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Chapter 1
Introduction

Comb-like polymers with rigid backbone are an important class of polymers consisting
usually of a stiff main chain and grafted side chains with varying lengths [1}43]. Comb-
like polymers with long (flexible) alkyl side groups have attracted great interest in
various fields of application based upon their structure and functionality. They are
used as organic semi-conductors in thin-film transistors [4,5], organic photovoltaic
cells [6] or light emitting diodes [7] and they are potential candidates for the use as high
performance materials with excellent mechanical properties [8]. Alkyl side groups are
commonly introduced in these comb-like polymers in order to improve their solubility
and processibility which otherwise are difficult to attain at desired conditions [9-11].
These side chains act practically like a solvent (internal plasticizer [12]) which mainly
reduces the steric interactions between the rigid main chains [13| and thus lower the

processing temperature of the polymers [89].

A common feature of comb-like polymers with rigid backbone is the formation of
layered structures with typical spacings in the 10-30 A range [14/]16]. This layered
structure formation is due to the affinity of side chains to aggregate at nanoscopic
level and the tendency of rigid main chains to form stacks. The resulting morphology
has also a strong influence on the properties of such polymers [17-19]. The under-
lying self-assembling phenomenon, also known as nanophase separation, |15} 20} 21]
is found in various comb-like polymers such as regio-regular poly(3-alkyl thiophenes)
[rreg P3ATS|, [21}25] alkoxylated polyesters [PPAOTs| [8,/11},14,126] and alkoxylated
polyphenylenevinylenes [AOPPVs| [18,27,28|. The overall layered morphology allows
to study the packing behavior of side chains within their alkyl nanodomains as well as
the packing of rigid main chains independently. The main chains are commonly long

range ordered and packed on a crystalline lattice. The state of alkyl side chain varies
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from amorphous to crystalline depending upon the side chain length and main chain
architecture. However, the side chain packing in comb-like polymers is often controver-
sially debated and various structure models are proposed based on the crystallographic
analysis [2223]. In case of rreg poly(3-hexyl thiophene), it is frequently discussed that
the side chains are packed in such a manner that they are either tilted or non-tilted as
well as intercalated or non-intercalated. In all these cases it is a priori assumed that
they exist in all-trans conformation (Section 2.1.2). Alternative approaches where the
side chains are considered to be disordered, do also exist [24]. In alkoxylated polyesters,
an interdigtation is usually considered for the side chains. Their arrangement relative
to the main chains varies, however, depending on the considered state. ’Positional
disorder’ (modification A) as well as ’crystalline order’ (modification B) are reported
for different modifications of alkoxylated polyesters (Section 2.1.1). Whether or not all
these models and assumptions are really applicable seems to be open and is broadly
discussed for the above mentioned systems. In many cases it is a priori assumed that
all subunits have to sit on the same lattice excluding the opportunity that a certain
degree of disorder is possible within the main and side chain domains like in case of
liquid-crystalline systems. This is a shortcoming which has to be studied in more depth

in order to understand the overall packing state.

Another interesting aspect of these stiff main chain polymers with comb-like archi-
tecture is that they provide a platform to study the confined dynamics of methylene
sequences in alkyl nanodomains with tunable dimensions and well defined interfaces.
This touches fundamental questions in the field of glass transition research since there
is an ongoing discussion about the influence of domain size [29-H33|, interactions at
interfaces [34-37] and average density effects on the softening behavior of glass form-
ing materials (Section 2.2.3). These topics have been in particular attacked by studies
done on glass forming liquids confined in nanoporous host systems like controlled porous
glasses [29,31}38], self-assembled polymers [15,[39] and broadly investigated in ultra-
thin polymer films [37,40-43|. However, there are still many open questions which are
controversially discussed despite of the fact that some progress with the interpreta-
tion of the partly contradicting results has been made in the recent years |37,41,|44].
One of the most fundamental questions of such studies is to what extent simple ge-
ometrical confinement on the nanometer scale results in a significant change of the
cooperative o dynamics. This is related to the question whether or not dynamic het-
erogeneities [45-48| in glass forming materials do really exist and which length scale is

relevant in this case [49]. A basic limitation of most of the experiments is that interac-



tions at interfaces can influence the situation and small changes in the average density
cannot be excluded. It is known that both effects are important for the cooperative «
dynamics but it is in most of the cases practically impossible to quantify their influence
experimentally. At that point the well defined structure at the interface of the alkyl

nanodomains in self-assembled comb-like polymers is offering new opportunities.

The above mentioned structure-property relations in comb-like polymer with rigid
main chains are the starting point of experimental studies in this work focusing on two

main objectives:

1. A deeper understanding of the packing state of alkyl side groups within their
alkyl nanodomains in comb-like polymers with layered morphology as well as

interrelations to the packing of the rigid main chains in their direct neighborhood.

2. Additional insights regarding the cooperative dynamics of methylene (CHs) units
confined in alkyl nanodoamins based on a quantification of influencing factors like

nanodomain size, interfacial effects and average density.

An experimental approach is chosen to make progress with these topics. A detailed
crystallographic analysis based on X-ray diffraction measurements is performed for two
series of comb-like polymers (PPAOTs and alkoxylated polyphenylenevinylene [AOP-
PVs|) with different side chain length (Section 4.1). Different relaxation spectroscopy
methods (dynamic mechanical analysis and dielectric spectroscopy) are combined in
order to study the influence of confinement effects on the cooperative dynamics of
methylene units in self-assembled alkyl nanodomains seen as app process in PPAOTs
(Section 4.2).
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Chapter 2

Basic concepts

2.1 Side chain packing in stiff main chain comb-like

polymers

A common feature of stiff main chain comb-like polymers is the formation of layered
structures with typical spacings in the 1-3 nm range where main and side chain domains
alternate. Interestingly, the packing within these domains can vary depending on the
microstructure of the rigid backbones as well as the conditions under which structure
formation occurs [1},2,8,21]. The rigid backbones contain in many cases ring-like
units which tend to form stacks. The resulting long range order within the main
chain domains is often determining the performance if comb-like polymers are used
as functional materials. However, of major importance for the overall structure is the
packing of the methylene sequences within alkyl nanodomains. Many research groups
have performed the crystallographic analysis of such comb-like polymers and on the
basis of it various models are proposed considering the interdigitation and tilting of

alkyl side groups while assuming a totally stretched all trans state [11,22-25].

2.1.1 Models for aromatic polyesters

Among the family of rigid rod comb-like polymers, thermotropic stiff main chain poly-
mers with flexible side chains have been extensively investigated over the decades due
to their unique mechanical and thermal properties. One of the early works on such
polymers was performed by Majnusz et al [9]. They studied stiff main chain polyester
obtained from terephthalic acid and 2-n-alkylhydroquinone in which an alkyl side chain

was attached to hydroquinone moiety as shown in Figure 2.T]a. They determined the
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Figure 2.1: (a) Thermotropic poly(2-n-alkyl-1,4-phenylene terephthalate)s as synthesized by Ma-
jnusz et al. [9], and (b) thermotropic poly(1,4-phenylene-2,5-n-dialkoxy terephthalate)s as synthesized
by Ballauff et al. [14].

melting point variation of these polymers via DSC and observed that the melting point
shifted from 277°C for hexyl member (n = 6) to 217°C for the dodecyl member (n =
12) which mainly highlighted the change of melting point with the side chain length
variation. A similar study in this context was also done by Krighaum et al. [10]. They
reported that the attachment of alkyl substitutes to the stiff aromatic main chains

facilitate the lowering of transition temperature as well as the melting point.

Further studies on thermotropic polyester were carried out by Ballauff et al. |[11}/14].
They synthesized a series of poly (1,4-phenylene 2,5-n-dialkyloxyterephthalate)s (Fig-
ure2.1]b), with different CH, per side chain length (n = 2 - 16), from melt condensation
of diethyl dihydroxy terephthalate and hydroquinone, and characterized their melting
temperatures by DSC. A reduction of melting temperature (> 350°C to 205°C) was
observed with increasing side chain length (2 < n < 12) [14] which was further con-
firmed by Rodriguez-Parada et al. [50]. They also performed comparable experiments
on the series of rigid chain polyesters with n-alkyl groups (n = 6 - 12) and highlighted

the effect of side chains on the melting temperatures in their work [50].

Besides, lowering of the processing temperatures, another interesting feature of
comb-lke polymers with rigid backbone is the formation of mesophases. This can be a
nematic mesophase for short side chain or a layered mesophase if the alkyl side groups
are long [11,51]. Due to the general interest in the packing state of comb-like polymers,

the layered mesophase is studied extensively by various research groups [11,50-53].

The initial studies of the molecular packing in aromatic polyesters having layered
meso-phases was carried out by Ballauff et al. [8,[11,52]. They conducted their work on
poly(1,4-phenylene-2,5-n-dialkoxy terephthalate)s (PPAOTs) (Figure 2.1lb). Through

the structural analysis of this aromatic polyester, three different modifications namely
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2.1.1. Models for aromatic polyesters
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Figure 2.2: (a) Layer spacings vs. number of carbons in the side chains (n). 'C’ represents the
larger layer spacings with 'no intercalating side chains’, ’A’ corresponds to the ’layered mesophase’
where the side chains are perpendicular to the main chain and 'B’ indicates a packed structure where
side chains tilted relative to the main chains. (b,c) Packing model of modification A (side and top
view) and (d) packing model of modification B (top view) with the main chains (light gray rods) and
alkoxy side chains (dark gray rods). Figures taken from Ref. [11].

A, B and C are observed based on the side chain lengths and thermal program. Ac-
cording to Ballauff et al. [11], the polymer with alkyl side chains less than n < 7 forms
a nematic mesophase (mainly modification C) whereas those with side chains more
than n > 6 tends to form a layered mesophase (modification A and B). Furthermore,
based on the X-ray diffraction data and corresponding spacings of modification A and
B, a packing model was proposed by Ballauff et al. [11] (Figure[2.2). According to this
packing model, modification A is a layered mesophase consisting of main chains and
side chain nanolayers, where side chains intercalate as well as protrude perpendicularly
to the main chain direction (Figure .a—c). The perpendicular fashion of side chains in
modification A is suggested from the slope of the curve which is 1.25 A per methylene
unit and is in close proximity of slope expected for fully interdigitated and extended
methylene sequences in all trans conformation (1.27 A/CH, unit) [52]. Similar layered
and interdigitating structure is also suggested for modification B but with a tilt of 50°
due to smaller layer spacings (Figure 2.2la and 2.2]d). This tilting theorizes for the

efficient packing of side chains and assumes implicitly their crystalline state.

Further studies on the packing of side chains within the layers of stiff main chain
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Figure 2.3: Rigid rod polyesters with flexible side chains (a) PBCOHQ-n, (b) PTAHQ-n and (c)
PTA16HQ-n as synthesized by Rodriguez-Parada et al. Figure taken from Ref. [50].

polyesters were conducted by Rodriguez-Parada et al. [50]. They performed a com-
parative study on a series of three different aromatic polyesters namely PBCOHQ-n,
PTAHQ-n and PTA16HQ-n (Figure , and proposed various models for the side
chain packing in all three systems (Figure . In case of first two series, PBCOHQ-n
and PTAHQ-n, a layered structure is observed on the basis of their x-ray diffraction
data which also leads to the speculation of two different models for the packing of side
chains in both systems. In the first case, a simplistic packing model is considered (sim-
ilar as for modification A by Ballauff et al. [11]) where side chains are fully extended
and in perpendicular direction with respect to the main chain and also intercalating
into each other (Figure[2.4lb). However, this model does not fit with the corresponding
x-ray data of PBCOHQ-n and PTAHQ-n because the obtained layer spacings in both
cases are smaller than what is predicted by the above model. The second case proposed
by Rodriguez-Parada et al is similar as for modification B by Ballauff et al. [11] in which
the side chains are tilted with respect to main chains and also interdigitating into each
other (Figure[2.4lc). This model fits comparatively well for both systems where tilting
is present and predicted inter-layer spacings is in an agreement with the actual data.
Furthermore, a comparison is also made between PTAHQ-n (n = 16) and PPAOTs (n
= 16) to understand the influence of position of side chain attachment to main chain

on the packing behavior of alkyl groups. Although the length of side chains is equal in
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2.1.1. Models for aromatic polyesters

both cases, however, in PTAHQ-n (n = 16), the side chain is attached to hydroquinone
moiety whereas in PPAOTs (n = 16) it is appended to the terephthalic acid residue.
It is observed that both polymers formed layered structure. However, in PPAOTs (n
= 16) the obtained layer spacing is 25.8 A (Figure 2.2la) whereas in PTAHQ-n (n
= 16) it is 19.1 A (Figure .a). In the former case, the corresponding spacing was
explained by a packing model in which the side chains are arranged in a perpendicular
fashion to the backbone axes with extended side chains interdigitating into each other
(Figure b). In the latter case, the layer spacing has been related to a packing model
with side chains staggered with respect to its main chain (Figure 2.4l¢). Beside the
study on PBCOHQ-n and PTAHQ-n, the work carried out by Rodriguez-Parada et
al on PTA16HQ-n gives more insight on the alkyl side groups’ effect on the packing
behavior in cases where four side chains are attached to each monomeric unit in the
polymer chain. In one case, all side chains are of equal length (PTA16HQ16) whereas
in other case, it is unequal (PTA16HQG6). The x-ray results of PTA16HQ16, where all
alkyl groups contain n—=16 carbons (Figure d), revealed a well-defined layered mor-
phology with layer spacing (dyq0) of 32.5 A, which is almost twice as compared to layer
spacings of PBCOHQ16 and PTAHQ16. Such layer spacing cannot fit to the models
used for PBCOHQ-n and PTAHQ-n as it is much larger than the interdigitated struc-
ture. Therefore, a non-interdigitating but titled model is predicted for PTA16HQ16 as
shown in Figure 2.4ld. On the other hand, the x-ray diffraction data of PTAI6HQG,
containing alkyl groups with n = 16 and n = 6 carbons, shows a situation where a
‘mesophase with layered structure’is suggested because of the unequal side chain length
attached to the backbone. The proposed packing model of such system is shown in
Figure 2.4le where side chains are disordered resulting in a smaller layer spacing as
compared to layer spacing of PTA16HQ16. However, based on the above models, it
seems to be very much open to what extent such packing models are really conclusive.
In particular, there are no clear experimental evidences provided for the proposed dif-
ference in the side chain packing comparing PTA16HQ16 and PTA16HQ6. Evidences
for differences in side chain packing will be in the focus of the discussion in this PhD

thesis.

Beside aromatic polyesters, several research groups have worked on other rigid rod
polymers with flexible side chains like aromatic polyamides [8,52-54] and aromatic
polyimides [8,53,/54]. Among all, the work of Clauss et al. [54] on aromatic polyester
(PPTE-16), aromatic polyamide (PPTA-16) and aromatic polyimide (PPPI-16) (Fig-
ure a), via 2D solid state NMR spectroscopy, provides a different approach for
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Figure 2.4: (a) Layer spacings vs. number of carbons in the side chains (n). Actual data of
PBCOHQ-n (open circles) and PTAHQ-n (crosses) are compared with PPAOTSs from melt cooled [11]
(dashed line) and solvent precipitated [11] (solid line). Packing model of PBCOHQ-n and PTAHQ-n
with (b) side chains perpendicular to main chains and (c) side chains staggered with respect to main
chains. Packing model of (d) PTA16HQ16 with equal but non-interdigitating side chains and (e)
PTA16HQ6 with unequal but non-interdigitating side chains. In each model (1) and (2) corresponds
to side view and top view respectively. Figures taken from Ref. [50].

determining the packing as well as nature of alkyl side groups. In their study, the
packing behavior of side chains within the stiff main chains is based on the side chains’
molecular mobility and conformational order. Their 'H-'*C NMR, (2D WISE-NMR)
spectroscopy findings revealed different types of modifications in aromatic polyester,
polyimide and polyamide based on the packing of alkyl side chains. The 3C spec-
trum of aromatic polyester (PPTE-16B) and polyimide (PPPI-16), as compared to the
low-density polyethylene (LDPE), exhibited a highly ordered trans conformation for
modification B indicating a highly crystalline region with a small amount of amor-
phous region. In case of modification A (both for PPTE-16A and PPTA-16), a trans
confirmation is observed but a broader '3C signal line width with respect to LDPE,
highlight a lower conformational order of side chains which is attributed to the presence
of gauche content in the trans segments. Furthermore, the studies on the arrangement
of main chains and their close connection to the packing of side chains are also pointed
out by Clauss et al. [54]. It is observed through the *C MAS-NMR spectra of modi-
fication B aromatic polymers (polyester (PPTE-16B) and polyimide (PPPI-16)) that
main chains of these polymers are regularly pack (a trans-trans conformation) thus

allowing the alkyl side chains to sit on a regular lattice which than lead to a highly

10
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Figure 2.5: (a) Chemical structure of rigid rod aromatic polyester (1), polyamide (2) and (3)
polyimide with alkyl side chains (C16Hs3). (b) Packing model proposed for (i) aromatic polyimide
and polyester modification B, (ii) aromatic polyester modification A and (iii) aromatic polyamide
modification A. Figures taken from Ref. [54].

crystalline system with low amorphous regions (Figure b). On the other hand, a
staggered main chain arrangement is observed for modification A aromatic polyamide
(PPTA-16) and polyester (PPTE-16A) which does not facilitate the crystallization of
side chains within the main chain domains (Figure [2.5]b).

2.1.2 Models for poly(3-alkyl thiophenes)

Another class of comb-like polymers which has been widely studied over the years is
poly(3-alkyl thiophene)s (P3ATs) 21,122,124, 25,55,56]. Alkylated polythiophenes are
important conjugated polymers which are considered as potential candidates for various
electronic and optoelectronic applications due to their high conductivity and thermal
stability [23,57,58]. As compared to its parent polymer, poly(3-alkyl thiophene)s are
easily soluble and processable due to the alkyl side groups attached to the thiophene
rings [57]. It has to be noted that both the properties varies with the variation of
methylene units in the alkyl side groups [59]. Beside the enhancement in the solubil-
ity and processibility of poly(3-alkyl thiophene)s, the side chains strongly effects the

properties of polymer both at molecular level and macroscopic level [24,[59]. Partic-
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Figure 2.6: Schematic illustration of head-tail arrangements in poly(3-alkyl thiophenes).

ularly, the regio-regularity, which arises due to the arrangement of alkyl side chains
attached to the backbone connected with the head to tail coupling of thiophene rings
along the main chain, plays a prominent role in defining the crystallographic structure
of the polymer. In poly(3-alkyl thiophene)s, this regio-regularity results the division
of polymer into two major classes, (a) regio-regular P(3AT)s and (b) regio-random
P(3AT)s. The regio-regular P(3AT)s contain a higher fraction (> 97%) of head-tail-
head-tail (HT-HT) sequences where the head is on the position 2 of the thiophene
ring and tail is attached on position 5 of thiophene ring (Figure [60]. On the
other hand, in the regio-random P(3AT)s, the attachment of monomers to the main
chain during polymerization is random which can result either head-tail, head-head or
tail-tail arrangement as shown in Figure [61]. Furthermore, the regio-regularity, in
both regio-regular and regio-random P(3AT)s, influences significantly the conducting
properties of these polymers. In regio-regular P(3AT)s, the polymer has high conduc-
tivity due to the crystalline backbone which facilitates the efficient charge transport.
Whereas, the HT arrangement in regio-random P(3AT)s results in an absence of long
range order with no m — m orbital overlap in case of the thiophen rings in the main
chains. This causes hindrance in the charge transport and leads to a strongly reduced

conductivity as compared to regio-regular P(3AT)s [21].

