thin films before annealing.

Table-3.12: Contact angles of water and thiodiglycol on the thin films of statistical, block and
gradient copolymers and homopolymers of St and AN synthesized by the RAFT method before and

after annealing.

Designation Fan Water Thiodiglycol
(*H NMR) contact angle (°) contact angle (°)
Un-annealed | Annealed | Un-annealed Annealed

PSt 0.00 88.3 92.2 60.6 61.1
St-AN8O 0.22 87.1 86.5 57.1 58.5
St-ANG60 0.35 81.6 83.8 53.7 55.0
St-AN20 0.76 74.7 78.7 47.0 49.9
St-AN10 0.87 65.0 74.7 43.6 49.5
PAN 1.00 55.6 65.2 19.7 35.7
St-grad-AN60 0.45 80.5 82.8 56.6 57.8
St-block-AN27 0.73 62.7 82.6 40.1 60.6
St-block-AN36 0.64 65.8 83.4 46.0 60.1
St-block-ANG68 0.32 86.6 86.7 57.7 59.4
St-block-AN83 0.17 89.5 87.1 59.9 58.7
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Figure-3.37: Contact angle of water on the thin films of St and AN homo and copolymers (a)

before, and (b) after annealing at 130 °C for 10 hours.
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Figure-3.39: Comparison of contact angles of St and AN homopolymer, and their copolymer thin
films for (a) water and (b) thiodiglycol.

The surface energies of the homopolymer and the copolymer thin films have been determined using
the water and thiodiglycol contact angles by geometric mean method as given in Table-3.13. The
surface energy of St-AN copolymers increase with the increase of AN composition in the
copolymer, regardless of chain structure (Figure-3.40). However, the block copolymer thin films

with high AN composition possess surface energy higher than the statistical copolymer with similar
AN composition.
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As a result of the annealing process, the increase in the PSt composition on the surface is also
reflected in the surface energy data (Figure-3.41). Due to the lower surface energy value of PSt
homopolymer, the annealing process causes an overall decrease in the surface energy values for St-
AN copolymer thin films. However, similar to those of the XPS and contact angle data, the block
copolymers with high AN compositions show the biggest decrease in the surface energy values after
annealing. The thin films of the statistical copolymer do not show such change in the surface
energy, while the change in the surface energy of the spontaneous gradient copolymers are in
between to those of the block and statistical copolymer thin films. However, no noticeable
difference in the contact angle and surface energy data have been observed for the thin films of the

copolymers synthesized by the RAFT and CvRP process as shown in Figure-3.42.

Table-3.13: Surface free energy of the thin films of statistical, block and gradient copolymers and

homopolymers of St and AN synthesized by the RAFT method before and after annealing.

Designation Fan Surface energy of un-annealed Surface energy of
(*H thin films annealed thin films
NM R) ,st ,YSP "{StOtaI ,st ,YSP 'YStOtaI
(MImM?2) | (MIm?) | (MImM?) | (MIm?) | (mIm?) | (MIm?)
PSt 0.00 29.2 2.9 32.1 32.8 1.3 34.1
St-AN8O 0.22 32.2 2.7 34.9 29.8 3.4 33.2
St-AN60 0.35 30.4 5.0 35.4 31.1 4.0 35.1
St-AN20 0.76 30.5 8.0 38.5 31.6 5.9 37.5
St-AN10 0.87 24.6 16.1 40.7 28.0 8.9 36.9
PAN 1.00 334 17.6 51.0 31.7 12.7 44.4
St-grad-AN60 0.45 25.9 6.8 32.7 26.9 55 32.4
St-block-AN27 0.73 28.4 13.7 42.1 23.5 6.7 30.2
St-block-AN36 0.64 20.6 20.0 40.6 24.8 5.9 30.7
St-block-ANG68 0.32 28.3 3.7 32.0 29.0 3.5 32.5
St-block-AN83 0.17 34.1 1.7 35.8 30.2 3.1 33.3
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Table-3.14: Contact angles of water and thiodiglycol on the thin films of St and AN copolymers
synthesized by the CvRP batch method before and after annealing.

Designation Fan Water Thiodiglycol
(*H NMR) contact angle (°) contact angle (°)
Un-annealed | Annealed | Un-annealed | Annealed
St-AN80 0.24 87.2 89.2 57.8 59.3
St-AN60 0.37 81.1 83.0 53.5 53.7
St-AN20 0.78 73.7 78.2 49.8 48.7
St-AN10 0.85 76.6 78.0 44.8 49.8

Table-3.15: Surface free energy of the thin films of St and AN copolymers synthesized by the

CVRP batch method before and after annealing.

Designation Fan Surface energy of un- Surface energy of
(*H NMR) | annealed thin films (mJ m2) | annealed thin films (mJ m)
,st ,YSP ,Ystotal ,st YSP ,Ystotal
St-AN80 0.24 31.4 2.8 34.2 31.8 2.2 34.0
St-AN60 0.37 30.1 5.3 354 31.8 4.1 35.9
St-AN20 0.78 31.7 8.1 39.8 324 5.8 38.2
St-AN10 0.85 355 5.7 41.2 30.9 6.4 37.3
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3.7 Conclusions

In this chapter, the thermal properties, and the properties of the thin films for St and AN
homopolymers, and their statistical, block and gradient copolymers have been studied. The
composition, as well as the sequence distribution of the St-AN copolymers showed significant
effect on their thermal properties as well as surface properties. The thermal properties of the
gradient copolymers, due to their unique chain structures, was found to be very different to those of
the statistical and block copolymers. Because of small difference in the Tgs of the St and AN
homopolymers, instead of two, the block copolymer shows one transition in the DSC heating curve,
similar to those of the St-AN statistical copolymers. However, due to the composition gradient in
their structures, broad transition in the DSC heating curves have been seen for the spontaneous (St-
ANZ20, St-AN10) and forced gradient copolymers.

An XPS study was used to characterize the surface composition of the thin films of St and AN
homopolymer, and their copolymers. The statistical, block and gradient copolymers of St and AN
with similar copolymer composition showed different behaviours in the thin films due to the
difference in their sequence distributions. XPS data showed that the composition of St in the thin
film surface increases significantly after annealing for the block copolymers, while almost no
change can be seen for the statistical copolymers. On the contrary, the gradient copolymer surface
composition also showed noticeable change in the surface composition as a result of annealing, but
not as significant as those of the block copolymers. The surface energy data determined from the
contact angles of water and thiodiglycol on the thin films also follow the XPS results. These studies
suggest, the block copolymers undergo phase segregation in the thin films surface by moving the St
units towards the thin film-air interface and AN units towards the substrate, while no such phase
segregation happens for the statistical copolymers. Rather than a complete phase segregation with
clear boundary as in the block copolymers, gradient copolymers, due to their continuous
composition drift, undergo a weak phase segregation with wide boundary. Therefore, with the
unique chain structures, the properties of the gradient copolymers have been found to be very

different to those of the block and statistical copolymers.
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Chapter 4: Synthesis of Hydroxystyrene - t-Butyl acrylate

Copolymers

4.1 Introduction

Polymers containing phenolic group such as hydroxystyrene (HOST) homopolymer and the
copolymers of HOST are of great importance due to their potential applications in the areas of
photoresists, adhesives, metal treatment, plastic additives and compatibilizers in polymer blends
[350-361]. Hydroxystyrene monomer however, is known to be unstable due to the acidic phenol
proton [362-364], and therefore protected derivatives such as 4-acetoxystyrene (AOST) are utilized
to synthesize homopolymer and copolymers of hydroxystyrene. Synthesis of AOST-tBA
copolymers has been reported by CvRP as well as by the RAFT method [351, 365, 366]. Guo and
co-workers [366] determined the reactivity ratios for AOST-tBA copolymer system for both CvRP
(raost = 1.082; riga = 0.292) and RAFT (raost = 0.896; ra = 0.468) method, and found them to be
close but different from each other. However, the reactivity ratios determined in their study for
CvRP were similar to those reported by Ito et al.[351] for CvRP. This copolymer system has been
chosen due to the similarity with the structure of one of the commercial photoresists TER60, and

the aim was to study the structure — properties relationship.