The very regular attachment of side chains onto the main chains in rreg poly(3-

alkyl-thiophene)s results into a lamellar morphology with separated main and side

12
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2.1.2. Models for poly(3-alkyl thiophenes)

chain nanolayers as already discussed above for other series of comb-like polymers with
rigid backbones and long alkyl groups as side chain. This is obviously a common
feature of this class of materials where main and side chain subunits tend to nanophase
separate [21,25]. The crystalline structure of regio-regular P(3AT)s has been researched
in very much detail by various groups [22-25,55,[56,59] since Heeger et al. explored
the conductivity of P(3AT)s [62] in 1980s. Among other, the work of Kawai et al. [56]
provide a detailed insight on the structural changes in regio-regular P(3AT)s due to
the change in the alkyl side chain length. They studied a complete series of regio-
regular P(3AT)s and proposed an orthorhombic unit cell for these polymers [56]. The
theorized scheme of the unit cell is shown in Figure[2.7]along with its lattice parameters:
a the main chain to main chain distance (h00), b the m — 7 stacking (0k0) and c
the side chain to side chain distance along the backbone (00/). According to this
scheme, a stacked lamellar structure is observed in all regio-regular P(3AT)s along
with alternating regions of main and side chain domains. The orthogonal unit cell
parameters determined by Kawai et al for n — 4 to 12 are a — 12.7 A t0 26.43 A, b
— 7.5 A and ¢ = 7.77 A [56]. The difference of the a-axis length with the increase in
the carbon atoms per side chain implies that the alkyl side groups are directed on the
a-axis [55]. Also, the minute difference between b and ¢ corresponds to a combined
peak with a (0k0) reflection dominance [55|. Beside the work of Kawai et al., similar
packing models were also suggested by other research groups for regio-regular P(3AT)s

but with slight variations in the lattice parameters [22,55].

13
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Figure 2.8: Schemes for packing of side chains in regio-regular P(3AT)s i.e., (a) interdigitation with
non-tilted side chains, (b) non-interdigitation with tilted side chains, (c¢) interdigitattion with tilted
side chains and (d) liquid like disordered side chains.

Despite of this general consensus about the unit cell, which is applicable for P(3AT)s,
the packing of the side chains within the unit cell has been often discussed controver-
sially. In case of regio-regular P(3AT)s, it is frequently debated that the side chains are

packed in such a manner that they are either tilted or non-tilted, intercalated or non-
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2.1.2. Models for poly(3-alkyl thiophenes)

intercalated, exist in all-trans conformation or are entirely disordered. Summarizing the
literature, mainly four possible schemes are discussed for side chains packing in regio-
regular P(3AT)s with their structural models as shown in Figure One of the early
work on the packing of alkyl groups was carried out by Tashiro et al. [55]. Although,
they mainly studied the structure and phase transition in poly(3-alkylthiophene)s, they
also predicted the side chain packing model based on the x-ray scattering results. An
all-trans conformation was suggested for the side chains in the lateral direction with
the packing structure of alkyl chains having one chain interdigitating into the other.
This trans conformation arises due to a large difference of the main chain to main
chain distance between P3HT and P3DT based on the orthogonal unit-cell parameters
determined by Tashiro et al. [55]. Though, the proposed structural model highlights
interdigitating side chains without tilting (Figure a), no clear evidence is available
in their work which supports tilting or non-tilting behavior of side chains within the
main chain domains. The same structural model was also used by Mena-Osteritz et
al. [58| for the interpretation of results from high resolution imaging of the packing
state of low molecular weight P(3AT)s on the surface of substrates by scanning tun-
neling microscopy (STM) technique. However, in this work, it is also mentioned that
the penetration of side chains into each other is possibly maximized due to the sub-
strate’s epitaxial effect on the sample which could lead to a slightly different packing
of side chains as compared to bulk samples or sample on substrates with non-epitaxial
effects [57].

Beside the above scheme, various groups have given an illustrative image of an-
other model where crystalline side chains are non-intercalated but tilted with respect
to each other (Figure 2.8b) [25/63,/64]. Based on the x-ray scattering measurements
by Prosa et al. |[63], the obtained layer spacings of polymer suggest a tilting in side
chains along with no intercalation for the efficient packing of alkyl groups. Their struc-
tural model was further sustained by structure factor calculations; according to which
all-trans conformation was assumed for side chains along with the ’dihedral’ and ’bond
angle’. These factors cause, according to Prosa et al. [63], the non-interdigitation of
side chain from one stack into other attached to the neighboring layer. Similar packing
behavior of alkyl side groups was also considered by another work group explaining
scattering results along with computer simulations [64] by a packing model with non-
interdigitated but titled side chains. According to this work, a layered morphology
exist in polymer where side chains are titled to 50°. This angle is taken from the slope

of the digy vs. n curve which is 1.62 A per methylene unit; more than the slope of
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extended polyethylene conformation (1.27 A/ CH 5 unit). This difference is explained
by tilting assuming that the side chains are in an all-trans conformation in lateral
direction. Furthermore, a computer simulation is reported suggesting that only those
packing models are energetically stable in which side chains are titled with no inter-
calation. Although, these theoretical models provide good insight for the side chain
packing, the comparison between the calculated and experimentally obtained results
are mostly semi-quantitative because the ”structural variables to be determined are too

many compared with the observed number of reflections” [64].

Along side with the other structural models, the side chains packing where alkyl
groups are titled and interdigitated (Figure [2.8¢) is also described in literature [23].
This packing behavior is mostly used in cases where the synthesis resulted into two dif-
ferent crystalline modifications of poly(3-alkylthiophene)s: type I and type II. Among
both types, type Il represents the model where side chains are assumed to be not only
interdigitated but also tilted. However, when type II samples were heated, they trans-
formed to type I where side chains are titled but with minimal to no interdigitation at
all. Contrary to the other studies [65], this work suggest that type IT polymer could
be thermodynamically more stable at room temperature than common type I sample.
To what extent - this difference can be mostly related to the adopted synthetic routes
resulting in slightly different mirostructures or more due to different thermal treatment
during sample preparation - is an interesting question which cannot be finally answered

based on the information given in the relevant papers.

Besides the discussed models assuming an all-trans state of the alkyl groups within
their alkyl nanodomains, there are also various approaches considering liquid-like disor-
dered alkyl side groups (Figure [2.8ld) has also been discussed in various works [22}24].
An example for such a packing model is proposed by Kline et al. [24]. The argumen-
tation is based on the areal density of side chains and its relation to the areal density
of crystalline polyethylene [24]. According to their areal density calculations, the at-
tachment density of regio-regular P(3HT) is less than that of crystalline PE which
is interpreted as a reason for the disordering of side chains. This disordering of side
chains was further confirmed by their spectroscopy experiments. Furthermore, it is
argued that the side chains in P(3HT) cannot interdigitate because the areal density
required for penetration of side chains into each other would be >50% higher than
that in polyethylene, which is assumed to be unphysical. However, the question arises
whether or not the areal density can be really understood as major criterion for the

packing state of the methylene units. Areal density can vary with tilting angle and
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2.1.2. Models for poly(3-alkyl thiophenes)

volume data might be more useful for a final judgment of the situation.

@
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Figure 2.9: (a) Packing scheme of main chains and side chains in regio-random P(3AT)s and regio-
regular P(3AT)s. DSC heating scans of (b) regio-random P(3AT)s and (c) regio-regular P(3AT)s.
Figures taken from Ref. [21}/66].

State of side chains in alkylated polythiophenes. Regarding the state of
side chains, amorphous to crystalline packing is considered by different researchers.
However, although of major importance for the packing, this was often not explicitly
stated but can be concluded only from the chosen context or special sentences. In work
by Prosa et al., [22] it is commonly assumed that the side chains are in disordered state
despite of the long range ordered arrangement of main and side chains in nanolayers
(d100), similar to the situation that is called mesophase in the comb-like polymers
described above (cf. Section 2.1.1). Many other researchers make implicitly or explicitly
use of the assumption that the alkyl groups in P(3AT)s are in a all-trans state and sit on
a regular lattice defined by the orthorhombic unit cell. A more focused study dealing
with this question was performed by Pankaj et al. on poly(3-alkylthiophene)s [21].
They have argued based on a comparison of rreg and rran P(3AT)s with different side
chain length that the side chains in P(3AT)s 6 < n < 10 alkly carbons are basically
amorphous [21]. Their calorimetric measurements shows no prominent melting peak of
the alkyl groups with n = 6 to 10 per side chain while for the higher member (n=12)
a weak additional melting peak related to side chain melting seems to occur at low
temperatures (20°C to 60°C) (Figure 2.9/b and 2.9}¢). Furthermore, it is observed from

their work that the main chain state (crystalline stacks or disordered arrangements)
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2. Basic concepts

does not have major influence on the state of alkyl side groups, as in both cases (rreg
and rran P(3AT)s) the side chains show their amorphous or semi-crystalline state
independent of the backbone packing only depending on side chain lengths. Pankaj
et al. [21] attributed the amorphicity in alkyl groups to the frustration effects mainly
arising due to the thiophene rings which causes the side chains unable to sit on their
'native crystal lattice’. Four scenarios with differences regarding the packing within
the main and side chain domains have been proposed (Figure 2.9/a). Contrary to the
work of Pankaj et al. [21], the study carried out by Wu et al. [25] provides a different
scenario of nature of side chains. According to their work on the n = 6 member, regio-
regular P(3HT), the alkyl side groups are part of a 3D-crystal structure having ordered
main and side chains at room temperature. With the increase in temperature, this 3D-
crystal transformed into a 2D structure where backbone is packed on the lattice and
side chains are in disordered state. Further heating, according to this study, leads to
an isotropic liquid where both the main and side chains are disordered [25]. Pankaj
et al. [21] highlight, however, that main and side chains are still nanophase-separated
in rran P(3AT)s and rreg P(3AT)s in the molten state indicated by a broad "prepeak”
in the XRD pattern close to the (100) reflection observed for the long range ordered
rreg P(3AT)s below melting. Beside the above two examples, similar situations are
also likely to be observed in other works [24,67]. Possibly the reported differences in
the packing state of the side chains occur to certain extent also due to differences in
the molecular architecture of the investigated systems and the way the samples have
been treated. Note that the samples used by Wu et al. |25] have a relatively low
molecular weight and have been prepared by slow solution casting while the samples
studies by Pankaj et al. [21] had much higher molecular weights and ordered states have
been achieved by cooling of bulk samples. From this point of view more energetically
optimized states observed in the paper by Wu et al. [25] might not be achieved in many
other cases where high molecular weight sample (possible also containing more head-tail
defects) have been investigated. Relations to the existence of different modifications in

other comb-like polymers like PPAOTSs seem to be very likely.

Summarizing this literature review, one can conclude (i) that there are common
structural features, which are characteristic for comb-like polymers with rigid back-
bone and (ii) that there are standard concepts, which are frequently used to model
such systems. Most common structural feature is a self-assembled layered morphology
with alternating main and side chain nanodomains observed in practically all cases if

alkyl groups contain more than six carbons. Such structures are usually modeled as-
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2.2. Glass transition

suming that the main chains form stacks in their individually nanolayers. The situation
in the alkyl nanodomains is often a bit more unclear. Although many models assume
that the alkyl groups are in the all-trans state which can be either tilted or interdig-
itated. This concept is often used to explain differences in periodicity dioo depending
on microstructure of the backbone or sample treatment. Alternative concepts which
are more seldom used assume that the alkyl side groups are in a disordered state. Dif-
ferences in side chain packing are hard to detected directly but important for a better
understanding of the overall packing of comb-like polymers with rigid backbone. This
calls for alternative approaches helping to discriminate between different packing states
in the alkyl nanolayers and an explanation for the occurrence of different modifications

in various series of comb-like polymers.

2.2 Glass transition

Glasses are solids without long-range ordered internal structure which is typical for
crystalline solids. When a glass-forming material is cooled from its liquid-like state at
high temperatures towards low temperatures its density and viscosity increases enor-
mously in combination with a significant slowing down of the underlying molecular
motions. At a certain temperature the relevant molecular motions are so slow that
the time needed for the structural rearrangements in the system is not longer avail-
able during cooling. Hence, the material 'freezes-in’ and falls out of equilibrium. This
temperature is called glass temperature T, and is related to the so-called thermal glass
transition from the equilibrium liquid state to the non-equilibrium glassy state [68,69).
In contrast, the relaxation process measured in equilibrium above T, where a transition
from liquid-like to solid-like behavior occurs under isothermal conditions depending on
time or measurement frequency is often called dynamic glass transition or « relax-

ation [69]. Both phenomena will be discussed in some more detail below.

The thermal glass transition is often investigated either by dilatometry or by differ-
ential scanning calorimetry (DSC). In case of dilatometric measurements, the thermal
glass transition is seen in specific volume vs. temperature plots by a change of the
slope as shown in Figure 2.10la. The temperature-dependent specific volume v(T)
changes above and below a certain transition interval linearly with temperature. At
the transition region the slope changes and the thermal expansion coefficients are sig-
nificantly different above and below. The transition region is related to the thermal

glass transition and the glass temperature (T,) is defined as the temperature at which
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Figure 2.10: A schematic diagram displaying the determination of glass transition temperature
(T,) from plot of (a) specific volume and (b) heat capacity vs. temperature.

the two extrapolated lines describing the behavior above and below the transition re-
gion intersect [7072|. Note that the value of 7, depends on the cooling rate since the
equilibrium to non-equilibrium transition temperature decreases if the glass-forming
system has more time to equilibrate. By definition, T} is related to the temperature
above which a glassy material starts to soften during heating and behaves like liquid
(or rubber in case of polymers with high molecular weight). In case of DSC mea-
surements, the thermal glass transition is indicated by a step-like change in the heat
capacity C,(T"). The glass temperature (T,) can be determined from DSC cooling
scans performed at fixed cooling rate (e.g. 10 K/min) based on a tangent construction
as shown in Figure .b. T, is then defined for example as temperature where C,(T")
coincides with the half step height between both tangents (half-step method). Alterna-
tive definitions are based on an onset construction or an equal area construction [73].
Further parameters describing the thermal glass transition in C,(7") are the relaxation
strength AC), as well as the width of the transformation interval AT of about a few
K [69].

Above the glass temperature (T,), glass-forming materials exit in the equilibrium
state. The so-called dynamic glass transition or « relaxation reflecting the cooperative
dynamics of molecules or monomeric units in case of polymers occurs then isothermally
depending on time or measurement frequency. The fluctuations related to the o dy-
namics are very slow near T, (7, ~ 100s) but speed up with increasing temperature
rapidly. The physical short time limit is 7, ~ 1074s at highest temperatures. The

term dynamic glass transition is also used for entire trace describing the temperature
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2.2. Glass transition
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Figure 2.11: Schematic showing an Arrhenius plot (-log 7, vs 1/T) for a relaxation process (dynamic
glass transition) and § relaxation process (localized dynamics). The black circle corresponds to a
crossover region where temperature dependence of o and 8 approach each other and T, represents
the Vogel temperature. Figure adapted from ref. |75].

dependence of the a relaxation process under isobaric conditions with a strong tem-
perature dependence of its characteristic relaxation time 7, (or relaxation frequency
we = 1/74). The dynamic glass transition is generally determined by linear response
experiments like dynamic mechanical analysis or dielectric spectroscopy. Characteris-
tic is a strong non-Arrhenius-like temperature dependence of the relaxation frequency
(wq) upon temperature as indicated in the Arrhenius plot shown in Figure 2.11] Be-
sides of the a relaxation process, a secondary [ relaxation process occurs in practically
all glasses at higher frequencies [74]. Tt is related to localized motions and shows an

Arrhenius-like temperature dependence of its relaxation frequency wg according to

log(ws) = log(ws) — (Ea/RT) (2.1)

where E,4 is the activation energy, R is the gas constant and wy is the limiting
frequency.

The temperature dependence of the « relaxation is commonly well described by the
Vogel-Fulcher-Tammann-Hesse (VFTH) equation [69}76/-78|

log(wa) = log(wo) — (B/(T = T,)) (2.2)

where (wp), B and T, correspond to limiting frequency, curvature and Vogel tem-
perature, respectively. Generally T, is found 30-70 K below the glass temperature
T

g:
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An important concept which is used to classify glass-forming materials based on the
temperature dependence of the dynamic glass transitions (« relaxation) is fragility |79
81). Fragility has been defined as measure of the deviation of temperature dependence
of a relaxation time from the Arrhenius-like behavior [66,82]. Polymers with low
fragility are more close to Arrhenius-like behavior (f relaxation process) while those
having high fragility show pronounced non-Arrhenius behavior (« relaxation process)
[82]. Normally, the fragility m - also called steepness index - can be directly calculated

based on parameters from the VETH equation as [80]

m = —dlogw/d(T,/T)|r=r, = (BT/(T, — T,)?) (2.3)

Value of m ranging from 20 to 214 are reported [81]. Glass forming materials with
lower m values are considered as a strong liquids while those with higher m values
are considered as fragile liquid [79,81,83|. Note that the lowest possible m value
corresponding to Arrhenius-like behavior of the temperature-dependent « relaxation
frequency should be about 16 [84].

2.2.1 Traditional glass transition models

Free volume theory. A traditional approach to understand glass transition is based
on the assumption that 'free volume’ is required for the molecules to move if a glass-
forming material (e.g. an amorphous polymer) has to undergo conformational changes.
At temperatures well above the glass temperature (T,), the molecules can move rela-
tively freely due to a large fraction of free volume and low overall density. However, as
the temperature decreases the free volume is reduced accompanied by a significantly
reduced mobility of molecules. At Ty, the mobility of these molecules becomes so
slow that their translational diffusive motions freeze and what remains are more local-
ized relaxations in polymer seen as secondary relaxations (f processes) in the glassy
state [74].

Generally, the free volume model postulates that
Vi=V-W (2.4)

where V is actual volume and Vg is the theoretical volume of the liquid or Van der
Waals volume of the molecules at 0K. A relation between free volume V; and viscosity

has been proposed by Doolittle [85]
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n = Aeaplo(V — V) V). (2.5)

Furthermore, a linear dependence of free volume on temperature is assumed ac-

cording to

f=Ff+Aa(lT -1, (2.6)

where f is the fractional free volume which is the total amount of free volume
per unit volume of the polymer, f; is the fractional free volume at T, and A« is
the difference in thermal expansion coefficients above and below T,. With that, the
Doolittle equation (Equation is giving a physical reason based on free volume for
the Williams-Landel-Ferry (WLF) equation |72] describing the temperature dependence
of the a relaxation. The relevant equation is
(B/2-303f9)(T - Tg)

o9 = (f, /Do) + (T T, 20

The WLF equation describes the temperature dependence of shift factors ar for the
a relaxation and is mathematically analogous to the VFTH equation Note that

the temperature dependence taken from shift factors should correspond to that of the

« relaxation time for thermorheological simple materials showing no deviations from
the time-temperature superposition principle [80]. It is important to mention that the
free volume model is a qualitative model and does not involve cooperativity related

ideas or any characteristic length scale for the a relaxation process.

2.2.2 Cooperativity based concepts

Another traditional approach to understand the dynamics in glass forming liquids is
starting from the idea that more and more molecules have to move in a cooperatively
way in order to undergo molecular rearranging motions. Adam and Gibbs formulated
a thermodynamic approach to the (dynamic) glass transition and postulated the exis-
tence of cooperatively rearranging regions (CRRs) [45] in glass forming liquids which
can be defined as smallest subsystem which, upon a sufficient thermal fluctuation, can
rearrange into another configuration independent from its environment. This concept,
according to Donth, can also be defined as the statistical independence of the thermal
fluctuations related to the glass transition from that of neighbored subsystems [49.(69].

Adam-Gibbs theory proposes that the cooperative rearrangements in a subsystem of
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CRR is related to z molecules (z = Nggg). The main conclusion of this work is that
‘the temperature dependence of the relaxation process is interrelated to the tempera-
ture dependence of the size of a CRR’, [45] highlighting that the length scale (size) of
CRR varies inversely with the change of temperature. This central message of Adam

Gibbs work is mathematically expressed as

W(T) = Aexp(—Au s:/kT S.) = Aexp(—C/TS.) (2.8)

where W(T) ~ 1/7(T) is the cooperative transition probability which is inversely
proportional to the relaxation time 7(7) and A is frequency factor. C is equal to

Ap si/k where Ap is a ’largely the potential energy hindering the cooperative re-

*

» is the the limiting value for configurational

arrangement per monomer segment’, s
entropy related to the a critical size of a CRR and k£ is the Boltzmann constant.
S. = Ns, is the configurational entropy of a macroscopic supersystem composed of N
subsystems. It is important to mention that the size of CRR at T, cannot be calculated

from the Adam-Gibbs model.

The Adam-Gibbs theory was expanded by Donth [69] based on the Fluctuation-
Dissipation Theorem (FDT), in order to quantitatively elucidate the CRR size [46].
According to Donth [86], the von Laue approach, which considers temperature fluc-
tuations, can be used to determine CRR sizes. The determination of the CRR sizes
is based then on line response experiments |87] (i.e., calorimetric experiments) where
the fluctuations of molecules (monomers) within a CRR can be obtained from exper-
iments. Therefore each cooperatively rearranging region (CRR) can be regarded as a
thermodynamic sub-system with fluctuating variables having its own relaxation time
and glass transition temperature [88|. Following Donth’s approach, the CRR volume

3 =

(Vorr) or characteristic length of the glass transition (£3 = &.55) can be estimated

based on the following equation [69.89]

k% A(1/C))

_¢3 _ M p
Verr = Sorp = oz (2.9)
where A(1/C,) is related to the step height of reciprocal specific heat capacity and
is approximately equal to A(1/C,) at the glass transition, p is the average mass density
and 0T? corresponds to the temperature fluctuation which can be obtained from width
of the glass transition in C,(T"). Note that, the CRR sizes have been calculated from the

calorimetric data for various glass-forming materials according to this model. Typical
€2 np values are in range of 10-30A at T, [89,90].

24



2.2.2. Cooperativity based concepts

(a) ! T7f T T
« 10} ]
z |
Sk
0 i 1 i 1 i L i 1 i 0 I \hllfl 1 “\‘\|\
00 02 04 06 08 10 210 240 270 390 420
* T/K
1T
(c)
o
2
Strong
Confinement
Mod‘erate
Bulk Confinement aQ

Figure 2.12: (a) Cooperativity (N,) vs. reduced temperature (z) and temperature (T) for different
polymers. Figure taken from ref. [49,91]. (b) Schematic depicting the hindered glass transition picture
for the cooperative dynamics of confined systems. Figure taken from ref. [69].

From the CRR volume (Vegr), the cooperativity (Nogrg) can be determined ac-

cording to

Nerr = VorrNap/M, (2.10)

with My being the molecular weight per molecule (monomer) and N4 being Avo-
gadro’s constant. Typically one gets Norg = 10-300 molecules (monomers) per CRR
at Ty.

Temperature dependence of CRR sizes. The experimental findings based on
the calorimetric data reveals that the the CRR volume Viogrgr and cooperativity Neogg
do decrease systematically with increasing temperature [47,149,87,90,091]. It has been
also reported that the cooperativity Nogrgr approaches 1 at a finite temperature T, in

the so-called crossover region. An equation predicting the temperature dependence of
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2. Basic concepts

cooperativity (Ncgr) has been proposed Donth et al. [49,90,91]. Né/}?R =A(l—x)/x)is
used to estimate the temperature-dependent CRR size, where z = (T'—T) /(Ton — To)
is a reduced temperature and A is a proportionality constant [49,87]. Accordingly, the

cooperativity (Nogrg) increases strongly with decreasing temperature corresponding to
an increase of CRR size Viogp as predicted already by Adam and Gibbs (Figure[2.12a).

Hindered glass transition. As discussed before, Eq2.9 predicts that the CRR
size increases with decreasing temperature. If glass-forming materials are geometrically
confined in nanoscopic domains having sizes comparable to the CRR size (deons = &a),
the temperature dependence in the CRR size should result then in a change of the
temperature dependence of the « relaxation time 7,. The reason is that the number
of molecules within a domain is then smaller than Ncgrg. Accordingly, the coopera-
tive o dynamics should speed up and the glass temperatures should decrease in very
small nanoscopic domains. This physical picture (gedankenexperiment) is proposed
by Donth [69,92] and called "hindered glass transition’. The schematics shown in
Figure 2.12b [15] illustrates the trends. As smaller the domain size as earlier the de-
viation from the bulk-like @ dynamics should occur during cooling. Apart from the
already mentioned changes in relaxation time 7, and glass temperature 7}, a transition
from non-Arrhenius to Arrhenius is expected when the size of the domain size deons
decreases. This hindered glass transition picture has been often used to explain quali-
tatively decreasing « relaxation time and glass temperatures obtained in nanoconfined

glass formers as compared to corresponding bulk systems [15}21,29.(93}94].

2.2.3 Effects of constraints on glass transition

In the literature, various factors have been discussed and studied which influence the
glass transition. Three main influencing factors can be highlighted: (i) geometrical
confinement effects, (ii) change in density due to confinement and (iii) interfacial effects
on glass transition. Extended reviews have been provided by Alcoutlabi et al. [95] as
well as Alba-Simionesco et al. [96]. Changes in the a dynamics caused by the three

main important influencing factors will be considered in more detail below.

Geometrical confinement effects. Glass forming liquids in nanoporous host
systems and thin polymeric films have been extensively investigated in order to un-
derstand the impact of geometrical confinement on glass transition temperature and
a relaxation time. In case of nanoporous host systems, the effect on T, is frequently

examined in the controlled porous glasses (CPGs) containing small molecules |29, 97]
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or low molecular weight polymers as glass formers [94]. An early work focusing on T
of small molecules in CPGs was carried out by Arndt et al. [29]. In this study, phenyl
salicylate (salol) was confined in CPGs having three different pore diameters. Dielec-
tric spectroscopy and differential scanning calorimetry (DSC) data for salol in CPGs
showed a downwards shift of T, by 15, 11 to 8 K in 25, 50 and 75A pores, respectively.
These shifts highlight the effect of confinement on T,. A similar work was conducted
by Zheng et al. on propyleneglycol and glycerol confined in nanoporous glass [97].
They observed a T, shift in range of 3 to 5K in 25A pores of controlled porous glasses.
Moreover, it is reported in work by Schonhals et al. |[94] that low molecular weight
polymers like poly(propylene glycol) (PPG) and poly(methyl phenyl siloxane) (PMPS)
show faster dynamics compared to bulk systems if confined in CPGs (25A- 200A). It is
noteworthy to mention that all these results are acquired in surface treated (silanized)
host systems, as without treatment the surface interaction would strongly affect the

result.

Beside the nanoporous host systems, geometrical confinement effects on the glass
transition have been also widely studied in thin films [32}40,93,98|. An early study in
this regards, has been preformed by Forrest et al. on the free standing films [40,93].
They found a depression in glass transition with reduction of polymer film thickness.
For instance, the glass transition measured in their study for a 200A thick film was
decreased by more than 70 K with respect to the 700A thick film. There are later several
other studies where similar finding are reported. Contrary to earlier findings, dielectric
spectroscopy experiments on ’carefully prepared’ thin films reported no reduction of
glass transition for films down to the thickness of ~100A [32,98]. More recently, it has
been discussed that the methods used for the preparation of thin films along with the
experimental techniques used for the determination of their T, can dramatically affect

the result of such investigations [44,95].

Change in average density due to confinement. Several groups have con-
sidered and studied changes of glass transition in confined systems with respect to
changes in density with the main conclusion that the density of the confined liquid
is not same as that of the bulk [38,95,99,(100]. McCoy et al. reported the T, shift
in a confined liquid due to the changes in density of that liquid [99]. Commonly, it
is predicted that the glass transition temperature should decrease with the decrease
in the density. [101},|102] Jackson and McKenna [38| observed in their pioneering work
on CPGs filled with o-terphenyl and benzyl alcohol a depression of glass transition

temperature. This decrease in Ty with decreasing pore diameter was attributed to the
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density variation of the confined liquids in CPGs without experimental confirmation for
this claim. The neutron scattering study by Morineau et al. [100] on toluene confined
in nanoporous hosts (MCM-41 and SBA-15) showed no correlation between T, and
density. Their comparison of confined toluene in nanopores with different diameters
(24A, 354, 47A) with bulk toluene revealed no major density changes at room tempera-
ture. Also, no shift of T, was observed for toluene confined in 35A and 47A pores. On
the other hand, a reduction in density was observed for toluene in 24A pores together
with an increase in T, of about 30K. This was in conflict with earlier expectations and
shows probably the superposition of different influencing factors in these host-guest
systems. Similar to the situation in filled CPGs, relations between T, and changes in
density are also controversially debated in thin films. Dewetting studies by Reiter et
al. [103] on thin PS films relate the change of glass transition temperature to a den-
sity change in the films. Otherwise, reflectivity experiments conducted by Wallace et
al. [104] on similar thin PS films on Si substrates did not show any noteworthy density
change depending on film layer thickness. This again shows that different systems,
sample preparation methods and experimental techniques give often no clear picture

for understanding the factors influencing T,.

Interfactial constraint effects. Throughout the decades, many research groups
have conducted studies on liquids in nanoporous systems (e.g. CPGs) demonstrating
that the glass temperature of confined liquids near the walls of nanopores are higher
as compared to its centre (core) [33,105-107]. This difference can be attributed to
molecular mobility gradients in liquids confined in nanoporous systems (CPGs) and
has been described based on a two phase model for salol confined in CPGs by Arndt
et al. [29,[105]. Furthermore, the interfacial effects on the glass transition temperature
have also be observed in a study carried out by Richert et al. [108]. They examined an
increase of glass transition temperature resulting from a strong interaction of 3-methyl
pentane with the pore walls of a CPG with 75A nanopores. In case of thin films,
opposing shifts of T, have been observed for free surfaces as well as for material close

to the substrate due to different types of interactions at the interfaces [109,/110].

In summary, it is observed that all the three effects considered above can signifi-
cantly influence the glass transition of glass forming materials in nanoscopic compart-
ments and that it is often extremely complicated to clarify the reasons for changes
compared to the bulk state. Basically this is due to the fact that it is hard to find
model systems and experiments where only one parameter is varied. Thus, it is also

risky to draw final conclusions regarding dynamic heterogeneities is glasses and size of

28



2.2.3. Effects of constraints on glass transition

cooperatively rearranging regions (CRRs) only based on the findings for thin polymer
films as well as liquids in nanoporous host system. However, a answer to this question is
essential for making progress with a deeper understanding of the softening behavior of
glass-forming materials which is still not finally understood. Excellent model systems
for contributing to this discussion are comb-like polymers with crystalline main chain
and amorphous alkyl side chains. The self-assembled nature of these polymers allows
to study the cooperative dynamics of methylene units (apg) in alkyl nanodomains
with tunable dimensions (10-20 A) and well defined interfaces. An example in this
regard are poly(3-alkyl thiophenes) P(3AT)s |21] which have been used to study the
confined dynamics of CH, units in alkyl nanodomains in order to learn more about
CRR sizes. These studies will be deepened here using another comb-like polymer with
crystalline main chains (PPAOTS) in order to extent the knowledge about different

factors influencing the confined dynamics.
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Chapter 3

Materials and methods

3.1 Materials

3.1.1 Poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s PPAOTs

OCnH2n+1

Ot
OOO—C C
n
OCnH2n+1

Q

Figure 3.1: Repeating unit of poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s PPAOTs.

Synthesis. Poly(1,4-phenylene-2,5-n-dialkyloxy terephthalates) (PPAOTSs) with
n = 6 — 12 alkyl carbons per side chain are synthesized by Dr. H. Budde (Fraunhofer
PAZ Schkopau) following the route described by Ballauff et al. [13] with four steps.
The repeating unit of poly(1,4-phenylene-2,5-n-dialkyloxy terephthalates) is shown in
Figure |3.1

Step 1 - Synthesis of diethyl-2,5-dialkoxyterephthalates. Initially, 0.056 mol 2,5-
dihydroxy terephthalic acid diethylester were dissolved in 250 ml cyclohexanone in
a 500 ml three-necked flask with magnetic stirrer, dropping funnel, reflux condenser
and nitrogen connection. Then, 0.12 mol potassium carbonate powder and 0.01 mol
potassium iodide were added to the stirred solution followed by dropwise addition of
the respective alkyl bromid (0.18 mol) within one hour. The mixture was refluxed

for 20 h or until the yellow color had disappeared. The filter cake was washed with

31









3. Materials and methods

cyclohexanone after filtering off the hot solution. All cyclohexanone solutions were
collected and the solvent removed by using a rotation evaporator. The oily residue
crystallized during cooling to room temperature. The product was recrystallized twice

from ethanol. In all cases the yields were between 60 — 80% of the theoretical value.

Step 2 - Synthesis of 2,5-dialkoxyterephthalic acid. 0.03 mol of the synthesized
esters were refluxed in 250 ml ethanolic KOH (5%) for 4 h. After cooling to room
temperature the free acids were precipitated by neutralization with dilute hydrochloric
acid. The product was filtered off and recrystallized from ethanol. The yields were

nearly quantitative.

Step 3 - Synthesis of 2,5-dialkoxyterphthalic acid chloride. The free acids were
converted in the acid chlorides by refluxing with an excess of thionyl chloride for ap-
proximately 8 h. The excess of thionyl chloride was removed by distillation in vacuo.

The yellow residue was recrystallized twice from dry n—pentane.

Step 4 - Melt polymerization. Hydroquinone and the respective 2,5-dialkoxy tereph-
thalicacid chlorides were condensated in a nitrogen atmosphere at 100 °C in a 50 ml
flask. The formed hydrogen chloride was removed from the reactor by a continuous
stream of nitrogen. Depending on the viscosity, the temperature has been increased to
up to 250°C.

Cyclohexanone (for synthesis, Merck), n-alkylbromides (Aldrich) and n-pentane
(Aldrich) were dried over molecular sieve 4A and distilled prior to use. Hydroquinone
(> 99%, Aldrich) was sublimated in vacuo and stored under nitrogen. Potassium
carbonate (for analysis, Merck), potassium iodide (for analysis, Merck), potassium
hydroxid (pure, BDH Prolabo), ethanol (technical purity, CVM), thionyl chloride (>
99%, Aldrich) and 2,5-dihydroxyterephthalic acid diethylester (97%, Aldrich) were used

without further purification.

Sample characteristics. The average molecular weights and polydispersities of
these alkoxylated polyesters as obtained from gel permeation chromatography mea-

surements in chloroform against polystyrene standards are given in Table [3.1]
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3.1.2. Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s AOPPVs

Table 3.1: Molecular weight parameters of PPAOTs

Label n M, M, PDI
kg/mol | kg/mol
PPHOT 6 179 183 1.02
PPOOT 8 12.4 78 6.30
PPDOT 10 14.6 95 6.50
PPDDOT | 12 2.6 5.2 2.01

3.1.2 Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s AOPPVs

OCnH2n+l

N\
n
OCnH2n+l
Q

Figure 3.2: Repeating unit of poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s (AOPPVs).

Synthesis. Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene) (AOPPVs) with n = 6 - 12
alkyl carbons per side chain are synthesized by Prof. D. A. M. Egbe (Friedrich-Schiller
Universitit Jena) following the route described through Horner-Wadsworth-Emmons
(HWE) olefination polycondensation reaction of dialdehyde with bisphosphonate [111].
All members of AOPPVs were synthesized according to procedure mentioned below;
however, herein the synthesis of DDOPPV (n = 12) is described as an example. The
repeating unit of poly (2,5-n-dialkyloxy-1,4-phenylenevinylene) is shown in Figure

A solution of dialdehydes |1,4-dialdehyde-2,5-didodecyloxybenzne, 2 g, 3.98 mmol|
and bisphosphonates [2,5-bis(dodecyloxy)-p-xylylene-bis(diethylphosphonate), 2.97 g,
3.98 mmol| were dissolved in dry toluene (60 ml), stirred vigorously and heated up
to 150°C-160°C under nitrogen and reflux for 1 hour (stirring was realized by using a
mechanical stirrer). The polycondensation was initiated and supported by the addition
of portions of potassium tertbutylate (t-BuOK, 1.122 g, 10 mmol) and the reaction
mixture was heated at reflux. After 2 hours the heating was stopped, further toluene
(300 ml) was added and the reaction mixture was quenched by the addition of hydro-
chloric acid (10 %, 150 ml). The phases were separated and the organic phase was
washed with deionized water until neutrality. Residues of water were removed by

refluxing in a Dean-Stark apparatus, and the still warm solution was filtered. Most
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of the solvent was removed under reduced pressure using a rotary evaporator and
precipitated in cooled methanol (ice / NaCl bath). After 1 hour stirring the precipitated
material was filtered off and transferred into a Soxhlett extractor. Low molecular
species were extracted heating a methanol / water mixture (2:1) for 10 hours to reflux.
After the purification procedure the polymer was obtained as a red material (2.4 g,
64.08 % yield).