In this study, AOST and t-butyl acrylate (tBA) statistical copolymers were synthesized using both
the RAFT and CvRP batch copolymerization methods. In addition to the statistical copolymers,
AOST-tBA block copolymers were synthesized by chain extension of AOST homopolymer, and
AOST-tBA forced gradient copolymers synthesized by the continuous feed method. HOST-tBA
copolymers with different chain structures were produced by de-acetylation of the AOST-tBA
copolymers. However, unlike the St-AN system, neither AOST-tBA nor HOST-tBA give well
resolved peaks for the triads in the **C NMR spectra. Therefore, a triad distribution study will not
be possible to establish the formation of gradient structures in the AOST-tBA or HOST-tBA
copolymer systems. Though few recent studies reported that it is possible to determine the

distribution of chemical composition which involves complex methods [367-369].

4.2 Materials

The monomers 4-acetoxystyrene and t-butyl acrylate were purchased from Sigma Aldrich, and the
inhibitor from the monomers were removed by passing through a basic alumina column prior to

polymerization reactions. Azobisisobutyronitrile (AIBN) initiator was purchased from Sigma-
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Aldrich, and purified by recrystallizing in methanol followed by drying in a vacuum oven at room

temperature. Propanoicacidyl butyl trithiocarbonate (PABTC) RAFT agent was synthesized as

described in the literature [370]. Solvent 1,4-dioxane was purchased from Ajax Finechem and N,N-

dimethylformamide (DMF) was purchased from Merck Millipore.
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Figure-4.1: Materials used for the synthesis of St-AN copolymers.
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4.3 Synthesis of AOST and tBA homopolymers by RAFT Polymerization

AOST and tBA homopolymers were synthesized by the RAFT method in bulk using PABTC as the
RAFT agent, and AIBN as initiator. The monomer and the RAFT agent along with the initiator
were placed in a 20 mL vial. After sealing the vial with a rubber septum, oxygen was removed from
the reaction solution with N gas, and allowed to react in an oil bath at 70 °C temperature. RAFT to
initiator ratio was 10:1. The polymerization reaction was quenched in an ice bath after a certain
time and the polymer solution was diluted by adding small amount of THF. The polymer solution
was then added slowly into an excess amount of methanol to collect the polymer precipitate. The
resulting pure polymer was then dried in a vacuum oven for 48 hours at room temperature to bring

it to a constant weight.

4.4 Synthesis and Characterization of AOST-tBA Statistical Copolymers

AOST-tBA copolymers with three different feed compositions were synthesized by both the RAFT
and CvRP methods. The reactant concentrations for the RAFT and CvRP synthesis of AOST-tBA
copolymers are given in Table-4.1 and Table-4.2, respectively.

Table-4.1: Reaction concentration for the synthesis of AOST-tBA statistical copolymers by the
RAFT method. The ratio at the end of the names of the copolymers indicates the mole ratio of
AOST and tBA in the feed.

Designation | AOST tBA RAFT agent | Initiator Solvent
(PABTC) (AIBN) (Dioxane)
AOST-stat- | 1.513 g 0.296 g 35.5mg 12.3 mg 1.818¢
tBA80:20 (9.339 mmol) | (2.312 mmol) | (0.149 mmol) | (0.075 mmol) | (0.021 mol)
AOST-stat- | 1.076 ¢ 0.790¢g 36.1 mg 11.6 mg 2.074 ¢
tBAS50:50 (6.642mmol) | (6.172mmol) | (0.152 mmol) | (0.071 mmol) | (0.024 mol)
AOST-stat- | 0.475¢ 1.498 ¢ 34.7 mg 12.9 mg 1.938¢
tBA20:80 (2.932mmol) | (11.703mmol) | (0.146 mmol) | (0.079 mmol) | (0.022 mol)
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Table-4.2: Reaction concentration for the synthesis of AOST-tBA statistical copolymer by CvRP
method. The ratio at the end of the names of the copolymers indicates the mole ratio of AOST and
tBA in the feed.

Designation | AOST tBA Initiator Solvent
(AIBN) (Dioxane)
AOST-stat- | 1.040g 0.211¢g 42.2 mg 2.047¢
tBA80 (6.420 mmol) | (1.648 mmol) | (0.257 mmol) (0.023 mol)
AOST-stat- | 0.510g 0.408 ¢ 33.5mg 3.076 g
tBAS50 (3.148 mmol) | (3.188 mmol) | (0.204 mmol) (0.035 mol)
AOST-stat- | 0.173¢g 0.525¢ 27.8 mg 1.921¢g
tBA20 (1.068 mmol) | (4.102 mmol) | (0.170 mmol) (0.022 mol)

For both RAFT and CvRP, the polymerization reaction was carried out at 70 °C, and continued to a
final conversion of more than 70%. At the end of polymerization, the reaction was quenched in an
ice bath, and pure copolymers were collected by precipitating in excess methanol. The copolymers

were then dried in a vacuum oven at room temperature to bring to constant weights.

The molecular weight and molecular weight dispersity of the AOST and tBA homopolymers, and
their statistical copolymers were characterized by SEC using THF as eluent. *H and *C NMR were

used to characterize the purity of the polymers and their compositions.
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Figure-4.2: Molecular weight distribution plot for (a) AOST and (b) tBA homopolymers
synthesized by RAFT method.
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Figure-4.4: Molecular weight distribution of (a) AOST-stat-tBA80; (b) AOST-stat-tBA50 and (c)
AOST-stat-tBA20 copolymers synthesized by CvRP method.

The molecular weight distribution plots are shown in Figure-4.2, 4.3 and 4.4 for the AOST and tBA
copolymers synthesized by RAFT method, and their copolymers synthesized by RAFT and CvRP
methods, respectively. The molecular weight and molecular weight dispersity characterized by

SEC, and the copolymer composition characterized by *H NMR are given in Table-4.3 and Table-
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4.4. RAFT polymerization method provides homopolymers and statistical copolymers of AOST and
tBA with narrow molecular weight dispersity compared to the statistical copolymers synthesized by
CvRP method.

The compositions of the AOST-stat-tBA copolymers were determined from the *H NMR of the
purified copolymers. The intensities of the peaks due to the aromatic protons from AOST were
compared to the tBA protons to calculate the copolymer compositions. The *H NMR spectra for the
homopolymers or copolymers synthesized by RAFT method are shown in Figure-4.5 and Figure-
4.6, using CDCl3z as NMR solvent.

Table-4.3: Molecular weight, molecular weight dispersity and composition data for AOST and tBA
homopolymers and their copolymers synthesized by RAFT method.

Designation Mn (SEC) DPwm (SEC) | Copolymer compositions
(AOST:tBA)
PAOST 9100 1.05 -

PtBA 11000 1.16 -
AOST-stat-tBA80:20 6100 1.15 78:22
AOST-stat-tBA50:50 10300 1.35 48:52
AOST-stat-tBA20:80 6000 1.21 29:71

Table-4.4: Molecular weight, molecular weight dispersity and composition data for AOST and tBA

homopolymers and their copolymers synthesized by CvRP method.