All chemicals and solvents used in the preparation of the intermediates and polymers
were purchased from commercial suppliers, such as Sigma Aldrich, Fluka and Merck,
and were used as received, if not stated otherwise. The solvents were deaerated with
nitrogen for two hours before use. During the reactions a constant flow of nitrogen was
provided to prevent any intake of oxygen or moisture. The synthesis of dialdehydes as
well as bisphosphonates was performed according to the literature descriptions [111-
114].

Sample characteristics. Molecular weights and polydispersities of these alkoxy-
lated polyphenylenevinylenes as obtained from GPC measurements in tetrahydrofuran

against polystyrene standards are given in Table

Table 3.2: Molecular weight parameters of AOPPVs

Label n M, M, PDI
kg/mol | kg/mol
HOPPV 6 3.0 5.0 1.69
OOPPV 8 3.5 5.9 1.67
DOPPV 10 3.3 4.5 1.37
DDOPPV | 12 2.8 3.6 1.30

3.1.3 Capillary Extrusion

Extrusion is a process widely used to prepare profiles of sheets, pipes or plastic tubing
and fibers etc in a continuous or semi-continuous manner with a specific geometry and
shape. The basic working principle of this technique includes feeding of material into
the feeder which is heated to the desired processing temperature and then a ram is used
to push the material through the die. Keeping the above principles intact, a lab scale
ram extruder is developed in this work which can process very small amount (200mg)

of the material with a controlled shear rate.
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Zwick Z010 Universal Testing Machine

Clamps

Tie bars —— >
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A I Temperature Controller
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Heated Cylinder
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Extrudate

Fixed plate ——> - s

Figure 3.3: Construction and working principle of the lab scale 'mini-extruder’.

Instrumental setup. The scheme of the used lab extruder is shown in Figure |3.3
The home-made ram extruder contains three main parts. 1. The extruder unit which
consists of ram and circular die. The ram is connected to a vertically movable plate
which is in turn connected to the tensile testing machine. The die, with a cylindrical
hole (capillary), though which the material comes out in form of a continuous fiber, is
attached at the lower end of the heated cylinder. 2. Power supply and temperature
controller which stabilizes and monitors the temperature of the heated cylinder con-
taining the melt in the extruder unit. 3. A universal testing machine which work in
compression mode with a defined shear rate. Note that the processing temperature and
shear rate (processing speed) are two significant parameters influencing the extrusion
process.

The apparent shear rate (J4,) for a circular capillary at walls can be calculated
from the flow rate @ through the capillary [115].

320
Yaw = W_ch (31)
Q=A4,, (3.2)

where A, is the area of the piston head and v, is the velocity of the moving piston.

This is a result of the continuity equation of fluid mechanics.
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Ram

Q

Figure 3.4: Capillary and ram assembly of the extruder. D, is the diameter of piston, D, is the
diameter of die and v, is the velocity of the moving piston.

™
Q= upZDg (3.3)

On replacing the value of @, the apparent shear rate can be described as:

_— 8D§ Vp
7111,0 - D3

C

(3.4)

The equation [3.4]allows calculating the apparent shear rate during processing. Here

the polymer melt is assumed as a Newtonian fluid.

Program used. An extruded sample was prepared in order to study the degree
of orientation according to the setup shown in Figure at 120°C with processing
speed of 6 mm/min, 90 mm/min and 180 mm/min with 5 mm piston diameter. The
samples were extruded at three different shear rates: 20s~!, 300s~! and 600s~! which
were calculated from equation [3.4]

3.2 Characterization methods

3.2.1 X-ray diffraction

Basics. X-ray diffraction methods are based on the elastic scattering of x-ray photons

by atoms located on well-ordered lattice planes. In the case of elastic scattering, the

36



Ram

Capillary






3.2.1. X-ray diffraction

wavelength of the incident (primary) beam and the diffracted beam remains constant.
A basic description of the constructive interference of waves scattered by different
lattice planes is given by Bragg’s law (Figure a). Consider a set of parallel planes
of atoms with an interplanar distance d. When an incident beam of known wavelength
A falls on these atoms, a constructive interference occurs if the waves scattered on
different lattice planes are shifted by a multiple of the wavelength n x A. For isotropic
samples containing a large number of randomly oriented crystals, the scattering angles

where constructive interference appears can be therefore expressed as

nA = 2dsinfp (3.5)

The above equation is Bragg’s law and 6p is the incident angle (Bragg angle) for
which constructive interference occurs. The most common concepts to describe diffrac-
tion pattern and their relation to real space structures require operating in reciprocal
space. According to this concept, every set of crystal lattice planes in real space corre-
sponds to a specific vector in reciprocal space [116]. The transformation equations for

the coordinates from real space to reciprocal space are given by

a* = v (b x c) (3.6)
b — f/—: (c x a) (3.7)
ct = f/—: (a x b) (3.8)

where X represents the vector product, and V,, is the unit cell volume expressed as

V.,=a-(bxc)=b-(cxa)=c-(axb) (3.9)
In general, the reciprocal lattice vector given by

thl = ha* + kb* + Ic* (310)

with h, k and [ being the Miller indices describes fully the set (hkl) of planes
within a crystal. Note that the Gy is always perpendicular to the planes (hkl) in
the direct lattice. Furthermore, the magnitude of the reciprocal lattice vector |Gyl is

proportional to the reciprocal of the interplanar spacing (dpx). The full relation is
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Figure 3.5: (a) Origin of Bragg’s law through constructive interference between the two interplaner
lanes having spacing d. (b) Ewald’s sphere construction and reciprocal lattice.

|Ghut| = % (3.11)

The conditions for constructive interference in case of anisotropic samples can be
explained with the help of Ewald’s sphere construction (Figure 3.5|b). Consider an
incoming wave characterized by a wave-vector (ko), which is drawn in the direction of
the incident beam, with one end at the origin of the reciprocal lattice. The other end of
(ko) is taken as the center of a sphere of radius 1/A. Constructive interference can be
observed only if any of the reciprocal lattice vectors Gy, representing a set of lattice
planes lies on the Ewald sphere. The direction (k) is the direction of the diffracted
wave (which also has its origin at the center of the Ewald’s sphere). The scattering

vector is defined by ¢ = k¢ — k.

q=(kf — ko) = 2rGpp (3.12)
47 27

= —sinfp = — 3.13

al = YTingy = 27 (519

WAXS setup and program used. Wide angle x-ray scattering (WAXS) mea-
surements in reflection mode were performed on PPAOT and AOPPV samples using an
Empyrean diffractometer (PANalytical) equipped with the temperature chamber TTK
450 (Anton Paar). The emitted radiation was parallelized and monochromatized using

a parallel beam mirror (A = 1.54 A). The scattered intensity passes a parallel plate
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3.2.2. Dynamic shear measurements

collimator (0.27°) and is detected by a Pixel 3D detector with 19 channels of 0.055 pm
size combined to be used as a receiving slit. The scan range was 2 nm ™! < ¢ < 28
nm~!, the step size 0.05° and the counting time per step 1 s. Before the start of the
experiments, the samples were aligned in two steps. In the first step, the sample stage
was moved down so that it was out of the x-ray beam path. A 20 scan was performed
for the beam position calibration and then a zero position was selected based on the
center of the resulting beam profile. This method sets the fine calibration offset in 26
of the primary beam position. The second step corresponds to the adjustment of the
sample height which was performed by a z scan. A z shape profile obtained in this
scan, from which the half of the direct beam intensity was taken as sample height.
Temperature-dependent measurements were carried out for both polymers in two cy-
cles of heating (30°C to 230°C) and cooling from (230°C to 30°C) in steps of 10°C/min.
In case of PPAOTSs, temperature-dependent measurements were conducted in order to
define the thermal programs needed to get specimen containing only modification A
for each PPAOT sample (cf. Results section). Pretreated samples containing mainly
modification A were further investigated at room temperature. The as-received sam-
ples (PPAOTs and AOPPVs) as well as melt-pressed PPAOT samples were placed onto
silicon substrates cut from a single crystalline wafer with no Bragg reflections present

in the above mentioned scan range. All the measurements were performed in air.

IAXS setup and program used. Intermediate angle x-ray scattering (IAXS) was
used to determine the structural orientation resulted from extrusion in the PPDOT (n
= 10) and DOPPV (n = 10) using a pinhole instrument designed by JJ X-rays with
a Rigaku rotating anode as radiation source (Cuk,, A :1.54A), an Osmic multilayer
optics and a Bruker Hi-star 2D detector. The samples were measured under vacuum
at room temperature. The experiments were performed in such a way that the x-ray

beam was perpendicular to the extrusion direction.

3.2.2 Dynamic shear measurements

Dynamic mechanical analysis is an important technique widely used to analyze and
characterize the viscoelastic properties of polymers as a function of time, temperature
and frequency. The basic principle of this method lies in the application of a periodic

force and to observe its response on the subjected material [117].

Basic principle. In case of dynamic shear measurements, a sinusoidal shear strain

() is applied to a sample and the shear stress (o) is detected which in general will
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Figure 3.6: (a) Sinusoidal strain applied to the samples (blue). Response to sinusoidal strain as
sinusoidal stress (red) for perfectly (b) viscous system , for (c) elastic system and for (d) a polymeric
system where it lies in between these two extremes. Figure taken from Ref. [118].

be shifted by a phase angle § with respect to applied strain. This phase lag is due to
viscous contributions in the overall response. The entire phenomenon is depicted in

Figure [3.6| and mathematically expressed by following equations

~(t) = yosin(wt) (3.14)

o(t) = opsin(wt + 0) (3.15)

where w is the angular frequency. Using this notation, stress can be decomposed
into two components: one in-phase with the strain (sinwt) and other 90° out-of-phase

with the strain (coswt) and thus, the total stress can be described as

o(t) = ogsin(wt)cosd + opcos(wt)sind (3.16)

40



ANVA
IV

(a)

ANA

A
y,

100% Elastic Behavior

(c)

ANAN

Stress ! /\

100% Viscous Behavior

(b)

0"<6<80°

Strain

|
Stress /IN\

Viscoelastic Behavior

(d)






3.2.2. Dynamic shear measurements

Dividing the shear stress by shear strain, a dynamic shear modulus G* = G’ (w) +
iG" (w) can be defined. The storage modulus G’ is related to the in-phase part and the
loss modulus is then the G out-of-phase part in the above equation. Both parts can

be expressed in terms of shear stress and applied strain amplitude v, as

o(t) = 7[G (w)sinwt + G (w)coswt] (3.17)

where G’ = 0 /70 cosé and G = 7/~ sind.

The storage modulus, G denotes the real part of the dynamic modulus and describes
the ability of the material to store potential energy and release it upon deformation.
Whereas, G represents the imaginary part which is associated with energy dissipation
in the form of heat upon deformation.

The loss modulus,G", defines the energy dissipation because of the following calcu-

lations of the energy (AE) dissipated per cycle

27 Jw
AFE = %Jdv = / adldt (3.18)

Substituting for ¢ and v values from the Eq and respectively, yields

27w
AE = wy} / o (G sinwtcoswt + G cos*wt)dt (3.19)
0

The integral is solved by using sinwt coswt = 1/2 sin2w and cos®wt = 1/2(1 +

cos2wt), resulting in

AE = G~} (3.20)

Instrument used. A G2 rheometer from TA instruments was used for temperature
dependent dynamic shear measurements of PPAOTs at discreet frequencies (w = 0.1,
1, 3, 10, 30, 100 rad/s) in the range between -140 °C to 100 °C with 3°C/step and
60s soak time per step. An oscillatory perturbation with a strain amplitude of 0.1 %
was commonly applied. Stripes with a thickness of 1 mm, a width of 6.5 mm and a
length of 12 mm were used as samples. Melt-pressed samples were prepared according
to the thermal program (Figure defined based on the temperature dependent x-
ray diffraction experiments to ensure higher fractions of modification A. (c.f. Results
section) In each measurement, the sample was first cool down to -140 °C with the help
of cold nitrogen gas and equilibrated for 10 min before starting the experiment. Also

the normal force was kept zero during the shear measurement.
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3.2.3 Broadband dielectric spectroscopy

Broadband dielectric spectroscopy is a powerful tool for determining the dielectric
permittivity of materials as the function of frequency and temperature [119]. It is
based on the interaction of external electric field with the electric polarization of the
material [120], often represented as permittivity (¢*). This permittivity, in periodic
electric field, is described as €*(w) = € (w)—ie (w) where € (w) is the real part associated
with energy stored and € (w) the imaginary part related to the energy dissipation within
the medium. The measured polarizability of the materials depends on the mobility
of permanent molecular dipoles and therefore strongly temperature- and frequency-
dependent. Hence, dielectric spectroscopy is detecting the specific reorientation of
molecular dipoles in an external electric field and can give information about relaxation

processes in all kind of materials over a wide frequency range (uHz - THz) [120].

Basic principle. In broadband dielectric spectroscopy, a sine wave voltage with
an amplitude Uy of about 1 V is generated from a generator and is used to produce an
alternating electric field in the capacitor according to E* = U*/d.. This alternating
electric field, which act as a input program, is applied to the sample and the response
to that program is observed as a polarization current /*. Both input program and

output response are shown in Figure [3.7] and can be mathematically expressed as

Program : U* = U, . exp (iwt) (3.21)

Response : [" = Iy . exp (iwt +7/2 —0) (3.22)

Program Response
U I

Polarization P
Electric Field E

Period T (f=1/T) me | o

Figure 3.7: Sinusoidal voltage U* (black) applied to the samples as an input program and the
polarization current I* (blue) is obtained as a response.
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3.2.3. Broadband dielectric spectroscopy

The complex capacitance (C*) of the sample can be used to calculate the permit-

tivity €* according to

¢* = ch (3.23)
(W) = € (W) — i€ (W) = g—z (3.24)

Here Cy = €y A/d, is the capacitance of the empty cell where ¢, is the vacuum

permittivity and A is the face area of the electrode plate.

Dielectric spectra analysis and models. The dielectric relaxation processes,
which arise due to the response of a material to an electric field, are characterized
by various fitting functions, which are required to determine the peak broadening and
asymmetry in the real (¢') and loss part (¢') of the complex dielectric function (¢*). In
the ideal cases, these relaxation processes can be described by Debye function, which
mainly deals with the noninteracting dipole moment of a sample in an AC external

electrical field, and is often given as [121]

Ae

W)= e+

(3.25)

where Ae = €5 — €, is dielectric relaxation strength, €., is the permittivity at the
high frequency, eg is the static, low frequency permittivity and 7p is the characteristic
relaxation time of the medium.

However, in real complex systems (e.g., polymers), the Debye equation cannot be
used to predict the relaxation behavior of the dielectric processes and thus, empirical
modified versions of Debye functions are developed to illustrate the asymmetric nature
of imaginary peaks (¢') as well as its broadness.

The broadness of dielectric loss curves, in real systems, can be shown by Cole/Cole
function [122]

Ae

1 + (iWTCC)B (326)

coo(w) = €x +

where 5 (0 < 5 < 1) corresponds to the symmetric broadening of the loss peak. On
the other hand, the Cole/Davidson function [123] is used to explain the asymmetric

broadening of imaginary peak in dielectric relaxation process

Ae

Ty (3.27)

cop(W) = € +
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Figure 3.8: Real and loss part of complex dielectric permittivity for the Havriliak-Negami function
with fixed: (a) y=1; (b) 8 =1; (tgny = 1s, Ae = 1, €5, = 1). Figure taken from Ref. [121].

In this equation, the exponent 0 < v < 1 represents the asymmetric broadening of
the dispersion curve.

There is another fitting function (combination of the Cole/Cole and Cole/Davidson
equation) which can explain both the broadness and asymmetric nature of dielectric

loss peak (¢ ). This is Havrialiak-Nagami function [124], which can be described as

Ae
1 + (Z'WTHN)ByY

epn(w) =€ + ( (3.28)

The two exponent 5 and v determine the broadness and asymmetry behavior of the
corresponding peak in dielectric spectra (0 < 3, By < 1), respectively. The exponent
3 is the slope dlge” /dlg(w) on the low frequency side far below the relaxation peak
maximum and -£v is the asymptotic slope dlge /dlg(w) at the high frequency side.
Both the shape parameters (5 and ) with fixed values showing the asymmetry and

broadness of dielectric curves are depicted in Figure 3.8

Instrument used. A NOVOCONTROL Alpha analyzer equipped with a Quatro

temperature controller was used for dielectric spectroscopy experiments of PPAOTs.
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3.2.3. Broadband dielectric spectroscopy

The experiments were performed on thin melt-pressed samples with thickness of 100 -
200 pm and ~20 mm diameter. These melt-pressed samples were prepared according
to the thermal program (Figure defined based on the temperature dependent x-ray
diffraction experiments to ensure higher fractions of modification A. All the measure-
ments were conducted using a measuring cell in which the sample was placed between
two parallel, disc like, gold plated electrodes. Isothermal frequencies in the range 0.01
Hz < f < 1IMHz were performed at temperatures between -140°C and +130°C with a
temperature step of +5°C. All the measurements were performed under a controlled

nitrogen gas atmosphere.
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Chapter 4

Results

4.1 Structural investigations on comb-like polymers

4.1.1 Poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s

In this section, the results of structural investigations on poly(1,4-phenylene-2,5-n-
dialkyloxy terephthalate)s with different alkyl side chain (n = 6 to 12) length are
presented. Temperature dependent x-ray diffraction measurements are performed on
non-oriented samples (isotropic) in conjugation with 2D scattering measurements on
oriented fibers (obtained by ram extrusion). Main aim of this part of the work is to
understand and quantify the packing state of side chains within different polymorphic
states of PPAOTs (modifications A and B) as well as interrelations between main and

side chain packing in these comb-like polymers.