Designation Mn (SEC) | Pm(SEC) | Copolymer compositions
(AOST:tBA)
AOST-stat-tBA80:20 13400 2.01 78:22
AOST-stat-tBA50:50 11700 1.90 56:44
AOST-stat-tBA20:80 15400 2.05 20:80
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4.5 Synthesis and Characterization of AOST-tBA block copolymers

AOST-tBA block copolymers with different copolymer compositions were synthesized using
AOST homopolymer as the first block. The RAFT to initiator ratio was 10:1, and the
polymerization reactions were stopped below 50% conversion in order to avoid formation of dead
chains. The resulted copolymers were characterized using SEC and *H NMR. The molecular
weight, molecular weight dispersity data for the first block and the block copolymers are listed in
Table-4.6. The number at the end of the copolymer name indicates the composition of AOST in the
copolymer characterized by *H NMR.

The copolymers formed are with narrow molecular weight distributions as shown by the SEC data,
and also evident from the SEC molecular weight distribution plots. Figure-4.7 shows the molecular
weight distribution comparison for the AOST homopolymer with the block copolymers. The
molecular weight distribution plots of the homopolymer shift towards higher molecular weight
region after chain extension. Figure-4.8 shows the comparative 'H NMR plot for the AOST
homopolymer and AOST-b-tBA copolymer. After the chain extension of the AOST homopolymers,

the formation of the block copolymer is clear from the presence of tBA protons peak at around 1.4

ppm.

Table-4.6: Molecular weight and composition data for the AOST-block-tBA copolymers
characterized by SEC and *H NMR.

Designation Mn Dwm Mn (AOST- | Dm(AOST- | AOST:tBA | AOST:tBA
(AOST) | (AOST) | block-tBA) | block-tBA) (SEC) (NMR)

AOST-block- | 3200 1.09 17400 1.22 0.18 0.12

tBA12

AOST-block- | 9000 1.05 16900 1.16 0.53 0.45

tBA45

AOST-block- | 9000 1.05 13700 1.09 0.66 0.60

tBAG0
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4.6 Synthesis and Characterization of AOST-tBA Gradient Copolymers

In addition to the conventional statistical and block copolymers, AOST-tBA forced gradient
copolymers were synthesized using the continuous feeding method to produce copolymers with
50:50 composition. In a 20 mL vial, 39.6 mg (0.166 mmol) of PABTC and 28.5 mg (0.174 mmol)
of AIBN was added to 2.528 g (0.016 mol) of AOST monomer, and 2.004 g of DMF was added as
the solvent. In another vial, 1.106 g of dioxane was added to 1.860 g (0.015 mole) tBA. Both of the
vials were sealed with rubber septa and degassed of oxygen with N2 for 30 minutes.

To produce a gradient structure in the copolymer, the synthesis process was started by putting the
vial containing AOST monomer in an oil bath at 70 °C, and tBA monomer solution was added
continuously to the system at 0.4 mL/hour using a syringe pump. Samples were collected from the
reaction system at regular intervals, and characterized with *H NMR to monitor the progress of
reaction. The individual monomer conversion and the overall copolymer conversion for the

synthesis of AOST-grad-tBA copolymer are given in Table-4.7.
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Table-4.7: Conversion data for the synthesis of AOST-grad-tBA copolymer by continuous feeding

approach.
Reaction | [H] | Conversion [H] Conversion | Overall Overall
time from | of styrene from | of tBA (%) | conversion | copolymer
AOST (%) tBA of tBA (%) | conversion
(%)
0 hour | 59.86 16.40 0.00 0.00
2 hours | 47.83 20.10 13.80 15.85 3.96 12.03
4 hours | 41.64 30.44 14.17 13.60 6.80 18.62
6 hours | 29.59 50.57 12.72 22.44 16.83 33.70
8 hours | 16.00 73.27 10.23 37.62 37.62 55.45
10 hours | 9.91 83.44 8.50 48.17 48.17 65.81
20 hours | 0.88 98.53 4.04 75.37 75.37 86.95
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Figure-4.9: Instantaneous feed composition of AOST and tBA monomer for the synthesis of
AOST-grad-tBA copolymer.
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At the very beginning, the reaction system contained only AOST monomer. As the polymerization
reaction progressed, and tBA monomer solution was gradually added to the system, the
instantaneous composition of tBA increased with time while the opposite happened for AOST
monomer. The instantaneous composition of AOST and tBA monomer in the reaction system
characterized by *H NMR is shown in Figure-4.9 which shows an increase of instantaneous
composition of tBA and decrease of instantaneous composition of AOST with polymerization time.
The crude polymer solution collected from the reaction system at regular time interval were diluted
by adding a small amount of THF, and then added to excess amount of methanol slowly to form a
copolymer precipitate. The purified copolymers were collected and dried in a vacuum oven at room

temperature to bring to a constant weight.

The molecular weight and the molecular weight dispersity data of the purified copolymers
characterized by SEC is shown in Table-4.8. Molecular weight of the gradient copolymers were
also determined from *H NMR by comparing the copolymer peaks to those of the RAFT end peaks.
In both cases, the molecular weight of the copolymer gradually increases with copolymer
conversion, but the values found from these two methods differ from each other at higher
conversion. PtBA has been reported to form branching in radical polymerization [371] which could
affect the molecular weight values determined by SEC due to the change in the hydrodynamic
volume [372-374]. Therefore, copolymer molecular weights from SEC are significantly lower than
those found from 'H NMR, especially at higher conversions where probability of long chain
branching is higher. The copolymer molecular weight and molecular weight dispersity of the
AOST-tBA gradient copolymer plotted against copolymer conversion are given in Figure-4.10
which shows an increase in the molecular weight of the gradient copolymer with low molecular

weight dispersity.

Table-4.8: Molecular weight, molecular weight dispersity and mole fraction composition of the

gradient copolymers at different conversion characterized by SEC and *H NMR.

Overall M Dwm Mhn FnosT):F(Ba)
Conversion (%) (SEC) (SEC) | (*HNMR)
18.62 3800 1.15 3300 0.82:0.18
33.70 6300 1.16 5300 0.74:0.26
55.45 8800 1.20 9700 0.66 : 0.34
65.81 9900 1.24 14900 0.61:0.39
86.95 11800 1.39 21800 0.57:0.43
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The composition of the copolymer was characterized by *H NMR of the purified copolymers at
different conversion. As Table-4.8 shows, the composition of AOST in the copolymer decreases
with the increase in the copolymer conversion and the opposite happens for tBA composition. This
is understandable from the change in the instantaneous composition of the monomers with
copolymer conversion. In the initial periods, the reaction mixture is rich in AOST monomer,
therefore the copolymer chains formed at the beginning of the reaction are also rich in AOST units.
As AOST monomers are consumed with the progress in reaction, and tBA monomer was being

added continuously to the system, the copolymer chains formed in the later part of the

polymerization are rich in tBA units.
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Figure-4.11: The change of composition of tBA in the copolymer with (a) overall copolymer

conversion, and (b) instantaneous composition of tBA monomer.

The increase in the composition of tBA and decrease in the composition of AOST in the copolymer

with the change in the copolymer composition is clearly shown in Figure-4.11 (a), and produces a

AOST-grad-tBA copolymer with composition of 0.57:0.43 (AOST:tBA) at 87% overall copolymer

conversion. The composition of tBA in the copolymer also gradually increases with instantaneous

tBA composition as shown in Figure-4.11 (b).
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4.7 Synthesis of HOST homopolymers and HOST-tBA copolymers

HOST homopolymers and copolymers of HOST were prepared by de-acetylation of AOST homo
and copolymers through a hydrolysis process. There have been a number of reports discussing
different approaches to remove the acetoxy group from AOST polymers [158, 353, 360, 361, 375-
381]. Among many others, some commonly used reagents reported for selective hydrolysis of
acetoxy groups are mixture of methanol and ammonium hydroxide [360], mixture of methane
sulphonic acid and methanol [382], mixture of sodium methoxide and methanol [375], hydrazine
hydrate [158, 353, 361, 381], sodium hydroxide [361] etc. at different temperatures. In this study,
acetoxystyrene homopolymer and copolymers were hydrolysed using hydrazine hydrate to produce

hydroxystyrene homopolymer and copolymers.

The acetoxy homo and copolymers were added to a flask containing 1,4-dioxane and hydrazine
hydrate at 9 to 1 ratio, and the mixture was stirred continuously in a N2 atmosphere at room
temperature for 6 hours. The resulted hydroxystyrene copolymer solution was diluted by adding
small amount of THF before precipitating and washing in excess water. The purified polymer was

then dried in a vacuum oven at room temperature for 48 hours to bring to a constant weight.

Removal of the acetoxy group was confirmed by characterizing the homopolymer and copolymers
by 'H and quantitative *C NMR before and after the hydrolysis process. CDCls was used as the
NMR solvent for the polymers before hydrolysis, but due to insolubility of the hydroxystyrene
polymers in CDCl3, either DMSO-d6 or acetone-d6 was used instead for the polymers after
hydrolysis. For quantitative NMR analysis, an approximately 10 wt% polymer solution was
prepared.
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Figure-4.12 and Figure-4.13 show a comparison of *H NMR and quantitative **C NMR spectra of
AOST-stat-tBA50 copolymers before and after hydrolysis respectively. The *H NMR of AOST-
stat-tBA50 copolymer shows peak for the methyl proton in the acetoxy group at around 2.3 ppm,
which disappears after hydrolysis (Figure-4.12). The removal of acetoxy group through hydrolysis
was further confirmed by quantitative 3C NMR. No peaks for carbons ‘b’ and ‘¢’ in acetoxy group
at around 20 ppm and 170 ppm were found after the hydrolysis process as shown in Figure-4.13. By
following the same procedure, the AOST homopolymer and all the AOST-stat-tBA, AOST-block-
tBA, AOST-grad-tBA copolymers were hydrolysed to produce hydroxyl polymers, and

characterized by *H and quantitative *C NMR to confirm their compositions.

4.8 Conclusions

In this chapter, the synthesis of PAOST, PtBA homopolymers and HOST-tBA copolymers using
RAFT and CvRP methods has been discussed. AOST-tBA statistical copolymers with three
different feed compositions were synthesized using PABTC RAFT agent and AIBN initiator. RAFT
was found to be successful to produce AOST-stat-tBA copolymers with comparable molecular
weight and narrow molecular weight dispersity as characterised by SEC studies. AOST-stat-tBA
copolymers with three different feed ratios have also been synthesized by CvRP method, though the
molecular weight dispersity was comparatively higher than those of the RAFT copolymers. The
ratio of monomer to initiator was adjusted to achieve the copolymer molecular weights comparable
to the RAFT copolymers. The compositions of the copolymers were determined using *H NMR and
quantitative 13C NMR studies.

In addition to the statistical copolymers, AOST-tBA gradient copolymers were synthesized using
continuous feeding approach. The formation of the gradient structure was evident from the changes
in the copolymer composition. With the addition of tBA monomer, as the polymerization
progressed, the composition of AOST gradually decreased while the tBA composition increased to
produce AOST-grad-tBA copolymers. Beside the statistical and gradient copolymers, AOST-tBA
block copolymers have also been synthesized using the chain extension process. By adding tBA
monomers to PAOST homopolymer, AOST-block-tBA copolymers were synthesized with
compositions similar to those of the statistical and gradient copolymers so as to compare their
properties.
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Upon successful synthesis of the homopolymers and the copolymers, the acetoxy group from the
AOST unit was hydrolysed to produce hydroxystyrene (HOST) homopolymer and copolymers. The
acetoxy group was selectively hydrolysed by treating the polymer solution with hydrazine hydrate,
and the complete removal of the acetoxy methyl group was confirmed using *H and quantitative *C
NMR. The peak for the acetoxy methyl group was found to have completely disappeared with that
of the t-butyl group remaining intact, to produce PHOST homopolymer, and HOST-tBA

copolymers.
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Chapter 5: Properties of Hydroxystyrene - t-Butylacrylate

Copolymers

5.1 Thermal Properties

The thermal properties of copolymers are strongly dependent on the composition of the copolymer
as well as on their chain structures. The relation between copolymer structure and thermal
properties has been discussed in details in chapter-1, and have also been found to be true for
styrene-acrylonitrile copolymer system as discussed in chapter-4. The thermal properties of AOST-
tBA and HOST-tBA copolymers were studied using both TGA and DSC analysis, and discussed in
the following sections.

A number of studies reported the thermal properties of AOST, HOST and tBA monomers using
TGA and DSC techniques, and the T4 values were found to vary within a range depending on the
polymer molecular weight [360, 383-390]. The ranges of reported Tg4 values are 112-125 °C for
AOST [383-388], 30-50 °C for tBA [391, 392], and 150-190 for HOST [360, 385-388, 390]
homopolymer. Though a much broader range of T4 (31-107 °C) for tBA homopolymer is listed in
polymer handbook which is noted as conflicting data [393]. This could be due to the branching in
the tBA homo and copolymers prepared by radical polymerization. TGA data for AOST, tBA
homopolymers, AOST-block-tBA copolymer, and comparison between the homopolymers and the
copolymer are given in Figure-5.1. Approximately 4-5 mg of polymer sample was taken in an
aluminium pan, and the sample was heated up to 500 °C at 10 °C per minute. As the TGA curves
and derivatives of TGA curves show, AOST homopolymer starts degrading at temperature slightly
higher than 350 °C, whereas tBA degrades at around 230 °C temperature which are in good
agreement with the TGA data reported for the corresponding homopolymer [383, 390, 394-396].
TGA curve for the AOST-block-tBA50 copolymer shows the degradation of each block at
temperatures similar to those of the homopolymers which is clear from the comparison of the TGA
curves of the homopolymers with the block copolymer as given in Figure-5.1(d).

The DSC plots for copolymers with similar compositions but three different chain structures are
shown in Figure-5.2. Statistical, block and gradient copolymers of AOST-tBA show very different
properties in DSC analysis owing to their chain structures, despite having similar copolymer
compositions. The DSC plot for AOST-stat-tBA50 copolymer shows a sharp transition at around 95
°C, which is in between of two homopolymers’ Tgs. On the other hand, AOST-block-tBA
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copolymer gives two T4 values corresponding to each block, one of them is about 45 °C belonging
to tBA block, and the other one is at near 120 °C belonging to AOST block.
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Figure-5.1: TGA curve and TGA derivative curve for (a) AOST homopolymer, (b) tBA
homopolymer, (c) AOST-block-tBA copolymer, and (d) comparison of TGA curves for the
homopolymers with the block copolymer.
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The gradient copolymer (AOST-grad-tBA), however, shows very unique nature in DSC analysis.
Unlike the statistical and block copolymers, AOST-tBA copolymer with gradient structure gives a
single T4 which is unusually broad as shown in the DSC heat flow and derivative heat flow curves
in Figure-5.2. This is in good agreement with the thermal behaviour reported for the gradient

copolymers in the literature described in chapter-1, and also with the results found for St-AN

copolymer system.
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Figure-5.3: Heat flow (a), (b) and derivative heat flow (c), (d) for tBA and HOST homopolymer

respectively, characterised by DSC analysis.