FEvaluation of modification A. Temperature dependent x-ray diffraction patterns
for PPAOTSs with different side chain lengths during a stepwise cooling scan (from the
melt) are shown in Figure . Independent of the side chain length, a featureless
scattering pattern is observed for all PPAOTSs samples at the highest temperatures (T
> 200°C) which corresponds to a disordered or amorphous state. A broad ’pre-peak’
at ¢ < 5 nm~! and a conventional amorphous halo around 10 nm™! < ¢ < 20 nm™~! is
seen at these temperatures. The 'pre-peak’, which is observed at higher temperatures,
is also found for many fully amorphous nanophase-separated polymers with comb-like
architecture which show a main chain independent polyethylene-like glass transition
(app process) within alkyl nanodomains [15]. As the temperature decreases, sharp
Bragg reflections corresponding to ¢i, start to emerge in all investigated samples. The

existence of this reflection is observed in the range of 3.0 nm=" to 4.5 nm ™! along with
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Figure 4.1: Temperature-dependent x-ray diffraction patterns for (a) PPHOT (n=6), (b) PPOOT
(n=8), (¢) PPDOT (n=10) and (d) PPDDOT (n=12) measured during the first cooling scan (230°C
to 30°C) in steps of 10°C/min. The labels are the Miller indicies for the most important scattering
peaks.

the higher orders, g4, and g4, which confirms the presence of a lamellar morphology
originating from alternating main and side chain domains. On the other hand, a
prominent g, Bragg peak around ¢ ~ 17.3 nm~! begins to appear upon cooling from
the amorphous halo, which in general seen at 30-60°C lower than the 'pre-peak’. This
Bragg reflection (ggh,) is related to the 7 — 7 stacking of the aromatic rings within the
main chain domains . The temperature at which these peaks appear upon cooling
is known here as onset temperature (T, 100 and T, 020), and its values varies for n =
6 to 12 member of the PPAOTs (Table {4.1]). Furthermore, an additional peak, ¢u.., is

Lin all PPAOTSs showing its independent appearance in

also observed around 5.3 nm~
comparison to gih, and ggh, reflections. The exact nature of this peak will be highlighted

in more details in the later part of this work.

As the samples received after the synthesis have an unknown thermal history, one

aim of this study was to thermally treat all PPAOT samples in order to obtain spec-
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4.1.1. Poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s

240
' T, S5min
200 + H
160 .
L TL30m|n
9 120p
[T L
80
40 +
[25°C, 2C | 25°C
0O 10 20 30 40 50 60 7O
Time/min

Q

Figure 4.2: Temperature program used for the thermal treatment for preparing higher fraction of
modification A in PPAOT samples.

Table 4.1: Temperature program and crystallization temperatures for PPAOT samples (* onset
temperatures where (100) and (020) reflection peaks start to develop)

Label n | Tu | T | Ton,100% | Ton,020+
°C °C | °C °C
PPHOT 6 185 | 130 | 230 170
PPOOT 8 210 | 160 | 210 170
PPDOT 10 | 210 | 170 | 200 170
PPDDOT | 12 | 170 | 150 | 140 100

imens containing a very high fractions of modification A which will be later used in
the relaxation spectroscopic studies. Therefore, a program to obtain modification A of
PPAOTs has been defined based on the above mentioned temperature-dependent x-ray

diffraction experiments. The chosen program is shown in Figure [4.2

A two step program is used. The samples are annealed in a first step for 5 min in
a hot press under slight pressure at a temperature Ty where the samples are basically
molten. Then the samples are cooled down under defined conditions, and afterward
annealed for 30 minutes at a lower temperature 77,. The values of Ty and T} are
sample-specific and listed in Table [£.1} Here, the Ty corresponds to the temperature
where only a very small portion of modification A with ¢i},, lattice planes exists and
no higher orders are present whereas the 7T} relates to the temperature where the
layered structure of modification A is nicely indicated by higher order peaks to the gij,
reflection. The structure of samples prepared according to this program is characterized

at room temperature by x-ray diffraction experiments. The measured patterns are given
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Figure 4.3: (a) X-ray diffraction patterns for PPHOT (n=6), PPOOT (n=8), PPDOT (n=10), and
PPDDOT (n=12) measured at room temperature after applying a special two step thermal treatment
in order to get high fractions of modification A. The Miller indicies for the most important scattering
peaks are labeled. The vertical dotted lines at 5.3 nm ™! and 17.3 nm ™! indicate the weak dependence
of (xxx) and (020) peaks on side chain lengths. (b) Layer spacing d vs. number of carbon atoms per
side chain n. di}, values for modification A (circles - full symbols) of PPAOTSs are compared to those
reported by Ballauff et al (circles - open symbols) [11]. The intercept (dotted line) with the y-axis
(n=0) corresponds to the thickness of the main chain domains (d;,¢).

in Figure 4.3

Table 4.2: Unit cell parameters, spacings and crystallographic density for modification A of PPAQTs

Label n | digo | do2o | doo1 d:lkyl a b c M, p
A A A A A A A g/mol | g/cm?
PPHOT 6 139 | 3.54 | 11.6 | 7.2 139 | 7.1 | 11.6 | 446 1.29
PPOOT 8 16.2 | 3.65 | 11.6 | 9.5 16.2 | 7.3 | 11.6 | 502 1.21
PPDOT 10 | 189 | 3.63 | 11.8 | 12.2 189 | 7.3 | 11.8 | 558 1.14
PPDDOT | 12 | 21.0 | 3.64 | 11.9 | 14.3 21.0 | 7.3 | 119 | 614 1.12

* JA _ JA
Ayt = 100 — dme

Lattice model for modification A. A detailed comparison of the scattering pat-
terns of modification A for different PPAOT samples in Figure [4.3la shows nicely
that the main features are qualitatively similar for all the investigated samples in-
dependent on side chain length. A lamellar structure on the nanoscale is indicated
by Gives Gono and i, reflections appearing at low ¢ values. A comparative look at the

room temperature x-ray scattering pattern (Figure .a) reveals that the i}, reflection
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4.1.1. Poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s

systematically shifts to lower ¢ values, indicating an increased main-chain side-chain
distance di},. The dii, values of all the investigated samples are tabulated in Table
. The increase of diy, indicates an increasing thickness of the alkyl nanodomains
with increasing side chain length as commonly found in comb-like polymers showing
nanophase separation [15}20,21,[125]. The obtained layer spacings dz},, (Table are
comparable to the experimental values determined by Ballauff et al. [11] for modifica-
tion A of PPAOTs. This comparison is graphically shown in Figure [£.3]b in which the
layer spacings dih, are plotted together with data from Ballauff et al. [11]for PPAOTs
with different number of carbon atoms per alkoxy chain (n). The slope, (1.13 A per
additional carbon atom in the side chain) obtained through linear fitting, is lower to
that what is expected for fully interdigitating alkoxy side chains in all trans conforma-
tion (1.25 A per additional carbon atom in the side chain). The extrapolated intercept
for PPAOTSs corresponding to the space required for the main chain (dn. = 6.7 A) is
larger than that given by Ballauff et al. (6.0 A) [11]. As already mentioned above,
the position of the ggb, reflection is basically independent on side chain lengths. The
interplanar spacing corresponding to this reflection is about 3.6 A, which relates to the
distance between the aromatic rings within the stacks of main chains (7 — 7 stacking).

Lis also clearly seen in the diffraction

Note that an additional peak ¢,,, at ¢ = 5.3 nm~
data for all PPAOTs. Whether or not the related spacing of about 11.9 A corresponds
to the true periodicity in main chain direction remained open but was one possible
interpretation of this peak since the difference related to literature values |26}/126] of
12.6 A is moderate (about 6%). However, further studies on oriented samples are
needed to support this interpretation. The results will be discussed in the next part of

this subsection.

To ascertain a lattice model for modification A of PPAOTSs, it is important to
understand whether the (xxx) reflection represents indeed the periodicity between the
neighbored alkyl groups along the polymer backbone. For this, extruded fibers were
prepared at different shear rates and temperatures for the PPDOT member of the
PPAOT series using the ram extrusion setup described in the section 3.1.3. PPDOT
fibers having a diameter of about ~1.5 mm are prepared and measured in a 2D x-ray

scattering setup at intermediate scattering angles.

The 2D scattering pattern of the PPDOT sample extruded at 120°C and a shear
rate of 600s~! is shown in Figure f.4la. The initial observation from Figure [4.4]a
and [£.4c is that the lamellar morphology (modification A) present prior to the ram

extrusion process is preserved with almost constant inter-lamellar spacing. Further-
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Figure 4.4: (a) 2D scattering pattern of an extruded fiber from PPDOT (n=10) fiber processed at
120°C and 600s~1. The fiber is placed such that the fiber axis (= extrusion) direction is perpendicular
to the direction of incoming x-ray beam and vertical in front of the detector plane as indicated in
the 2D pattern. Intensity maximum is observed at the equatorial position for the ¢{y, reflection for
modification A and modification B while meridional scattering is stronger for the g, reflection. (b)
Corresponding azimuthal plots for the ¢it), reflection for modification A and modification B and the
Gzze Teflection obtained from the 2D image. (c) Integrated intensity profile over the entire ¢ range.

more, anisotropic intensity distribution is observed with intensity maxima along the
equatorial position for the ¢if, peak corresponding to the lamellar morphology and
along the meridional position for the q,., reflection. Note that the orientation devel-
opment by shearing was nearly similar irrespective of the chosen processing conditions
(temperatures between 120°C, 140°C and 160°C; shear rates between 20s~!, 300s~!
and 600s™1) [127]. Interestingly, an additional weak peak corresponding to the inter-
lamellar spacing for modification B is also observed with an orientation distribution
similar to that observed for modification A. The integrated intensities over the entire
azimuthal angular range (Figure .c) reveal that the maximum in the scattered in-
tensity for the ¢i}, reflection (for both modification A and modification B) and the ¢,
reflection are shifted by 90° implying that the surface normals of the respective lattice
planes are orthogonal to each other. This strongly supports the interpretation that the
eze Peak corresponds to the side chain to side chain distance along to backbone g,

being about 11.9 A. This value is smaller than the spacing of about 12.5 A reported
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4.1.1. Poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s
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Figure 4.5: (a) Scattering pattern of a PPDOT (n=10) sample exhibiting modification A along
with peak indexing based on an orthorhombic unit cell. (b) A schematic of the orthorhombic unit
cell. The light orange box denotes the alkyl nanodomain whereas the lattice parameters a, b and ¢
are marked.

by Ballauff et al. based on numerical simulations [26].

Based on the results obtained from the presented scattering measurements on ori-
ented and non-oriented samples, a lattice model is established. The relevant peaks
in the scattering pattern for PPDOT can be indexed using an orthorhombic unit cell
with lattice parameters a = 1.85 nm, b = 0.722 nm and ¢ =1.16 nm (Figure [{.5a).
The lattice parameters are calculated from the peak positions labelled as i}, g and
4y, corresponding to main chain-to-main chain distance, ™ — 7-stacking and side chain
to side chain distance along the backbone, respectively. A schematics of the unit cell
structure is shown in Figure [£.5]b. The peak positions corresponding to the propsed
orthorhombic unit cell are shown as vertical lines and fits well to the experimentally
observed peak positions. The crystallographic density as calculated from the monomer
mass M, = 558 g/mol and the unit cell volume is 1.21 g/cm? for 2 monomers per unit

cell.

An orthorhombic lattice is also describing the scattering pattern for the other
PPAOTSs quite well (Figure . Obviously, the lattice is preserved independent on side
chain length. The obtained unit cell parameters are given together with the monomer
masses and crystallographic densities in Table [4.2 The lattice parameters b and ¢
are similar for all PPAOTs members whereas the a varies accordingly with the change

of side chain length (n). Also the crystallographic densities (p) decreases with the
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Figure 4.6: Scattering pattern of (a) PPHOT (n=6), (b) PPOOT (n==8) and (c¢) PPDDOT (n=12)
sample exhibiting modification A along with peak indexing based on an orthorhombic unit cell.

increase of side chain length which is an indicative of side chain disordering in alkyl-

nanodomains.

Formation of and lattice model for modification B. According to Ballauff
et al., [11] higher members of the PPAOT series shows apart from the 'mesophase’,
i.e. modification A, a different packing state called modification B. This modification
corresponds to a different side chain packing as compared to modification A. In this
work, the higher members of the PPAOT series (n = 10 and 12) shows large fractions
of modification B particularly after the synthesis where this modification is probably
growing in the presence of solvent (Figure .

Temperature dependent x-ray scattering pattern measured during a step wise 1st
heating run on as-received (as-synthesized) PPDOT and PPDDOT samples are shown
in Figure [4.7lc¢ and [4.7]d, respectively. At T = 30°C both PPDOT and PPDDOT

! respectively coming

exhibit a Bragg reflection at ¢ ~ 4.6 nm™! and ¢ ~ 4.1 nm~
from the ¢5, lattice planes along with higher orders indicating a lamellar morphology.
At higher temperatures a solid-solid transition is indicated for both samples, PPDOT
and PPDDOT, respectively. In case of PPDOT the lamellar structure appearing low
temperatures is obviously replaced by another lamellar structure during heating in
the temperature interval from 80°C to 100°C. The high temperature modification is
characterized by a ¢, peak occurring at lower scattering values (¢ ~ 3.3 nm™1). A
similar transition is observed for PPDDOT in the temperature interval from 50°C to

80°C. In this case the high temperature structure is characterized by a ¢i, reflection
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4.1.1. Poly (1,4-phenylene-2,5-n-dialkyloxy terephthalate)s
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Figure 4.7: Temperature-dependent x-ray diffraction patterns for as synthesized (a) PPHOT (n=6),
PPOOT (n=8), (c) PPDOT (n=10) and (d) PPDDOT (n=12) samples measured during the first
heating scan (30°C to 230°C) in steps of 10°C/min. The labels are the Miller indicies for the most
important scattering peaks.

at ¢ = 3 nm~!. Further heating to a temperature of T = 230°C results in both the
cases in a complete loss of long range order. It should be mentioned that the lower
members of the PPAOT series with n = 6 and 8 carbons were predominantly found
to occur in modification A with no such transition observed during the heating scan
(Figure 4.7 a and[.7]b). Furthermore, the solid-solid transition during the heating run
was found to be irreversible during the subsequent cooling scan for both the samples.
The structure observed at room temperature after cooling is modification A, as shown
before in Figure d.1c and [A.1}d.

A closer inspection of the scattering patterns for PPDOT (Figure and PPDDOT
(Figure confirms that the layered structure occurring at low temperatures corre-
sponds to modification B as reported by Ballauff et al. [11] while modification A is
occurring at high temperatures. This is evidenced by the Bragg spacings digo. At
temperatures above the solid-solid transition, one gets 18.5 A and 20.95 A for PPDOT
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4. Results

and PPDDOT, respectively. This values are quite close to those which have been found
for modification A previously (c.f. Figure and Table . The dyg9 spacings ob-
served at low temperature (13.6 A for PPDOT and 15.3 A for PPDDOT) are in good
agreement with those reported for modification B (Figure [11]. Considering the
reflections in the wide angle range (12 nm™! < ¢ < 20 nm™?) the typical i, peak
expected for modification A is seen at high temperatures. Interestingly, this peak is
missing at low temperatures indicating that the = — 7 stacking is significantly changed
in case of modification B. What is seen in the WAXS pattern of modification B are
two pronounced peaks at 14.3 nm~' and 15.2 nm~! for PPDOT (Figure [4.8|b) as well
as 14.3 nm~" and 15.9 nm~! for PPDDOT (Figure b), receptively. Further studies
by 2D scattering experiment on PPDOT reveal a 2D WAXS pattern which exhibits an
intensity maximum along the equatorial position for the reflections at ¢ ~ 14.3 nm™!
and ¢ ~ 15.2 nm~! with similar intensity distribution as ¢£,,. According to this scatter-
ing pattern, the reflection at ¢ ~ 14.3 nm~! corresponds to stacking of the backbones
(qfo). The Bragg spacings for all scattering peaks belonging to modification B are
listed in Table 1.3
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Figure 4.8: Temperature-dependent x-ray diffraction patterns for PPDOT (n=10) measured during
heating at different temperatures. A solid-solid transition is indicated by intensity changes of the
peaks at (a) ¢5i), to qit, and (b) g5 to i, with increasing temperature.
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Figure 4.9: Temperature-dependent x-ray diffraction patterns for PPDDOT (n=12) measured

during heating at different temperatures. A solid-solid transition is indicated by intensity changes of
the peaks at (a) ¢f5 to qib and (b) g8, to ggh, With increasing temperature.
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Figure 4.10: Layer spacing d vs. number of carbon atoms per side chain n. digo values for modifica-
tion B in PPDOT (n=10) and PPDDOT (n=12) samples (full circles) are compared to those reported
by Ballauff et al (open circles). |[11] The intercept (dotted line) with the y-axis (n=0) corresponds to
the thickness of the main chain domains (d,,.).

Table 4.3: Unit cell parameters, spacings and crystallographic density for modification B in PPDOT
and PPDDOT

Label n digo | do2o | doo1 || a b c M, p

A A A A A A g/mol | g/cm?
PPDOT 10 | 13.7 | 44 | 11.8 || 13.6 | 8.8 | 11.8 | 558 1.30
PPDDOT | 12 | 154 | 4.4 119 || 154 | 8.8 | 11.9 | 614 1.26

Similar to modification A, an orthorhombic unit cell is describing the scattering
pattern of modification B in PPDOT and PPDDOT. The scattering peaks are indexed
with lattice parameters (i) a: 1.36 nm b: 0.88 nm and c¢: 1.18 nm for PPDOT (Figure
[t.11]a) and (i) a: 1.54 nm b: 0.88 nm and ¢: 1.19 nm for PPDDOT (Figure [£.11]b),
respectively. The crystallographic density as calculated from the volume of the unit cell
and monomer mass of 558 g/mol and 614 g/mol is 1.30 g/cm? and 1.26 g/cm? for two
monomers per unit cell for 'as-received’ PPDOT and PPDDOT, respectively (Table
4.3). In modification B, the reflection corresponding to the m — 7w stacking appears
at ¢ ~ 14.3 nm~"! and is observed at lower ¢ values as compared to modification
A (Figure [£.5)). It seems that the crystalline packing of side chains in modification
B causes the backbones to pack differently leading to an 20% increment in the lattice
parameter b. Note that the scattering peaks for semi-crystalline alkyl side groups often
occur at ¢ ~ 15 nm~! for comb-like polymers with disordered backbones like atactic
poly (n-octadecyl methacrylate) corresponding to the hexagonal packing of the alkyl

groups [128]. Such hexagonal packing in the alkyl nanodomain has also been reported
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Figure 4.11: Scattering pattern of ’as-received’ (a) PPDOT (n=10) and (b) PPDDOT (n=12) sam-
ples exhibiting higher fractions of modification B along with peak indexing based on an orthorhombic
unit cell.

in the case of polyethyleneimines with short side chains (14 to 18 CHy units) [129).