The thermal behaviour of the hydrolysed products HOST-tBA copolymers are very different to
those of the AOST-tBA copolymers. This is due to the degradation of t-butyl group at low
temperature, whereas T4 value of HOST comparatively high. The DSC heating curves and first
derivative of DSC heating curves for PtBA and PHOST homopolymers are shown in Figure-5.3.
The Ty values were found to be approximately 47 °C and 188 °C for PtBA and PHOST
homopolymers respectively. A number of papers mention the thermal degradation of PtBA at
temperatures as low as 150 °C [397-401] (the degradation of PtBA will be discussed in detail in the
next section with the help of FTIR studies). Therefore, the DSC curves for the HOST-tBA
copolymers did not provide any meaningful information about the copolymer structure due to

degradation of t-butyl group at low temperature.
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5.2 Preparation of HOST-tBA copolymer thin films

Thin films of PHOST, PtBA homopolymers and HOST-tBA copolymers were prepared by spin
coating of polymer solution on to silicon wafer. 3 wt% polymer solution was prepared using
propylene glycol methyl ether acetate (PGMEA) as solvent, and the solution was passed through a
PTFE 0.45 micron 13 mm filter to remove any insoluble particles. Prior to applying the polymer
solution, the silicon wafer was cleaned by sonicating in isobutyl alcohol, methanol and acetone, for
five minutes in each. The polymer solutions were spin coated for 60 s at 4000 rpm to achieve
homogeneous homopolymer and copolymer thin films. Thickness data were collected using Filmtek
to confirm the homogeneity of the films as shown in Figure-5.4. The thickness of the HOST-tBA
copolymers were found to be approximately 100 nm with standard deviation less than 3 nm. The
spin coated thin films were then kept in the vacuum oven for 48 hours at room temperature to get

rid of any remaining solvent on the film surface.
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Figure-5.4: Thickness data for AOST-stat-tBA50 copolymer thin films on silicon wafer, collected
by Filmtek.
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5.3 GATR-FTIR studies of HOST-tBA copolymer thin films

The thin films of PHOST, PtBA homopolymers, and the HOST-tBA copolymers were characterized
and studied using grazing angle attenuated total reflection — Fourier transform infrared (GATR-
FTIR) spectroscopy. The FTIR data were collected using a Nicolet 5700 spectrometer and the
background spectra were obtained on a cleaned silicon wafer. The data were collected on absorption
mode with resolution 4 cm™ and 256 scans for wavelength range 4000-400 cm™. Figure-5.5 shows
the GATR-FTIR spectra for PHOST and PtBA homopolymers. The spectrum for PHOST shows the
characteristic broad peak at around 3400 cm™ for OH group, and another peak at around 1610 cm™
for C=C in the benzene ring. On the other hand, PtBA gives characteristic peak for the carbonyl

group at around 1725 cm™.
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Figure-5.5: GATR-FTIR absorption spectra for (a) PHOST and (b) PtBA homopolymers showing

the corresponding peaks.
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Thermal degradation of homopolymer and copolymers of tBA were discussed in a number of
studies [397-401]. At temperatures higher than 150 °C, t-butyl acrylate has been reported to form
anhydride, and shown with the help of FTIR spectra [402, 403]. The peak for the ester carbonyl
group (1725 cm™) in the GATR-FTIR spectrum was reported to be shifted to 1752 and 1804 cm™
due to the formation of anhydride as a result of the annealing process. This has been found true for
PtBA homopolymer and HOSt-tBA copolymers in this study. Figure-5.6 shows the comparison of
GATR-FTIR data of PtBA homopolymer before annealing, and also for PtBA thin film annealed at
150 °C for two hours. The degradation of tBA group is clear from the change in the peaks from
1600 to 1850 cm™* due to the formation of anhydride.
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Figure-5.6: GATR-FTIR spectra of PtBA homopolymer before and after annealing process
showing the change in the carbonyl peak.

The mechanism of thermal degradation of PtBA is well established, and involves two steps [402,
403]. In the first step, the elimination of the t-butyl group as alkene produces acrylic acid, and the
second step involves dehydration of the produced carboxylic acid to give six-membered cyclic
anhydride and water [402].

266



> °c
T>150"C HaC

+CH—CH2—CH—CH2+ _A L +CH—CH2—CH—CH2+ +2 >C“—"—CH2
| | | |

HsC
o:|c Cc—0 o0—=C C=—=0
T o] OH OH
C(CHa)s C(CHz) T>150°C A l] +H,0
CH—CHz—CH—CH2+
| | |

Figure-5.7: Mechanism of thermal degradation of PtBA [403].

The GATR-FTIR spectra of three different compositions of HOST-stat-tBA copolymers were
compared to the PHOST and PtBA homopolymers in Figure-5.9. The intensity of the carbonyl peak
at 1725 cm™ increases with increasing tBA composition in the HOST-tBA copolymers. In contrary,
the intensity of the unsaturated carbon (C=C) peak at 1610 cm™ decreases due to the decrease in
HOST composition in the copolymers. Interestingly, for the HOST-tBA copolymers, an extension
to the carbonyl peak was noticed at 1698 cm™. Many papers have assigned this peak to the carbonyl
group H-bonded to the OH group of the hydroxystyrene unit [404-409]. The presence of H-bonded
carbonyl group peak was discussed in detail on many occasions for copolymer blends, specifically
for blends containing PHOST (which is also known as ‘poly(vinyl phenol)’) copolymers such as
blends of PHOST with poly(vinyl acetate) [404], poly(ethylene-vinyl acetate) [404], poly(s-
propiolactone) [405], poly(vinyl alkyl ethers) [405], poly(ethylene oxide) [405], poly(N-vinyl
pyrrolidone) [405], poly(n-alkyl methacrylates) [407], poly(2-ethoxyethyl methacrylate) [408] etc.
The hydrogen bond could either be self-association/intra-association between the OH groups of
PHOST or inter-association between OH group of PHOST and carbonyl group of PtBA [408, 410].
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Figure-5.8: Hydrogen bonding between PHOST units, termed as intra/self-association, and

hydrogen bonding between PHOST and PtBA units, termed as inter-association.
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Figure-5.9: (a) GATR-FTIR spectra comparison of HOST-stat-tBA copolymers with those of the

PHOST and PtBA homopolymers, (b) shows the comparison of the carbonyl peak region of the

homopolymers and copolymers.
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The two characteristic band for free carbonyl group and hydrogen bonded carbonyl group in the
carbonyl stretching region of HOST-stat-tBA copolymers could be quantitatively analysed using
peak-fitting software. Figure-5.10 shows the components of the carbonyl group peak for three
different compositions of HOST-stat-tBA copolymers. It is clear from the ratio of the peak fitting
plots that, the fraction of the hydrogen bonded carbonyl group increases with increasing
composition of HOST in the copolymers. This is due to the availability of OH group to form
hydrogen bond. For HOST-stat-tBA20 copolymers, due to low HOST fraction in the copolymer,
there are not much OH group to form hydrogen bond. Whereas for HOST-stat-tBA80 copolymers,
plenty of OH groups are available for hydrogen bond formation and therefore the fraction of

hydrogen bonded carbonyl is very high compared to that of the free carbonyl group for this

composition.
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Figure-5.10: Carbonyl peak region in GATR-FTIR spectra for (a) HOST-stat-tBA20, (b) HOST-
stat-tBA50 and (c) HOST-stat-tBA80 copolymers, showing the peaks for ‘free’ carbonyl group at
1725 cm, and H-bonded carbonyl group at 1698 cm™.
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Typical molar absorptivity ratio (due to the differences in the relative intensities between the
hydrogen bonded and non-hydrogen bonded fractions) has been reported to fall within the range
1.2-1.5 [411]. Assuming the absorptivity ratio to be 1.5 for HOST-tBA system, the fractions of the
free carbonyl and hydrogen bonded carbonyl groups were determined for HOST-stat-tBA
copolymers, given in Table-5.1.

Table-5.1: Position, area and composition of the hydrogen bonded carbonyl and free carbonyl
group peaks for HOST-stat-tBA copolymers.

Designation | H-bonded carbonyl group Free carbonyl group H-bonded C=0:
Peak position Peak Peak position Peak Free C=0
(cm) area* (cm™) area*

HOST-stat- 1695.3 0.077 17225 0.018 74:26
tBAS8O

HOST-stat- 1698.4 0.144 1725.2 0.090 52:48
tBA50

HOST-stat- 1701.4 0.196 1725.8 0.211 38:62
tBA20

* arbitrary unit
2 hame

60 1

%C=0
>e

40

20

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

HOST

Figure-5.11: Change in the fraction of free carbonyl group and hydrogen bonded carbonyl group
with HOST composition in HOST-stat-tBA copolymers.
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The change in the fraction of hydrogen bonded carbonyl group and free carbonyl group against the
HOST composition in the copolymer has been shown in Figure-5.11. With the increasing HOST
composition, the fraction of hydrogen bonded carbonyl group is found to increase linearly, while
the opposite happened to the free carbonyl fraction. However, the hydrogen bonding in the HOST-
tBA copolymer not only depends on the copolymer composition, but also depends on the copolymer
structure. The carbonyl stretching region in GATR-FTIR spectra for HOST-tBA statistical, gradient

and block copolymers with similar copolymer composition is shown in Figure-5.12.
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Figure-5.12: Comparison of the carbonyl stretching region of statistical, gradient and block HOST-

tBA copolymers, showing the hydrogen bonded and free carbonyl bands.

The fractions of the hydrogen bonded carbonyl and free carbonyl bands were quantified using peak
fitting software, and listed in Table-5.2. The hydrogen bonding was found to be maximum for
statistical copolymer, and it was minimum for the block copolymer. In HOST-tBA statistical
copolymers, there are enough HOST units containing OH group near to the carbonyl group to form
hydrogen bonds. But it is not the case for the block copolymer, and hence has very low fraction of
hydrogen bonded carbonyl group. HOST-grad-tBA copolymers, however has sequences of short
blocks in the middle of the chain with longer blocks towards the ends of the chain. Therefore, the
fraction of hydrogen bonded carbonyl group is less than the statistical copolymers, but greater than

that of the block copolymers.

271



Table-5.2: Hydrogen bonded carbonyl and free carbonyl group bands for statistical, gradient and

block HOST-tBA copolymers with similar compositions.

Designation H-bonded carbonyl group Free carbonyl group H-bonded C=0:
Peak position | Peak area* | Peak position Peak Free C=0
(cm™) (cm™) area*
HOST-stat- 1698.4 0.144 1725.2 0.090 52:48
tBA5S0
HOST-grad- 1696.7 22.90 1720.50 17.33 47:53
tBA5S0
HOST-block- 1700.7 14.26 1725.2 21.69 30:70
tBA5S0
1.0
= Theoretical
® HOST/nBA Blend
Q O8  X lostoradiea ;
(@) ¥ HOST-block-tBA
3
T 06}
5 ]
m
T 04}
g f
) !
Lt 02 L
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0.0 0.2 0.4 0.6 0.8 1.0

Volume Fraction HOST
Figure-5.13: The comparison of the hydrogen bonded carbonyl group fraction of HOST-tBA

statistical, gradient and block copolymer to the theoretical and experimental results reported by
Coleman et al. [412] for PHOST/PnBA blends.
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Coleman and co-workers [405, 407, 412] studied binary polymer blends of PHOST where the
components interact through the formation of hydrogen bonds. Using an equation for the volume
fractions of self-associating and non-self-associating species, they predicted the fraction of
hydrogen bonded carbonyl group for several PHOST blends including PHOST/PnBA blend, and
compared that to the experimentally determined data. They found very good agreement between the
experimental hydrogen bonded carbonyl group fraction in the blend and the theoretical data. In this
study, the plot for predicted hydrogen bonded carbonyl group has been generated for PHOST/PnBA
blend using the data reported by Coleman et al. [412], and the data for HOST-tBA statistical, block
and gradient copolymers have been compared as shown in Figure-5.13. The molar volume of tBA
and nBA were found to be close (44.35 and 44.36 cm®/mol respectively) as calculated from the data
table given by Krevelen et al. [413] Therefore the predicted data for PHOST/PnBA and
PHOST/PtBA are essentially same, and was used to compare the experimental data for PHOST-
PtBA copolymer system. Reasonable agreement has been found for the statistical and gradient
copolymers, but the fraction of hydrogen bonded carbonyl in the HOST-block-tBA copolymer was
significantly lower than the prediction. This could be explained based on the fact that, due to the
blocks being distinctly separate from each other, the carbonyl group does not have access to as

many closely adjacent OH groups to form H bonds.
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5.4 XPS Studies of HOST-tBA Copolymer Thin Films

X-ray photoelectron spectroscopy has been effectively used on many occasions to characterise the
thin film surface of the copolymers or copolymer blends containing HOST and tBA units [414-
417]. The PHOST, PtBA homopolymers, and the HOST-tBA copolymer thin films prepared by spin
coating were characterised using the XPS technique to study the surface compositions.

The survey and high resolution XPS spectra for PHOST and PtBA homopolymers, and HOST -stat-
tBA50 copolymer thin films have been given in Figure-5.14, Figure-5.15 and Figure-5.16
respectively. Both the homopolymers, and the copolymer show C 1s and O 1s peaks at binding
energy around 285 eV and 532 eV respectively, though the ratio of C and O are different in the
homopolymers and the copolymers.

The high resolution XPS spectra show the components of C 1s and O 1s peaks for the
homopolymers and the copolymer. PHOST homopolymer contains both aliphatic and aromatic
carbons, and also C-O, which are shown in high resolution C 1s and O 1s spectra for PHOST.
Similarly, the components of C 1s (C-C/CH,, C*COO, C-O, C=0) and O 1s (C=0*-O, C=0-0%)
have been shown for PtBA in Figure-5.15. High resolution spectra of the HOST-tBA copolymers
contain all the components from the homopolymers as shown in Figure-5.16.

The compositions of the HOST-tBA copolymer thin film surfaces were determined from XPS
survey spectra, using the ratio of C and O in the copolymers. The survey spectra were collected
with pass energy 160 eV at a 1.0 eV step size. For the high resolution spectra, the pass energy was
20 eV and the step size was 0.05 eV.
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Figure-5.14: (a) Survey and (b) high resolution XPS spectra for PHOST homopolymer thin film.
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XPS survey spectra of the PHOST, PtBA homopolymer, and HOST-tBA copolymer thin films were
used to calculate the C/O ratio on the polymer thin film surface. Figure-5.17 and Figure-5.18 show
the C/O ratio of the copolymers on the thin films surface plotted against the expected C/O ratios.
The expected C/O ratios of the copolymers were calculated using the copolymer composition
determined by *C NMR. The error bars in the plot was calculated from six measurements for a

single data.

The measured C/O vs expected C/O on the thin film surface of homopolymers, as well as statistical,
block and gradient copolymers synthesized by RAFT method is shown in Figure-5.17. For both the
un-annealed and annealed thin films, the measured C/O was found to increase with the expected
C/O. Though, the measured C/O ratio for PtBA homopolymer and HOST-tBA copolymers with low
expected C/O is slightly higher than the expected line, while XPS gives slightly lower C/O for
PHOST homopolymer and HOST-tBA copolymer with high C/O value. However, the measured
C/O for the block copolymer was significantly lower than the expected line.

The copolymer thin films were then annealed at 130 °C temperature for 60 s, based on thermal
degradation data in this study and temperature reported by Ito et al. [418] for same copolymer pair.
XPS data collected annealed polymer thin films are given in Figure-5.17 (b). As Figure-5.17 (b)
shows, the measured C/O value slightly increases for the block copolymer as a result of annealing,
but decreases for HOST-tBA gradient copolymer. Other than that, no significant annealing effect

has been noticed for the HOST-tBA copolymer thin films.