So far modification B is only seen in ’as-received” PPDOT and PPDDOT in which
it is transformed to modification A during heating (Figure . This transition is an
irreversible process as modification B cannot be obtained by cooling from melt (Figure
. However, various techniques have been reported in literature for the preparation
of modification B. Dammann et al suggested two different routes for the preparation
of modification B in PPDDOT (n = 12) [130,|131]. According to them modification B
of PPDDOT can be achieved from samples containing modification A either by (i) a
treatment with methanol and/or (ii) long time storage under ambient conditions. Here
both methods were used to study the solid-solid transition from modification A to
modification B in PPDOT (n = 10) as a representative example. In case of method (i),
a PPDOT sample was treated according to the thermal program presented in Figure
giving a sample containing practically only modification A which is then soaked in
a methanol bath for about two weeks at room temperature. Further, samples stored
under ambient conditions for different times up to three years according to method
(i) are investigated. Samples prepared by both methods were analyzed using x-ray

scattering technique.

X-ray diffraction pattern for differently treated PPDOT samples are shown in Fig-
ure[4.12} tiny fraction of modification B indicated by a weak reflection at g5, is observed

for both, the long-time stored sample as well as in the methanol treated sample. This
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Figure 4.12: Comparison of XRD pattern in the (a) intermediate and (b) wide angle range for
PPDOT (n=10) measured after different treatments (from top to bottom: thermally treated according
to the program given in Figure stored for two weeks in methanol, stored at room temperature for
3 years and as-received. The content of modification B is increasing from the top to the bottom.

evidences, in both the cases, a partial conversion of modification A to modification
B. The presence of this minute fraction of modification B suggests that the packing
state is at least partially influenced by the solvent or long term storage. The observed
transition from modification A to modification B is inline with the idea that the latter
modification is thermodynamically preferred under ambient conditions. Most likely,
growth of this form is kinetically hindered if a PPAOT melt is relatively fast cooled
to room temperature. Hence, the so-called 'mesophase’ being modification A seems
to form commonly during cooling although it is not the thermodynamically stable
modification below a certain solid-solid-transition temperature in the range 30°C to
70°C. On the other hand, in ’as-received’ sample a very high fraction of modification
B is observed as compared to the MeOH treated and long-time stored modification
A samples. This can be attributed to the initial preparation of these polymers where
structures will form in the pretense of large amounts of solvent along with the storage
time. The scattering patterns in the wide angle range (12 nm™! < ¢ < 20 nm™!)
support in all cases that what has been concluded already from Figure In both,
MeOH treated sample and long-time stored sample, two scattering peaks are seen the

1

in range 14 nm~! < ¢ < 16 nm~! in addition to the ¢, reflection of modification A at
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4.1.2. Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s

q = 17.4 nm™!. The presence of g, reflection in MeOH treated and long-time stored
sample corresponds to the m — 7 stacking of the main chains as examined in thermally
treated modification A, whereas, the two extra peaks are related to modification B as
seen in the ’as-received’ sample. This scattering pattern clearly highlights the devel-
opment of modification B from modification A. From the above experiments, it can be
concluded that the storage time is a crucial element for the conversion of modification
A into modification B which in turn indicates the higher thermodynamic stability of

modification B at ambient conditions.

4.1.2 Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s

Structure development in AOPPVs. Temperature-dependent x-ray diffraction
data from measurements on all AOPPVs samples under investigation (n = 6 - 12)

obtained during stepwise cooling from the melt are shown in Figure [4.13

At the highest temperature (T = 220°C), the scattering pattern for all the AOP-
PVs samples exhibit a featureless scattering pattern in the entire scattering range corre-
sponding to a disordered /amorphous state (except HOPPV where this fully amorphous
state occurs at T a2 230°C). The conventional amorphous halo centered at ¢ ~ 13 nm ™!
to 14 nm~! and a broad pre-peak at low scattering vectors g ~ 5 nm ™! are observed in
this state without long range ordered structures. Nevertheless, the presence of a pro-
nounced pre-peak indicates nanophase separation of main chain and side chains without
long range order like found in many other non-crystalline comb-like polymers. As the
AOPPYV samples are cooled, sharp Bragg reflections begin to appear corresponding to
a long range ordered state. Main features of the scattering patterns are qualitatively
similar for all investigated samples independent on side chain lengths. The presence

1

of a reflection at g5, in the range 2.6 nm™! to 4.2 nm™! along with higher orders at

g, and ¢f¥, evidences the existence a lamellar morphology arising from alternating
main and side chain domains like in PPAOTs. The reflection at ¢f}, ~ 15.8 nm™!
is due to the m — 7 stacking of the aromatic rings within the main chain domains.
This has been concluded by Nagamatsu et al. in an earlier paper [18] from studies
on an oriented OOPPV (n = 8) sample and will be demonstrated based on own data
for oriented DOPPV (n = 10) in more detail below. Interestingly, the ¢%, reflection
appears during cooling also in the AOPPVs series commonly at a lower temperature
as compared to the ¢&, reflection. The onset temperatures where both Bragg peaks

set in during cooling, T, 100 and T, 020, are given in Table
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Figure 4.13: Temperature-dependent x-ray diffraction data patterns for (a) HOPPV (n=6), (b)
OOPPV (n=8), (¢) DOPPV (n=10) and (d) DDOPPV (n=12) measured during the first cooling scan
(220°C to 30°C) in steps of 10°C/min. The labels indicate the Miller indicies for the most important
scattering peaks.

Table 4.4: Crystallization temperatures for AOPPV samples (* onset temperatures where (100) and
(020) reflection peaks start to develop)

Label n | Ton,100¢ | Ton,020*
°C °C
HOPPV 6 220 170
OOPPV 8 210 170
DOPPV 10 | 190 110
DDOPPV | 12 | 190 110

Like in PPAOTs, the T, 020 values are commonly ~ 40 — 80°C lower that T, 100-
This indicates possibly that a liquid-crystalline state without well stacked backbones
in the main chain domains exists in AOPPVs between T,, 100 and T}, 2. A more

detailed overview showing the development of g5, along with its higher orders and g%,
is given for the OOPPV (n = 8) and DOPPV (n = 10) members in Figures and
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4.1.2. Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s

(a) 220°C (b) 220°C

Intensity (a.u.)
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Figure 4.14: X-ray diffraction patterns for OOPPV (n—8) measured during cooling at different
temperatures. (a) The reflection at ¢}, along with its higher orders at ¢%, and ¢, as well as (b)
the reflection at g%, do develop with decreasing temperature.

The selected curves represent the different intermediate states discussed already
above. Note that the higher members of the AOPPVs series - DOPPV (n = 10) and
DDOPPV (n = 12) - exhibit an additional peak at low scattering vectors at about
2.5 nm~! and 2.1 nm™!, respectively (Figure c and d). This reflection occurs
at scattering vectors lower than ¢, and develops at temperatures below 100°C. This
Bragg peak indicates the presence of another crystallographic modification in AOPPVs
that occurs preferentially at low temperatures and has a lower packing density. This

structural feature will be discussed in more detail at the end of this section.

Lattice model for modification B. X-ray diffraction patterns for all investigated
AOPPVs measured at room temperature after cooling are compared in Figure [4.16]a.
As already discussed above, the main features are related to a layered structure which
is called modification B here since it has a high packing density of the side chains in
analogy to modification B in PPAOTs as shown in detail below. Higher orders to the
narrow main peak at ¢h, appearing at ¢&, and ¢&, are clearly visible and labeled in
Figure a. A systematic shift of the peak at ¢, to lower scattering vectors ¢ is

observed with increasing lengths of the side chains (n) related to an increasing domain
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Figure 4.15: X-ray diffraction patterns for DOPPV (n=10) measured during cooling at different
temperatures. (a) The reflection at ¢ff, along with its higher orders at ¢&), and ¢%, as well as (b)
the reflection at ¢, do develop with decreasing temperature. An additional reflection at low ¢ values
(¢it,) is observed only for temperatures below T ~ 100°C.

size. The relevant Bragg spacings d5,, corresponding to the lamellar morphology re-
sulting from a periodic arrangement of nanodomains containing aggregated side chains
and stacked aromatic rings are plotted in Figure [£.I6/b. This plot shows a practically
linear increase of df,, with side chain length n. The slope obtained from a linear fit
is about 1.5 A per additional carbon atom in the side chain. This slope is larger than
that what is expected for fully interdigitating side chains in all trans conformation
(1.25 A per additional carbon-atom in the side chain). The extrapolated value at n
— 0, which corresponds to the space required for the main chain, is d,,. = 5.4 A. The
position of the peak at ¢f, is obviously for all samples nearly identical ~ 15.8 nm™!
(Figure , i.e., the m — 7 stacking distances is basically independent on side chain
lengths. The corresponding Bragg spacings d&, are in the range of about 4 A and are
listed together with all other relevant spacings (d%,) in Table

Based on the obtained information about df,, and d%,, as well as literature infor-
mation about d%,, a lattice model was established. The predictions of different lattice
models were compared with the experimentally obtained scattering pattern at room

temperature (after cooling from the melt state) in order to refine the unit cell parame-
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4.1.2. Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s
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Figure 4.16: (a) X-ray diffraction patterns for HOPPV (n=6), OOPPV (n=8), DOPPV (n=10),
and DDOPPV (n=12) of modification B measured at room temperature (after cooling the melt).
Position and Miller indicies of the most important scattering peaks are indicted. (b) Layer spacing
dB, vs. number of carbon atoms per side chain n (full circles). The dygo value for OOPPV from the
literature is given for comparison (open circle). [27] The dotted line is a fit to the experimental data.
The extrapolated spacing at n=0 corresponds to the thickness of the main chain domains (dy,.)-

Table 4.5: Unit cell parameters, spacings and crystallographic density for AOPPVs

Label n | digo | do2o | doo1 d;lkyl a b c M, P ~

A A A A A A | A | g/mol | g/em?

HOPPV 6 14.7 | 3.89 | 6.4 9.3 146 | 7.8 | 6.4 | 302 1.36 95°

OOPPV 8 18.1 | 3.96 | 6.4 12.7 182 | 79 | 6.4 | 358 1.29 95°

DOPPV 10 | 21.2 | 4.02 | 6.4 15.7 21.3 | 8.0 | 6.4 | 414 1.26 95°

DDOPPV | 12 | 24.2 | 4.04 | 6.4 18.7 24.3 | 8.1 | 6.4 | 470 1.24 95°
@ daikyr = d100 — dme

ters. An optimal agreement between lattice model and experimental data for AOPPVs

is commonly achieved using a monoclinic unit cell.

Figure shows the x-ray diffraction pattern of the octyl member (n=8) of the
AOPPYV series indexed using a monoclinic unit cell as a representative example. The
expected peak positions corresponding to the chosen unit cell are marked by (black)
vertical lines and fit the data well. The lattice parameters used are a = 1.82 nm, b =
0.79 nm, ¢ = 0.64 nm and v = 95°. The crystallographic density, as calculated from
the unit cell parameters and the monomer mass, is 1.29 g/cm? for 2 monomers per unit
cell. For the unit cell fit, the shoulder at ¢ ~ 9.9 nm™! is chosen as ¢, reflection is

associated with the side chain to side chain distance along the backbone in agreement
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Figure 4.17: (a) Scattering pattern of a OOPPV (n=8) sample with peak indexing using a mono-
clinic unit cell. (b) A schematic of the monoclinic unit cell. The light orange box denotes the alkyl
nanodomain. The lattice parameters a, b and ¢ are labeled.

with the value reported for OOPPV in Ref. [18|. The proposed unit cell structure is
schematically shown in Figure b.

A similar unit cell was successfully used to fit the scattering pattern for other
members of the AOPPV series (Figure . Obviously, a monoclinic lattice model
is applicable independent on side chain length. The obtained unit cell parameters
are given together with the monomer masses and crystallographic densities in Table
4.5l The lattice parameters b, ¢ and 7 are similar for all AOPPVs whereas the a
varies systematically with the side chain length (n). The crystallographic densities
(p) are comparable with those obtained for modification B of PPAOTs. This is is a
first indication for a dense packing of side chains within the alkyl nanodomains. On
the other hand, modification B in AOPPVs shows similarities with modification B in
PPAOTs regarding the crystallographic densities. This will be discussed in more detail

in Section 5.1.

In order to check the proposed lattice model a ram extruded DOPPV (n = 10) fiber
has been prepared at T = 70°C with a shear rate of 30 mm/min. 2D scattering patterns
for the DOPPYV fiber measured at room temperature in the intermediate and wide angle
scattering range are shown in Figure Measurements in a geometry where the x-
ray beam is perpendicular to the fiber axis show for the ¢, reflection an anisotropic
intensity distribution with intensity maxima along the equatorial position. The (100)

lattice planes are nearly perpendicular to the (020) lattice planes of modification B
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4.1.2. Poly (2,5-n-dialkyloxy-1,4-phenylenevinylene)s
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Figure 4.18: Scattering pattern of (a) HOPPV (n=6), (b) DOPPV (n=10) and (c) DDOPPV
(n=12) sample exhibiting modification B (black) along with peak indexing based on a monoclinic unit
cell. Bragg reflections corresponding to Modification A (gi},,) are shown for comparison.

! showing mainly scattering intensity in

related to the reflection at ¢ ~ 15.8 nm™
meridional direction. This observations fit well to the expected angle of 95° between
the surface normals describing m — 7 stacking (020) and lamellar morphology (100) in
case of modification B. A similar orientation between both reflections was also observed
in shear oriented thin films for the octyl member of the AOPPV [18]. This confirms
main predictions of the derived monoclinic lattice model. An interesting finding is that
the backbones are majorly oriented perpendicular to the fiber axis in case of DOPPV

while they are basically parallel to the fiber axis in PPOOT.

Indications for modification A. It has been mentioned earlier that the higher
members (DOPPV, n = 10 and DDOPPV, n = 12) of the investigated AOPPV series
show an additional reflection centered at scattering vectors smaller than ¢ff,. This
reflection behaves like a gi}, reflection in case of PPAOTs. Hence, it is assumed that
this reflection corresponds to another polymorphic state in higher AOPPVs similar
to modification A in PPAOTs. The additional peak at low ¢ values in DOPPV and
DDOPPYV is therefore associated to a qih, peak belonging to modification A. This idea
is further supported by the fact that the orientation of this peak at gi}, is also identical
to that of the (100) reflection belonging to modification B in case of an extruded
DOPPVs fiber (Figure . Although, such a g}, reflection is not observed for the
lower members of the AOPPVs series (n = 6 and 8), the asymmetric peak shape may
suggests that it is only hidden under the wing of the reflection at ¢5, (Figure . A

main difference compared to modification A in PPAOTs is, however, that higher orders
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4. Results

Q

Figure 4.19: 2D x-ray scattering pattern of an extruded DOPPV (n=10) fiber measured in the
(a) intermediate and (b) wide angle range. The fiber axis is placed perpendicular to the direction
of incoming x-ray beam parallel to the detector plane in vertical direction. The labels indicate the
position of the relevant scattering peaks. Vertical dark blue bars are blind area of detector.

to the reflection at ¢iy, do not appear. Note that the peak at g}, is a bit broader
compared to the (100) reflection of modification B (Figure indicating a reduced
long range order. The coherence lengths as calculated from the peak width of the
peaks at ¢ib, and ¢5, using the Scherrer equation (d. = K\/(w.c080,,42)) are 7.5 nm
and 30.5 nm for modification A and modification B of DOPPV, respectively. The
corresponding values for DDOPPYV are 9.97 nm and 34.7 nm, i.e., the coherence length
for modification B is in both cases 3-4 times larger than that of modification A. Another
difference compared to PPAOTs is that thermal stability ranges of modification A and
modification B are seemingly exchanged. Modification A forms at high temperatures in
higher PPAOTs while modification B appears only at low temperatures. The situation
is inverted in higher AOPPVs.

Considering that the peak at ¢y, indicates the existence of modification A in
DOPPV and DDOPPYV the question arises whether or not there are additional re-
flections in the WAXS range belonging to this structure. Potential candidate is here in
particular the Bragg peak at ~ 13.6 nm ! labeled as q;‘yy in Figure . Speculatively
this peak is related to m — 7 stacking (i) for modification A. The corresponding
Bragg spacing would be then ~ 4.6 A. Possible arguments for this interpretation are
listed below.

1. The peak at q;‘yy is oriented like the ¢5, reflection nearly orthogonal to that
at qih, (Figure |4.19). Note that there are no peaks of modification B close to

~ 13.6 nm~! where such an orientation would be expected.

2. The commonly larger peak width of the peaks at q;‘yy and ¢}, indicating a small
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4.2. Relaxation spectroscopy of alkyl side chains in rigid main chain polymers

coherence length in both directions (Figure 4.18)).

3. The temperature dependence of the peaks at q?j‘yy and ¢i, is quite similar. Both
peaks appear below 100°C, i.e., at lower temperatures compared to other reflec-
tions in the WAXS range belonging to modification B (Figure 4.13)).

The arguments given above support the assumption that the peak at q;ﬁyy ~ 13.6 nm~
can be understood as gg, reflection in higher AOPPVs. Although it is seems to be
clear that a second polymorphic state similar to modification A in PPAOTs is ob-
served in higher AOPPVs, many details are open yet. In particular, the evaluation of
the crystallographic structure of this polymorphic state needs further investigations.
Very helpful would be oriented samples containing large fractions of modification A

without modification B crystals.

4.2 Relaxation spectroscopy of alkyl side chains in
rigid main chain polymers

In this section, the results obtained from dynamic shear and broadband dielectric
spectroscopy measurements on a series of PPAOTs are presented. Thermally treated
PPAOT samples containing a large fraction of modification A, which do not change
their structure significantly in the temperature interval of interest, are used. Special
focus of the work presented in section is a deeper understanding of the main factors
influencing the cooperative side chain dynamics (apgp process) in the self-assembled

alkyl nanodomains of long-range ordered PPAOTs.