Figure-5.18 shows the comparison of the thin film surface composition for HOST-stat-tBA
copolymers synthesized by RAFT and CvRP methods. The C/O value for the CvRP copolymers are
slightly lower than those of the RAFT copolymer thin films with similar expected C/O values. After
annealing the thin films at 130 °C for 60 s, C/O values for the RAFT copolymers slightly decreases
but an increase in the CvRP copolymers C/O values was noticed. However, the difference of the
C/O values before and after annealing was very small to relate to the structural differences between

the HOST-stat-tBA copolymers synthesized by the two different methods.
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Figure-5.18: The measured C/O plotted against the expected C/O ratio for the HOST-stat-tBA
copolymers synthesized by RAFT and CvRP methods (a) before annealing, and (b) after annealing

at 130 °C for 60 s.
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5.5 Contact Angle and Surface Energy Studies of HOST-tBA Copolymer Thin

Films

A number of studies reported the contact angle and surface free energy of copolymer thin films
containing HOST [419-424] and tBA [415-417, 425] units. In this study, the surface free energies of
PHOST, PtBA homopolymers and HOST-tBA copolymer thin films were determined by measuring
the contact angles of water and diiodomethane on the thin film surface. The static contact angle of
polymer thin films was measured using an OCA20 contact angle system at room temperature and
the error was estimated from six measurement for a single data point. The dispersive and polar
components of surface energy of water and diiodomethane is given in Table-5.3. The surface free

energy was calculated from the dispersive and polar components by geometrical mean method.

Table-5.3: The geometric mean surface free energy components for water and diiodomethane
[343].

Test liquid Dispersive component, | Polar component, Total surface free
yL4 (MJ m?) yLP (MJ m?) energy yL (mJ m?)
Water 21.8 51.0 72.8
Diiodomethane 49.5 1.3 50.8

Contact angle of water and diiodomethane was measured on the as spin coated polymer thin films,
and also after annealing the thin films at 130 °C for 60 s. For PHOST homopolymer thin film, the
contact angle for water and diiodomethane was found to be 65.8° and 31.6° respectively, while the
values for PtBA were 85.5° and 49.5°. These contact angle values for the PHOST and PtBA
homopolymers found in this experiment are in good agreement with the reported values [416, 417,
420, 421]. PtBA homopolymer thin films are more hydrophobic due to the presence of the t-butyl
group, and the OH group makes PHOST more hydrophilic in nature.

The contact angle values for water and diiodomethane on the HOST-tBA copolymer thin films
synthesized by RAFT and CvRP methods are listed in Table-5.4, and the surface energies are listed
in Table-5.5, both before and after annealing process. The contact angles and the surface free
energy are also plotted against the HOST composition in the copolymer in Figure-5.19 and Figure-
5.20. Contact angle of water for both un-annealed and annealed copolymer thin films gradually

decreases with increasing HOST compositions in HOST-tBA copolymers. The presence of HOST
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units in the copolymer causes the hydrophilic nature, and hence causes the decrease in water contact

angles.

Table-5.4: Static contact angle of water and diiodomethane on PHOST, PtBA homopolymers and

their copolymer thin films, before and after annealing process.

Designation Fhost Contact angle (°)
(*H NMR) Water (0,) Diiodomethane (0>)
Un-annealed | Annealed | Un-annealed | Annealed

PHOST RAFT 1.00 65.8 61.5 31.6 29.8
PtBA RAFT 0.00 85.5 83.5 49.5 48.8
HOST-stat-tBA20 RAFT 0.28 82.6 82.8 56.8 59.7
HOST-stat-tBA50 RAFT 0.50 80.3 78.6 58.4 58.3
HOST-stat-tBA80 RAFT 0.83 65.5 65.4 42.7 32.3
HOST-grad-tBA50 RAFT 0.58 69.6 65.4 57.2 56.4
HOST-block-tBA50 RAFT 0.54 84.5 83.6 55.4 56.8
HOST-stat-tBA20 CvRP 0.29 84.8 90.8 50.6 52.7
HOST-stat-tBA50 CvRP 0.53 73.6 73.6 57.3 56.7
HOST-stat-tBA80 CvRP 0.81 71.0 74.4 43.9 44.1
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Table-5.5: Surface free energy of HOST-tBA copolymer thin films determined by geometrical

mean method using the contact angles.

Designation Frost | Surface energy of un- Surface energy of
(*H annealed thin films annealed thin films
NM R) ,st 'YSP ’YStOtaI 'YSd 'YSP ,Ystotal

PHOST RAFT 1.00 38.13 | 9.92 | 48.05 | 38.16 | 12.18 | 50.34
PtBA RAFT 0.00 3208 | 3.22 | 35.30 | 32.14 | 3.87 | 36.01
HOST-stat-tBA20 RAFT 0.28 27.10 | 552 | 32.63 | 25.36 | 5.97 | 31.33
HOST-stat-tBA50 RAFT 0.5 25.75 | 6.96 | 32.71 | 2554 | 7.84 | 33.38
HOST-stat-tBA80 RAFT 0.83 3247 | 1214 | 4462 | 37.73 | 10.26 | 47.99
HOST-grad-tBA50 RAFT 0.58 2480 | 13.09 | 37.89 | 24.64 | 15.79 | 40.43
HOST-block-tBA50 RAFT 0.54 28.29 | 444 | 3273 | 27.27 | 5.07 | 32.34
HOST-stat-tBA20 CvRP 0.29 31.29 | 3.62 | 3490 | 31.07 | 191 | 32.98
HOST-stat-tBA50 CvRP 0.53 25.35 | 10.53 | 35.88 | 25.71 | 10.38 | 36.08
HOST-stat-tBA80 CVvRP 0.81 3275 | 9.09 | 41.84 | 33.24 | 7.28 | 40.52
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Figure-5.19: Contact angles of water (blue) and diiodomethane (red) on the thin films of HOST-
tBA copolymers synthesized by RAFT method (a) before annealing and (b) after annealing the thin
films at 130 °C for 60 s.
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Figure-5.20: Surface free energy of HOST-tBA (RAFT) copolymer thin films (a) before annealing,
and (b) after annealing at 130 °C for 60 s.
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RAFT and CvRP method (a) before annealing, and (b) after annealing.
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Contact angles for diiodomethane also decreases with the increasing HOST composition in the
copolymers, though not as systematic as for that of water. Copolymers with more than 50% of tBA
units show contact angle values higher than the PtBA homopolymer, and then decreases for higher
HOST composition copolymers and PHOST homopolymers. Therefore, the surface free energy of
the copolymers with high tBA composition are slightly lower than the homopolymer with low

surface free energy, and then increases for the copolymers with higher HOST compositions.

If we look at the contact angles of the HOST-tBA statistical, gradient and block copolymers with
comparable copolymer compositions (approximately 50:50), the block copolymer showed higher
contact angle values than those of the statistical and gradient counterparts. This indicates the phase
segregation of the block copolymer on thin film surface. Therefore, the hydrophobic tBA units
show a tendency to move towards the air-thin film interface, and the hydrophilic unit, HOST moves
towards the hydrophilic silicon wafer surface.

Figure-5.19 (b) and Figure-5.20 (b) show the contact angle and surface free energy of the HOST-
tBA copolymer thin films after annealing them at 130 °C temperature for 60 s. No noticeable
change in the contact angle and surface free energy of the thin film surface was noticed as a result
of annealing process. This could be due to the low annealing temperature, but at temperature higher

than 130 °C, tBA group starts degrading, and therefore would damage the copolymer structure.