Dynamic shear measurements. Temperature dependent shear loss modulus
G"(T) data for different PPAOTs measured at frequencies ranging from 0.1 to 100
rad /s are shown in Figure m Two prominent relaxation processes are detected. At
low temperatures between -125°C and -30°C, a strong relaxation process appears in all
the investigated PPAOTs. This process occurs at temperatures below the conventional
a relaxation and takes place in the similar temperature-frequency range where the apg
process (polyethylene-like glass transition) has been found for long-range ordered rreg
P3ATs [21]| and for other fully amorphous nanophase-separated side chain polymers
with n = 6 to 12 alkyl carbons in the side chain [15]. This apg process shifts to
higher temperatures with increasing number of CH, groups per side chain. The peak

maximum for a measurement frequency of 10 rad/s as approximated by Gaussian fits
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Figure 4.20: Shear loss modulus G” of PPAOTs vs. temperature (T). The two relaxation processes,
«a and apg, are indicated. The labels indicate the number of alkyl carbons per side chain (n). The
measurement frequency (w) is 0.1 to 100 rad/s.

appears at about -91°C for PPHOT (n = 6) and approaches -50°C for PPDDOT
(n = 12). Accordingly, the app process is interpreted as dynamics of CHy groups
within amorphous alkyl nanodomains [15]|. The existence of an apgp process with
relatively large intensity supports the idea that the alkyl side groups in the investigated
PPAOTs remain disordered although a lamellar long range order exists. However, at
higher temperatures (between -10°C and 80°C) the conventional a relaxation process of
amorphous PPAOT chain segments is observed which shifts to the lower temperatures
with increasing methylene units in the side chains. This relaxation process indicates
the cooperative dynamics of entire monomeric units in the amorphous fraction of our
PPAOTs. The relaxation strength of the a process is expectedly weak compared to
other relaxation processes in the shear curves since a large fraction of the main chains in
PPAOQOTs is incorporated in 'main chain stacks’ where the rings are packed in a crystal-
like manner. The o peak maximum in G”(T) taken from a Gaussian fit appears at 10
rad/s at about 45°C for PPHOT (n = 6) and approaches 11°C for PPDOT (n = 10).
This decrease in the « relaxation temperature with side chain length is well known

for fully amorphous comb-like polymers like poly(n-alkyl methacrylates) and has been
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Figure 4.21: Arrhenius plot log w vs 1000/T for PPHOT (n=6), PPOOT (n=8), PPDOT (n=10)
and PPDDOT (n=12). The maxima for « process (open circles) and the apg relaxation process (full
circles) taken from the G” isochrones measured at different frequencies are given. The dotted line
corresponds to the Spg process in poly(n-alkyl acrylates) with very short side chains [15] showing an
Arrhenius-like temperature dependence. The slopes used for the determination of m,,, , are shown as
short solid lines.

discussed as a consequence of internal plasticization effects caused by highly mobile
alkyl side groups [12|. Interestingly, this trend is not continued for PPDDOT (n = 12)
showing no clear decrease of the relaxation temperature but eventually even a slight
increase compared to the PPDOT member. Note that very long alkyl groups with n >
12 alkyl carbons normally crystallize even in comb-like polymers where the backbones
are not able to pack on a regular lattice since they are mobile and flexible enough
to crystallize away from the backbones [132]. A similar effect may exist in higher
PPAOTSs and might be also important for the slight upwards shift of the a relaxation
temperature in case of PPDDOT.

Table 4.6: Characteristic parameters for PPAOTs obtained from DMA (* measurement frequency
w = 10 rad/s)

Label n | T | Taps™ | Mapg
°C | °C

PPHOT 6 | 45 -91 19.0
PPOOT 8 |25 -67 25.6
PPDOT 10 | 11 -58 25.1

PPDDOT | 12 | 19 -50 27.9

The frequency-dependence of the position of the shear loss peaks in shear loss mod-
ulus (G”) isochrones is compared in the Arrhenius plot shown in Figure Two
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different relaxation processes are shown for PPAOTs: (a) The « relaxation occur-
ring at higher temperatures belonging most likely to cooperative motions in the fully
amorphous regions where main chain and side chains are disordered. A strong non-
Arrhenius-like temperature dependence is observed which can be quantified with an
VFT equation (Eq.. The « process shifts consistently to lower temperatures with
increasing side chain length for n = 6 to 10 alkyl carbons. This shift is related ac-
cording to the discussion in the literature to an ’internal plasticization’ of the main
chains by surrounding alkyl groups as discussed by Heijboer for poly(n-alkyl methacry-
lates) [12]. The behavior of the PPDDOT (n = 12) sample, however, is not in line
with this phenomenological interpretation and shows an inverted trend. Similar effects
are at least indicated in other homologous series for n > 12 and normally discussed
as a consequence of crystallization of CHy units far away from the backbone. (b) The
apg relaxation process appears at low temperatures and is related to an independent
dynamics of CHs units within amorphous alkyl nanodomains being obviously relatively
independent on the state of the neighbored main chains. The relaxation temperatures
of the apg process shift systematically to higher temperatures if the number of alkyl
carbons per side chain n increases like observed for other polymers with comb-like
architecture [15,21,{132]. Additionally, a non-Arrhenius like behavior is observed for
all investigated PPAOTs. This is indicated by an increasing deviation from the line
representing the Arrhenius-like temperature dependence of the Spg process in Figure
[4.21] This deviation from Arrhenius behavior can be also quantified using the steep-
ness index m,,, which can be calculated based on the slope of the app trace in the

Arrhenius plot taken at w = 10 rad/s according to |80]

Mapy = _dlogw/d(TapE,lorad/s/T>’T:TQPE,l(]Tad/& (41)

The obtained m,,, values for the series increase systematically with the increasing
number of methylene units per side chain (with slight variation in n = 10) indicating
non-Arrhenius like behavior in PPAOTs (Table 4.6). Note that m,,, values larger
than 13 indicate non-Arrhenius-like behavior. Values of about 13 are expected for sec-
ondary relaxation processes (Johari- Goldstein relaxations |74]) in glass forming ma-
terials showing Arrhenius-like temperature dependence. Higher values as obtained for
PPAOTs with longer side chains indicate that the underlying motions are cooperative

in nature.

Broadband dielectric spectroscopy. Dielectric spectroscopy measurements are

used to obtain further information about the relaxation dynamics of poly (1,4-phenylene-
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Figure 4.22: Imaginary part of dielectric function €’ vs. frequency (log f) for PPAOTs at the
measured temperature range from -90°C to 10°C. The entire data corresponds to app relaxation
process. The number of alkyl carbons per side chain (n) is indicated.

2,5-n-dialkyloxy terephthalate)s in a broad frequency range (0.03Hz to 1MHz). The
frequency dependence of imaginary parts of the dielectric function (¢”) of PPAOTs from
isothermal experiments at different temperatures between -90°C to 10°C is displayed

in Figure 4.22]

The peaks appearing in €¢” isotherms measured at low temperatures far below the
conventional T} are related to the apg process. This process is differently pronounced
depending on side chain length. In the isotherms for PPHOT (n = 6), there is only a
weak shoulder indicating the existence of an apg process while clear peaks are seen for
the PPAOTs with longer side chains due to an increasing CH, fraction in the samples.
In general, the app peaks in €”(f) are seemingly symmetric and broad as compared to
the conventional « relaxation processes observed in the other polymeric materials [119,
121,|133,/134]. The app peak position shifts expectedly with increasing temperature
towards the higher frequencies. A strong additional wing at high frequencies seen in the
isotherms of PPHOT, PPOOT and PPDOT indicates the existence of an additional
~ process. Interestingly, this high frequency wing is missing for PPDDOT where the

conventional « process is seen at the low frequencies in the investigated temperature
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Figure 4.23: Dielectric loss €’ vs. temperature (T) for PPAOTs measured at a frequency of 1 kHz.
The two relaxation processes, a and apg, are indicated. The curves are vertically shifted by 1-3
decades relative to the isochrone for PPHOT (n=6). The labels indicate the number of alkyl carbons
per side chain (n).

window. The latter is consistent with the finding from shear data that o and apg
processes come close in PPDDOT. Note that the relaxation strength of the app process
is small in our measurements, as it is only related to the cooperative dynamics of CH,

units in alkyl nanodomains which do not have a significant permanent dipole moment.

Beside of the dielectric isotherms, isochrones showing the dielectric loss vs. tem-
perature (¢” (T)) at a given frequency (e.g. 1kHz) for different PPAOTs provide addi-
tional insights (Figure [.23)). The dependence of the o and app peak positions on side
chain length is similar to those seen in related curves for the shear loss modulus G”.
As expected, the app process which is observed at lower temperatures shift towards
higher temperatures while the « process seen at higher temperatures move towards
lower temperatures with increasing number of methylene units per side chain n. The
latter shift is due to the internal plasticization [12| as determined in other comb-like
polymers [15]. Moreover, the app peak intensity is higher as compared to « process
which is qualitatively also in line to the data obtained from dynamic mechanical mea-
surements. Besides these two relaxation processes, at high temperatures conductivity
contributions are observed which strongly superimpose with the a relaxation process.
In case of PPHOT (n = 6) the « relaxation process appears only as a weak shoulder
on top of the dominating conductivity wing o/eqw while a clear a peak is seen in other
cases. In addition, at the lowest temperatures the existence of a v relaxation process

is indicated which is related to fast, extremely localized motions of small subunits.
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Figure 4.24: Havriliak-Negami function is used to obtain app peak maxima (wy,q.) for (a) PPHOT
(n=6) and (b) PPOOT (n=8). Open symbols corresponds to actual data, dotted lines are two
individual HN-functions and the solid line is superposition of two HN-functions.

Normally the dielectric relaxation spectroscopy data are analyzed by using model
fit functions. Here, the app process is parametrized using a fitting procedure based
on Havriliak-Negami (HN) functions [121,/133]. Representative examples for such fits
are shown in Figure Main aim is to extract the aprp peak maxima positions
Wmae from the measured isotherms. The uncertainties of all HN fit parameters are
not negligible as the app process in the investigated samples is extremely broad and
superimposed with other relaxation processes. A superposition of two HN functions is
used to get the average relaxation frequencies (wyq,) for the app process in dielectric
loss isotherms. The corresponding HN fit parameters are given in Table in the
Appendix. The temperature dependence of the apg relaxation frequency wy,., from
HN-fits is compared for all PPAOTs in the Arrhenius plot (log w vs. 1000/T) shown
in Figure [4.25]

The temperature dependence of w,,,, for the apg relaxation process are obviously
well approximated by the Vogel-Tammann-Fulcher-Hesse (VFTH) equation as seen in
Figure Clear trends are observed with increasing number of alkyl carbons per side
chain n. The apg relaxation process moves systematically towards higher temperature
and a more pronounced non-Arrhenius-like behavior is generally observed. The later
trend can be quantified based on the steepness index (or fragility) which is calculated
here based on the VFTH parameters using [80,81,83]

Mapp = B‘TapE,lorad/s/(Tosz,lOrad/s - Too)2 (42)

where B is the curvature and T, is the Vogel temperature. The obtained fragility
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Figure 4.25: Arrhenius plot log w vs 1000/T for PPHOT (n=6), PPOOT (n=8), PPDOT (n=10)
and PPDDOT (n=12). Open circles correspond to apg relaxation frequencies taken from HN-fits and
the open circles with cross are data for the apg relaxation process taken from isochrones measured at
different frequencies (w = 0.3 - 100 rad/s). The dotted line indicates the Arrhenius-like Spp process
in poly(n-alkyl acrylates) with short side chains [15]. The solid lines are VFTH fits used for the
determination of m,,,, from dielectric data.

values, Mg, ,, are shown in Table A systematic increase in m,,, is obviously

observed with increasing number of methylene units per side chain n.

Table 4.7: Characteristic parameters for PPAOTs obtained from BDS (* measurement frequency w
= 10 rad/s)

Label n | Topy | B T logwo | Mapg vern
°C °C
PPHOT 6 | -77.7 | 1630 | -202.6 | 14.01 | 20.4
PPOOT 8 |-63.4 | 1273 | -164.2 | 13.58 | 26.2
PPDOT 10 | -54.5 | 1229 | -153.8 | 13.3 | 27.3
PPDDOT | 12 | -44.8 | 1205 | -144.9 | 13.12 | 27.5

Comparison of relaxation temperatures and fragilities for the apr pro-
cess. The main trends of apg relaxation processes observed in shear and dielectric
measurements on PPOATs samples appearing as modification A are summarized in
Figure 4.26f The trends observed in the relaxation temperature 7,,, and fragility
Map, depending on side chain length are obviously independent on the experimental
method and quite similar to those obtained for other polymers with comb-like architec-
ture [20,21]. It can be observed that the relaxation temperatures of the apg process in
PPAOTs shift systematically to higher temperatures if the number of alkyl carbons per
side chain n increases (Figure ). The apg relaxation process determined from

dynamic mechanical analysis at 10 rad/s for PPHOT (n = 6) appears at -91°C and
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Figure 4.26: (a) Relaxation temperatures Ty, and (b) steepness indicies m,,.,, of the apg process
of PPAOTs from DMA (full symbols) and dielectric spectroscopy (open symbols). The dotted lines in
part (a) indicate the range where T, ., appears for nanophase-separated side-chain polymers [15//21].
The dashed line in part (b) is the mg,,, limit corresponding to an relaxation process with Arrhenius-
like temperature dependence.

is shifted to -50°C for PPDDOT (n = 12), whereas it emerges at -78°C for PPHOT
and moved to -45°C for PPDDOT when analyzed by dielectric spectroscopy. This dif-
ference between the measurements obtained from both techniques is mainly associated
to the experimental method and also found in other cases. However, the trends in

both cases are clearly similar. T, ,, increases with increase in side chain length. The

PE
steepness index m,,, of the app process in PPAOTs also increases with increasing
side chain length as shown in Figure [£.26lb. This corresponds to a transition from
Arrhenius to non-Arrhenius behavior as reported previously for P3ATs [21] and other
fully amorphous polymers with comb-like architecture [15]. The estimated fragility
values for higher PPAOTs correspond to that of strong glasses with a weakly but sig-
nificantly non-Arrhenius temperature dependence of the relaxation frequency [80,135|.
The observed trends will be further discussed and interpreted in the Discussion section

(Chapter 5).
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Chapter 5

Discussion

5.1 Packing states of alkyl groups in comb-like poly-

mers

The structural analysis of PPAOTs and AOPPVs revealed presence of two different
polymorphic states, namely modification A and modification B. Both modifications
(modification A and B in PPAOTs and modification B in AOPPVs) are characterized
by a lamellar morphology with alternating main chain and alkyl nanodomains along
with stacked backbones (7m—m stacking). The resulting long range order within the main
chain domains often determines the performance of the materials. However, of major
importance for the overall structure, is the packing of the methylene sequences within
the alkyl nanodomains which can vary depending on the microstructure of the rigid
backbones as well as the conditions under which structure formation occurs [1,2,21].

Fundamental questions that arise are for example

1. What is the reason of the occurrence of different polymorphic states in comb-like

polymers with rigid backbones?

2. Is the packing state of the side chains within the alkyl nanodomains driving the

formation of different polymorphic states?
3. Can the packing state of the side chains be quantified? and

4. What is the influence of the packing of side chains on the packing behavior of

main chains?

Various studies on comb-like polymers have been performed to determine the crys-

tallinity and packing behavior of side chains [136-139]. A prominent example is the
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discussion about the packing of alkyl groups in the extensively studied organic semi-
conductor regio-regular P3HT where various models with different predictions regard-
ing the state of the side chains have been proposed [22-25|. Typically, the crystallo-
graphic analysis is often made based on models considering interdigitation and tilting of
alkyl side groups assuming that they are in a totally stretched all-trans state [22,23}25].
Whether or not this assumption is really applicable seems to be open and is contro-
versially debated in several cases. In contrast to these often discussed packing models,
an alternative approach is considered here where the average volume per CH, unit
is used to learn more about the packing state of the side chains in different layered
states of comb-like polymers. The advantage of this approach lies in the fact that it
excludes presumptions of interdigitation, tilting or having the all-trans configuration

for predicting the packing state of alkyl side chains.

According to the crystallographic analysis, based on a comparison of the entire X-
ray diffraction patterns with appropriate lattice models and parameters for PPAOTs
and AOPPVs (Table and [£.5), the average volume per CH, unit for each
member of both series can be estimated based on the minimum assumptions using
information about the packing of the backbones and alkyl nanodomains size according

to

(d1oo — dime) X 2doz0 X door
(4 x n) .

VCHQ - (5]‘)

Note that the methyl end groups (CH;) are treated in Eq.(B.1)) like methylene units
(CH,). Calculations based on Eq[5.1] require not only information about the distance
between the points where the side chains are attached to the rigid backbone (dgor,
doo) but also the thickness of alkyl nanodomains duyyi= (digo - dime) With dp,. being
the average thickness of the main chain layers. These d,,. values are estimated for both
investigated polymer series from a linear extrapolation of the dyoy values observed for

members with different side chain lengths and vary depending on the microstructure

of the main chain (Figures [.3b, and [4.16]Db).

A comparison of the Vi py, values calculated from scattering data for different comb-
like polymers using Eq.(5.1)) is presented in Figure[5.1] It is obvious that there are sig-
nificant differences between different modifications and polymer series while the scatter
in the values depending on side chain length is rather limited. The Vi, values for
modification A of the PPAOTSs as well as rreg P3ATs of about 25 to 26 A3 seem to be sig-
nificantly larger than those of methylene units in orthorhombically packed polyethylene
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Figure 5.1: Average volume per methylene unit Vg, dependent on side chain length for rreg P3ATs
(black squares) [21], PPAOTs modification A (red circles), PPAOTs modification B (magenta circles)
and AOPPVs (blue diamonds). The Vg, values for amorphous polyethylene (dotted line) [140] and
crystalline polyethylene (solid line) [133| are given for comparison. All values are measured under
ambient conditions.

of about 23.5 A3 [133] and approach the values estimated for amorphous polyethylene
in the amorphous state of about 27 A3 [140]. The question arises whether or not it is
reasonable to assume that such a low density of the alkyl nanodomains is compatible
with a crystalline packing of the methylene units. Further it has to be mentioned that
non-crystalline side chains are also indicated by the relaxation dynamics of the CH,
units in case of rreg P3ATs |21] as well as information from special 2D NMR studies in
case of PPAOTSs [54]. Hence, it seems to be reasonable to assume that the alkyl groups
are in a more or less disordered state in these samples. Quite different behavior is
observed in AOPPVs and PPAOTs for modification B, where average volumes Vg, of
about 18 to 20 A3 are obtained for all members of AOPPVs and for n > 10 for PPAOTs.
Seemingly, the packing density of the methylene sequences is significantly higher than
in crystalline polyethylene or alkanes showing larger volumina per CHs unit. This
seems to be a strong hint towards crystalline packing of the methylene sequences with
a comparatively high density possibly due to a limited distance between neighbored
side chains (in AOPPVs) and a strong interaction between neighbored, non-bonded
main chains. This comparison of Viop, values allows a clear classification for different
polymorphic states in different comb-like polymers. Note that the differences between
the Vg, values for both modifications is quite large while the scatter depending on side
chain length n is rather limited. This hints to a uniform side chain packing state for a

given modification. This finding provides strong evidence for the occurrence of signifi-

81



amorphous PE

PPAOT;(Mod gA) ® o

rreg(P3AT)s

[ crystalline PE

AOPPVs (Mod B)

2 2 'S
2 o
o

| | PPAOTS (Mod B) |

2 4 6 8 10 12

Alkyl carbons per side chain






5. Discussion

cantly different packing densities of the methylene sequences in alkyl nano-domains of
comb-like polymers with rigid backbones depending on the modification formed.

The occurrence of different modifications can now be successfully explained by dif-
ferent packing densities of the CH, units within the alkyl nanodomains, e.g. methylene
sequences in the disordered state vs. those in the crystalline state. This approach gives
more independence to the subunits - main chains containing rings and the side groups
made from CH, units - and assumes that their packing tendency is a main driving
force for the formation of different layered structures (polymorphic states) in comb-like
polymers. Rigid backbones containing ring-like units tend to form = — 7 stacks already
at very high temperatures while free methylene sequences with limited length (n < 12)
would form only at low temperatures crystals as equilibrium statev [141]. At high tem-
peratures their disordered state is thermodynamically preferred. Hence, the formation
of m — 7 bonds may drive structure formation during cooling of comb-like polymers
first before the formation of crystalline methylene sequences is becoming important.
Consequently, the methylene sequence may have problems to achieve their equilibrium
state. Otherwise, the thermodynamic driving forces caused by the side chains can be
huge under ambient conditions since methylene sequences are characterized by large
free energy differences between crystalline and disordered state.

Thus, one can conclude that there are obviously different packing states of long
methylene sequences in the side chains of comb-like polymers with rigid backbones
showing long-range ordered lamellar morphologies. There might be situations (i) where
the alkyl groups are non-crystalline and disordered within their domains as well as (ii)
where the methylene sequences are (fully or partially) crystalline within their alkyl
nanodomains. This can explain the significant differences regarding the volume Vi,
per methylene unit for comb-like polymers with different rigid backbones. Based on
this interpretation different polymorphic states can occur due to differences in the
packing of the subunits within their individual nanodomains. This leads us to another
fundamental question namely the influence of different packing states of the alkyl side

chains on the packing behavior of main chains.

5.2 Interrelations between main and side chain pack-
ing in comb-like polymers

Starting from the inferences drawn from the previous section, it can be concluded that

two modifications exist in PPAOTs depending on the packing state of side chains (Fig-
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Figure 5.2: Schematic showing two commonly observed modifications: (a) modification A with
disorder side chains and (b) modification B with densely packed side chains in the rigid main chains
comb-like polymers. Different periodicities are indicated.

ure . However, an important question that arises is to what extent the packing of
side chains is influencing the main chain packing. The indications for such an interre-
lation are depicted in Figure and are mainly observed in the higher members (n =
10 and 12) of the PPAOT series. Based on the results from XRD measurements, while
the layer spacing dioy of the modification B decreases by 20-30%, an 20% increase in
the dyzo spacings can be observed as compared to the corresponding spacings in modi-
fication A. This difference in the dyog spacings mainly arises due to the dense packing
of alkyl side chains in modification B as compared to disorder in modification A. In
terms of functional properties this is a large difference in the m — 7 spacing causing
usually significant differences in application relevant properties. This is known espe-
cially in terms of electronic properties like conductivity since larger stacking distances

substantially reduce the overlap of electronic orbitals [23,[241|142].

The reported packing models suggest that the functional properties of comb-like
polymers are to a large extent characterized by the packing state of the side chain
since these sub-units strongly influence the packing of the rigid backbones. This state-
ment is obviously true although the functional parameters are majorly determined by
the packing state of rigid backbones. Central message is that changes in side chain
packing in comb-like polymers will always influence main chain packing and therefore
(at least potentially) the performance of functional materials. It is important to con-
sider this in all cases where different polymorphs may occur although they are not

so well distinguished in the discussion. An example of this type might be the famous
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5. Discussion

case of regio-regular poly(3-hexyl thiophenes) [rreg P3HT| where structural states with
crystalline side chains seem to exist [25] beside of states where the side chains remain
disordered within alkyl nanodomains [22,/125] depending on microstructure and treat-
ment of the samples. The influence of side chain packing on the overall performance has
to be also kept in mind if side chains with variable microstructure are attached to iden-
tical backbones. This a well known playground for performance optimization. Avoiding
crystallization of side chains by introducing "defects" (e.g. ethyl-hexyl instead of n-
octyl side chains) like done in many organic semi-conductors with high performance
and comb-like architecture [143]/144] can lead to robust functional states but means at
the same time that improving the performance by choosing other polymorphic states
is no longer possible. Otherwise, the absence of different polymorphic states can avoid
problems towards long term stability which go hand in hand with the occurrence of

solid-solid transitions in comb-like polymers with crystallizable side chains [21].

As discussed above native packing and thermodynamic equilibrium state of main
chains and alkyl groups in comb-like polymers are basically different. This fact seems
to be of major importance for the formation of different crystalline modifications and
also for the thermodynamically stable state. Based on the experimental results for the
PPAOT series, it can be assumed that at high temperatures the rings in the backbones
may form in a first step m— stacks while the side chain remain disordered since there is
no intrinsic driving force in the alkyl nanodomains to crystallize. Despite of that, a long
range ordered lamellar morphology can obviously exist due to nanophase-separation of
main and side chain domains. The polymorph which exists at this stage is known as
modification A. This modification can be considered as the thermodynamically stable
state in all investigated PPAOTs at high temperatures. At lower temperatures, in
particular close to ambient, modification B with crystalline methylene units in the side
chains seems to be thermodynamically stable for higher PPAOTs (n > 10). This can
be concluded from (i) the appearance of modification B in as synthesized PPDOT and
PPDDOT samples (crystallized in the presence of solvent, Figure [£.7)), (ii) a transition
from modification B to modification A during heating at temperatures between 70°C
and 120°C (Figure and [4.9), and (iii) a slow growth of modification B at room
temperature in PPDOT samples which contain initially only modification A (Figure
[130,/131]. During cooling, the once formed main chain stacks of modification A
do probably hinder the crystallization of methylene sequences at lower temperatures
preventing the transition to modification B in case of slowly cooled melts. Hence,

modification A occurs even at low temperatures where modification B with crystalline
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side chains might be thermodynamically stable. Over time, the free energy difference
between the amorphous and crystalline state of the methylene sequences acts as a
driving force and the system tries to recreate its equilibrium state being modification
B under ambient conditions. Note that this can lead to changes in important properties
under application-relevant conditions. Whether or not the side chains are really tilted
with respect to the main chains and to what extent the side chains are crystallized in
modification B is still a question for further investigations e.g. by appropriate NMR
methods [54]. Very small Vip, values point to a high degree of crystallinity. The
parallel increase in dgog might be due to an optimization of the overall free energy.
Further details of the packing states within main and side chain domains might be still

interesting targets for in-depth investigations.

Summarizing this section one can conclude that the findings reported in this work
clearly highlight the importance of interrelations between side chain packing and main
chain packing in comb-like polymers. These interrelations are of major relevance for
the optimization of functional polymers since a consequence is that increased solubility
and processibility by alkyl side groups can not be reached without changes in the main
chain packing determining majorly other performance parameters like conductivity or

mechanical strength.

5.3 Factors influencing the relaxation dynamics in nano-

confined systems

The structural situation in case of modification A of the PPAOT series with disordered
alkyl nanodomains allows systematic studies focusing on the influence of geometrical
confinement and other constraints on the cooperative dynamics of CH, units. This is an
interesting question since the nature of the dynamic glass transition («) in glass forming
materials is still not finally understood [37,/44]. One of the common approaches to
understand this phenomenon is based on the assumption that dynamic heterogeneities
related to cooperatively rearranging region (CRR) with typical dimensions in the range
€, = 10-30 A do exist in all glass forming materials [4546./48|. Hence, changes in the
cooperative dynamics should occur in nanoscopic domains if these CRR dimensions are
approached. This is the very basic prediction of the hindered glass transition concept
[15,129,92]. Consequently, the dynamics of various glass-forming materials has been

studied under geometrical confinement, e.g. in nanoporous host systems [29,33}/137],
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in ultra-thin films [32,40,/145] as well as in small self-assembled domains formed by
nanophase separation in comb-like polymers [21,[146]. One major disadvantage of these
studies is, however, that beside of purely geometrical confinement effects, other effects
have to be expected like interfacial effects [109,/110] or changes of the average density

in nanoscopic domains [96].

A major advantage of detailed investigations on modification A of the PPAOT se-
ries in this work is that all these influencing factors can be quantified what is unique
situation compared to practically all comparable studies which are reported in the cor-
responding literature. The relaxation spectroscopy experiments on PPAOTs samples
where modification A occurs should provide together with the obtained structural in-
formation further insights about the relevance of the different influencing factors for
systematic changes in the cooperative dynamics under confinement. Starting point
for this discussion is the observed influence of side chain length n on the cooperative
dynamics of CH, units seen as apg process. A systematic increase of relaxation tem-

perature T, ,, and stepness index m,,, is observed in case of modification A of the

PE
PPAOT members with 6 < n < 12 (cf. Section 4.2) like in other comb-like poly-
mers [15,21]. Since alkyl nanodomain size (dgky), volume per CHy unit (Veop,) and
area per side group in the interface between main an side chain domains (A;p) are
known (cf. Section 4.1.1 and 5.1), the influence geometrical confinement, density ef-
fects and interfacial constrains can be estimated. Hence, the PPAOT series can be
understood as an excellent model system to judge the importance of different influ-
encing factors for the obtained changes regarding the apr dynamics with side chain

lengths. The most important conclusions are summarized below.

Geometrical confinement. The variation of side chain length n results for
nanophase-separated comb-like polmyers with layered morphology in a systematic
change of the thickness of the alkyl nanodomains (Figure [5.3). For modification A
of PPAOTSs on gets an increase from dgp, = 7.2 A for PPHOT (n = 6) to dagy = 14.3
A for PPDDOT (n = 12). This effect has been used to explain the increase in T,,,, and
Mapy 10 the recent literature [1521]. Idea is that geometrical confinement influences
the cooperative dynamics of CH, units in amorphous alkyl nanodomains. Assuming
that dg, is smaller than that of the relevant size of cooperative rearranging regions
(CRRs) &,,, for the polyethylene-like glass transition apg, one expected according
to the hindered glass transition picture geometrical confinement effects. These effects
should be stronger for smaller nanodomains. Hence, changes in the cooperative apg

dynamics and a non Arrhenius-to-Arrhenius transition are expected. Since the relevant
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5.3. Factors influencing the relaxation dynamics in nano-confined systems

Alkyl nanodomain
(amorphous)

- rreg P3ATs
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Figure 5.3: (a) Sketch of the alkyl nanodomains in PPAOTs. The alkyl nanodomains (orange)
formed by the side chains are surrounded by main chains containing aromatic rings (dark blue). The
alkyl nanodomain size dgiy1 = dioo — dme is indicated. The white box represents the volume element
used to calculate the volume per CHy group Vg, based on Eq (b) Position of the side groups
(open circles) in the interface between the main chain layers and alkyl nanodomains are indicated in
the sketches for rreg P3ATs and PPAOTs. The typical distances are indicated.

CRR size is expected to decrease with increasing temperature , deviations from the
bulk behavior of w,,,(7) should also start at higher temperatures if the alkyl nan-
odomain size decreases . This provides a qualitative understanding of the changes

in the polyethylene-like glass transition apgr depending on side chain length.

Density effects. The influence of the average volume per methylene unit Veg, in
the alkyl domains on the apg process can be nicely considered in case of the PPAOT
series. The average volumes Vp, for all PPAOT samples are shown in Figure [5.1]
An important finding is that there is no systematic change in Vg, with increasing
side chain length for modification A. This result demonstrates that changes in average

density are no appropriate explanation for the systematic increase of T, ,, and mq,,

PE
with increasing side chain length n. A similar conclusion can be drawn based on the
results for a series rreg P3ATs reported by S. Pankaj which are also included in

Figure [5.1] for comparison.

Interfacial effects. A comparison of the situation at the interface between main
and side chain domains in case of modification A of PPAOTs and rreg P3ATs [21]
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5. Discussion

(Figure [5.3|b) shows clearly that there are significant differences between both series
of comb-like polymers. A calculation interfacial area per side group A;r based on
these sketches gives about 43.5 A2 per chain for PPAOTs and about 29.5 A2 per side
chain for rreg P3ATs. Despite of this significant difference (>50%), the apr dynamics
in the alkyl nanodomains seems to be quite similar in both polymer series. Hence,
one can conclude that strong changes in the main chain packing have also no serious
consequences for the cooperative dynamics of the CHy groups in alkyl nanodomains.
This is somehow surprising since the local packing at the interface is quite different
resulting in significantly different distances between neighbored side chains. Other-
wise, this finding is compatible with similar Vop, values for PPAOTs and rreg P3ATs
(Figure . Obviously, dense packing of the CH, units is preferred and approached
in amorphous alkyl nanodomains independent of constraints incorporated by covalent
bonds to the main chain. Consequence is a weak dependence of the cooperative apg
dynamics on main chain packing and interfacial situation in comb-like polymers with

disordered alkyl nanodomains.

Main conclusion of this part of the work is that the domain size is indeed the most
important parameter influencing the cooperative dynamics of the CHy units in self-
assembled alkyl nanodomains. Other parameters like average volume per CH, unit
or number of side groups per interfacial area do modify the apgr dynamics but only
slightly. This finding is in accordance with the general observation that the app process
in several series of comb-like polymers shows common trends depending on alkyl side
chain length although the main chain packing is significantly different. All together,
these results support the idea that there is a characteristic length scale £, in the one

nanometer range determining the cooperative dynamics in glass forming materials.
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Chapter 6
Conclusions

In the first part of this work, structural features of two series of comb-like polymers
with rigid main chains, poly(1,4-phenylene-2,5-n-dialkyloxyterephthalate)s (PPAOTs)
and poly (2,5-n-dialkyloxy-1,4-phenylene-vinylene)s (AOPPVs), with n = 6 - 12 alkyl
carbons per side chain were broadly investigated by X-ray diffraction. A layer morphol-
ogy with alternating main and side chain domains is found in all investigated systems.
The rigid main chains are nicely stacked within their domains and the side chains are
aggregated in alkyl nanodomains with typical dimensions in the 10-20 A range. Lattice
models are proposed for both series based on a crystallographic analysis of the X-ray
diffraction data. Main goal of these structural investigations was to learn more about
the packing state of the alkyl side groups with their alkyl nanodomains as well as a
possible influence of the side chain packing state on main chain ordering. Two different
polymorphic states, modification A and modification B, are observed for both inves-
tigated series, PPAOTs and AOPPVs. The packing state of the side chains is further
investigated in more detail based on a comparison of the average volumes per CH,
unit, Vop,, in both modifications of the PPAOT series. The results of such an analysis
clearly demonstrate that (i) the alkyl groups are non-crystalline and disordered within
alkyl nanodomains in case of modification A while (ii) the methylene sequences are
probably fully crystalline in case of modification B. The Vop, values for the standard
packing state of AOPPV shows that the long range ordered state in these samples is
related to a situation like in modification B of PPAQOTSs, i.e., the side chains are packed
very densely. Note that this approach is able to discriminate between different packing
states of the side chains using minimal assumptions, i.e., differences are found based
on the unit cell dimensions without additional model. The obtained difference in the

packing state of the side chains result in significantly different dioo spacings between
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modifications A and modification B. From a detailed analysis of X-ray diffraction pat-
terns one can further conclude that changes in side chain packing result in a significant
variation (= 20%) of the m — 7 spacing, i.e., the transition from modification A to
modification B in PPAOTs is related to an increase of the distance between neighbored
rings within the main chain stacks. This clearly indicates interrelations between main
and side chain packing and is a very important finding since the 7 — 7 spacings are
of major importance for properties like conductivity and strength in functional poly-
mers with comb-like architecture. Finally, one can conclude that a competition of the
individual packing tendencies of main and side chains is probably very important for
structure formation processes and thermodynamic stability of different crystallographic

modifications in comb-like polymers.

In the second part of this work, the results of relaxation studies by dynamic mechan-
ical analysis and dielectric spectroscopy on modification A of PPAOTs are presented.
The influence of different factors affecting the cooperative dynamics of methylene units
in alkyl nanodomains seen as apg process is studied systematically. Quantitative infor-
mation about (i) alkyl nanodomain size dgy,, (ii) average volume per CHy unit Ve,
and (iii) interfacial area per side chain A;p are used in order to check which parameter
is most important. The experimental results clearly show that the cooperative dynam-
ics of the methylene units confined within alkyl nanodomains is mainly affected by
the domain size dg,, as confirmed by the transition from a weak to more pronounced
non-Arrhenius character of the app process with increasing side chain lengths. At the
same time the relaxation temperatures of the app process T,,, . increase systematically.
Both trends in the app dynamics can be explained by geometrical confinement effects.
Basic idea behind is the so called 'hindered glass transition’ picture assuming that
the cooperative motions will be affected if the size of nanoscopic domains approaches
that of cooperatively rearranging regions (CRRs) in the range 10-30 A being an in-
trinsic feature of glass forming materials. This is an interesting finding and can be
understood as an indirect evidence for the existence of CRRs. The average density as
well as constraints at the interfaces are obviously of minor importance for the overall
trends seen for the app process in modificantion A of PPAOTs. This is concluded
from the fact that the app dynamics is strongly changing with side chain lengths n
although Veop, and Ajp are nearly constant. The final conclusion of this study is that
the domain size is indeed the most important parameter influencing the cooperative
dynamics of the CH, units in self-assembled alkyl nanodomains. This finding supports

and substantiates the conclusions drawn from previous investigations on other series
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of comb-like polymers and should contribute to the ongoing discussion about changes
in the cooperative o dynamics of glass forming materials confined in pores or domains

having typical dimensions of a very few nanometers.
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Appendix

A1l. Parameters of Havriliak-Negami function for modification
A of PPAOTs

As mentioned in section 4.2, under dielectric relaxation spectroscopy, the dielectric
relaxation data are analyzed by using Havriliak-Negami function to extract the apg
peak maxima positions w,,., from the measured isotherms. The corresponding HN
fit parameters used for the fitting of the data for the selected temperatures of all the
PPAOT members are given in Table

Table 6.1: Parameters of Havriliak-Negami function for modification A of PPAOTs

Label n | T log fnax | Ae b g
°C | Hz

PPHOT 6 | -40 | 3.9 0.14 | 0.31 | 0.89
-60 | 2.5 0.15 | 0.25 | 0.89
-80 | 0.79 0.17 | 0.21 | 0.89

PPOOT 8 | -40 | 2.7 0.15 | 0.33 | 0.97
-60 | 0.66 0.17 | 0.27 | 0.97
-80 | -2.1 0.19 | 0.23 | 0.97

PPDOT 10 | 40 | 2.1 0.15 | 0.38 | 0.49
-60 | -0.51 0.17 | 0.30 | 0.49
-80 | -4.2 0.21 | 0.25 | 0.49

PPDDOT | 12 | O 4.7 0.038 | 0.34 | 0.94
-20 | 3.4 0.036 | 0.33 | 0.94
-40 | 2.1 0.033 | 0.32 | 0.94
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