The contact angle and surface energy of the thin films of HOST-stat-tBA copolymers prepared by
RAFT and CvRP method are compared in Figure-5.21 and Figure-5.22. Both the RAFT and CvRP
copolymer thin films show the similar trend of change in the contact angle and surface free energy
values. There were slight random differences, but no significant difference in contact angle or

surface free energy was found for the copolymer chains prepared by the RAFT and CvRP methods.
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5.6 Conclusions

The properties of HOST-tBA copolymers, and their thin film surface properties have been studied
in details in this chapter. The thermal properties of the un-hydrolysed copolymer (AOST-tBA) was
characterised using TGA and DSC techniques. The statistical, gradient and block copolymer with
similar copolymer exhibited characteristic glass transition values due to the sequence of the
monomer segments in the copolymer. The statistical copolymer showed a sharp, single Tg in
between to those of the homopolymers, while the block copolymer showed to Ty values
corresponding to each homopolymer. In contrary, the gradient copolymer gives a single T4 which is
unusually broad. This is due to the continuous change in the copolymer chain from one end to the

other.

Interesting information have been observed from the GATR-FTIR spectra studies of the copolymer
thin films. The thermal degradation of the t-butyl group was evident from the presence of the
anhydride peak at wavelength 1650 cm™ to 1850 cm™. Therefore, the copolymer thin films were
annealed at temperature lower than 150 °C to avoid thermal degradation of t-butyl group. GATR-
FTIR spectra also provided very important information on the hydrogen bonding in HOST-tBA
copolymers on the thin film surface. The hydrogen bonded and free carbonyl groups were
quantified from the spectra using peak-fitting software. It was found that, the fraction of hydrogen
bonded carbonyl group was strongly dependent on the composition of the copolymers, as well as on
the orientation of the monomer units in the copolymer chains. Hydrogen bonded fraction in the
block copolymer was significantly lower than those of the statistical and gradient copolymer. Due
to two distinct blocks, not many HOST are available around the carbonyl group of tBA to form
hydrogen bonding. The plot of the experimental fraction of hydrogen bonded carbonyl group

against the volume fraction of HOST showed close agreement with the predicted data.

The composition of HOST-tBA copolymer thin film surface were studied using XPS studies, and
the surface free energy of the polymer thin films were determined by contact angle measurements.
The experimental C/O found from XPS survey data plotted against the predicted C/O, and no
significant difference in the composition was observed for statistical, gradient and block structures
in the HOST-tBA copolymers. No noticeable difference in the was found for the surface energy as
well for the statistical, gradient and block structure, but the surface energy of HOST-tBA copolymer

was found to be increased with the increasing composition of HOST.
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Chapter 6: Conclusions

The field of CvRP has experienced enormous development over the past two-three decades. In
particular, the invention of controlled radical polymerization techniques such as ATRP, NMP,
RAFT provide the freedom to design and prepare homo and copolymers with precise control over
molecular weight, molecular weight dispersity, and the distribution of monomer units in the
copolymer chains, for a wide range of monomer pairs. These advances in the polymerization
techniques have allowed the introduction of ‘gradient copolymers’, a novel class of copolymers
with unique structure compared with conventional statistical and block copolymers. In this study,
two different monomer pairs (styrene-acrylonitrile and hydroxystyrene — t-butyl acrylate) have been
used to synthesize statistical, block and gradient copolymers using RAFT method. Copolymers of
both of the monomer pairs have also been synthesized using the conventional CvRP method. The
dependence of various properties of the copolymers on their chain structures has been studied.

The kinetics of RAFT polymerization of styrene — acrylonitrile (St-AN) copolymerization in bulk
have been studied in detail using the CPDB RAFT agent. Assuming the terminal model for
copolymerization, reactivity ratios St (rst) and AN (ran) were determined for nine different
monomer feed compositions. Considering the higher proportion of monomer as the polymerization
solvent, a solvent effect on the reactivity ratios is proposed based on bootstrap model. No
significant differences have been observed between the reactivity ratios determined in this study for
the RAFT method and the reactivity ratios determined for the CvRP method for same feed
compositions. A computer program ‘REACT’ was employed to predict the copolymer compositions
and triad distributions for four different monomer feed compositions (St:AN = 10:90; 20:80; 60:40;
80:20) using the experimental reactivity ratios for RAFT method. The experimental compositions
and triad distributions determined by *H and **C NMR were found to be in well agreement with the
results predicted by REACT. For 60% St feed composition, purely St-AN statistical copolymers
were formed, while for the three other feed compositions, the copolymer chains were found to be
gradient in nature as found from the composition and triad distributions. In addition to the
spontaneous gradients, St-AN forced gradient copolymers have been synthesized using the
continuous feeding approach. In addition, St-AN block copolymers were prepared using a chain
extension technique by the RAFT method. Similar to the RAFT method, St-AN copolymers for four

different feed monomer compositions have also been synthesized by the CvRP method.
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Acetoxystyrene — t-butyl acrylate (HOST-tBA) statistical copolymers for three different monomer
feed compositions, forced gradient and block copolymers were synthesized by the RAFT method
using PABTC RAFT agent. AOST-tBA statistical copolymers have also been synthesized using the
CvRP method, and copolymer molecular weights were achieved similar to those of the RAFT
copolymers by adjusting the ratio of monomer to initiator. HOST-tBA copolymers were obtained

from the AOST-tBA copolymers by hydrolysing the acetoxy groups using hydrazine hydrate.

The thermal properties of both of the copolymer systems was studied using TGA and DSC
techniques. In both cases, a unique broad T¢ was found for the gradient copolymers due to the
compositional gradient in the chain structures. Statistical copolymers, on the other hand, gave one
sharp Tg, while two Tgs were observed for each blocks in the block copolymers. The surface
properties of the copolymer thin films have also been found to be directly dependent on the
composition as well as on the chain structure of the copolymers. Both the XPS and surface free
energy studies suggests strong phase segregation on the thin film surface for St-AN copolymers, but
no such phase segregation for the statistical copolymers. On the other hand, due to the continuous
drift in composition, St-AN gradient copolymers showed significant phase segregation, but not as
pronounced as the block copolymers. However, the properties of the HOST-tBA copolymer system
was not as dependent on the chain structures as those of the St-AN copolymer system. The
comparison of the properties of the copolymers synthesized by the RAFT and CvRP methods also
does not suggest any significant differences in this study. This is mainly due to the presence of

hydrogen bonding in HOST-tBA copolymer thin films.

An important observation was the formation of hydrogen bonding in HOST-tBA copolymers as
characterised by GATR-FTIR spectroscopy. A new peak was observed at slightly lower
wavenumbers than the usual carbonyl peak position, and assigned to the hydrogen bonded carbonyl
group. The fraction of hydrogen bonded carbonyl group was quantified from GATR-FTIR studies,
and was found to be directly dependent on the copolymer compositions and chain structures. The
fraction of hydrogen bonded carbonyl groups was maximum for the statistical copolymers due to
the availability of OH groups adjacent to the carbonyl groups, and minimum for the block
copolymers due to their blocky structure. However, the fraction of hydrogen bonded carbonyl
groups of the gradient copolymers was intermediate those of the statistical and block copolymers, as
the gradient copolymer combined statistical segments in the middle of the chains and blocky

segments at the ends of the copolymer chains.
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This study has shown that, like the uniqueness of the structure, the properties of the gradient
copolymers are also unique, and very different to those of the corresponding conventional statistical
and block copolymers. By changing the rate of addition of the monomers in the continuous feeding
approach, different degrees of gradient could be achieved in the copolymer structure. However, it is
very important to characterize and determine the chemical composition distribution with enough
accuracy in order to achieve the required gradient in the copolymer structure to fine-tune the
properties. Based on the correlation between the copolymer chain structure and their properties
found in this study, the use of gradient copolymers with varying degree of compositional gradient in
addition to the conventional statistical and block copolymers as photoresist materials could provide
the relation between the copolymer chain structure and LER. Therefore, in continuation of this
thesis, future work would involve finding effective methods to determine the chemical composition
distribution successfully, and use of gradient copolymers as photoresist materials to evaluate the

effect of chemical composition distribution of copolymers on LER.
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