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1 Introduction

1.1 Polyamides

The origin of polyamides dates back to the 1930s. In the course of basic research, Carothers
and his coworkers discovered polyamides incidentally and patented polyamide 66 (PA66)
in 1935, and polyamide 6 (PA6) in 1938.[!l Nowadays, polyamides belong to one of the most
important technical polymers for industrial applications. Among all polyamide types, PA6
and PA66 are the most commonly used nylon resins with a market share of 90%, followed
by specific polyamide resins such as PA11 and PA12 (7%).12

Polyamides can be categorized into two main types, which are differentiated because of
their monomers. The AB type is synthesized by polymerization via ring opening
polymerization of lactams or polycondensation of amino acids. The AABB type is
synthesized by polycondensation of diamines and dicarboxylic acids. Both routes are
schematically shown in Figure 1. For example, PA6 is mainly synthesized via ring opening
polymerization of e-caprolactam, whereas PA66 is obtained by a polycondensation reaction

of hexamethylenediamine and adipic acid.?

AB type:

HoN—(CHp)s—C—OH —
9# 9JrH 0

0 Of —>  HyN—(CHy)s—C—N—(CHyz)s—C-—N—(CHz)s—C—OH

NH -

AABB type:

H H H
HN—(CHp)x—NH, + HOOC—(CH,),—COOH —* HO—(IDI—(CHQ)y—(IDI—N%(CHZ)X—N—(I%—(CHZ)),—%)—N}(CHz)X—NHZ
o) o) o o)

n

Figure 1. Synthetic routes to polyamides of the AB type such as PA6 and AABB type such as PA66.

PA6 and PAG66 are distinguished by a large number of advantageous properties, such as
high toughness, and high temperature resistance, which guarantee them an important
market position in the engineering thermoplastics sector.?! In contrast to other
thermoplastics, polyamides tend to absorb high amounts of moisture. Depending on the
polyamide type, 10% water uptake is possible.’?l Thus, swelling values of up to 0.3% per
1.0% water uptake may occur and have to be considered. In order to prevent negative

effects, polyamides have to be dried prior to processing and finished components have to
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be conditioned. Moreover, polyamides are polar and thus resistant to diluted bases,
hydrocarbons, esters, ketones, alcohols and oils. They are unstable in the presence of
strong bases and acids, as well as chlorinated hydrocarbons. At elevated temperatures,
hydrolysis may occur.®!

Main consumer of polyamides is the automotive industry. Due to their strong mechanical
load capability, polyamides have replaced several metal parts in cars or trucks, such as
gears, bearings and coil forms among others.!?l Especially the resistance to oil and the
thermal stability in combination with weight reduction awards polyamides unique
properties for numerous industrial applications.

One major benefit of polyamides, and in general for all polymers, is that their properties
can be influenced by additives in order to obtain tailored materials for specific applications.
Nowadays, numerous additives are used to control the crystallization process and with that
the properties of the polymer. The main classes of additives include antioxidants,® UV-
stabilizers,’®! flame retardants,’® processing aids,!”) colorants,!®! optical brighteners,!
nucleating™® and anti-nucleating agents.'Y) The latter two are known to influence the
crystallization behavior of the polymers.

Nucleating agents act as nucleation sites inducing polymer crystallization.[*213] As
consequence, the polymer crystallization temperature is increased and the spherulite size
reduced, beneficially improving for example cycle times during injection molding and
mechanical properties. In rare cases nucleating agents can also act as clarifiers to improve
the optical properties significantly.[#1%14 |n contrast, anti-nucleating agents retard the
crystallization process of the polymers.l'%151 Consequently, the polymer crystallization
temperature is decreased and the spherulite size increased, leading to good fluidity,
molding precision during injection molding, and enhanced surface gloss of
components.l'%16171 Both additive classes significantly influence the crystallization process

of the polymer.

In the following, the terms “nucleating agent” and “anti-nucleating agent” are defined

regarding their meaning within this work:

Nucleating agent: A polymer additive which is capable of increasing the polymer

crystallization temperature is henceforth referred to as nucleating agent. Nucleating agents

can lead to enhanced properties such as optical or mechanical properties.[#18l
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Anti-nucleating agent: A polymer additive which is capable of decreasing the polymer

crystallization temperature is henceforth referred to as anti-nucleating agent. Anti-
nucleating agents do not eliminate the polymer crystallization process but rather retard
the polymer crystallization.[**) Hence, the result is a polymer with a lower crystallization
temperature compared to the neat polymer. Ideally, anti-nucleating agents do not
influence further polymer properties, such as the melting temperature or the degree of

crystallinity.
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1.2 Crystallization of semi-crystalline polymers

Semi-crystalline polymers consist of long molecule chains, which occur in crystalline and
amorphous regions. In the polymer melt, these polymer chains are present as entangled
coils. Upon cooling, the polymer chains start to arrange regularly leading to a partial
formation of crystalline structures. The crystalline structures on the macroscale are called
spherulites.[2021 The detailed morphology of a spherulite is schematically presented in

Figure 2.22]
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Figure 2. Schematic representation of a semi-crystalline polymer according to Milner.?2 Chain-folded
crystalline lamellae (top left) lie adjacent to amorphous regions of comparable thickness at the nanoscale
(bottom). These lamellae are organized radially into spherulites at the micron scale (top right).

During the crystallization process of semi-crystalline polymers, the polymer chains arrange
by folding back and forth vertical to the crystallization plane, resulting in a folded chain
crystal (Figure 2, top left image). These chain crystals arrange into lamellar crystallites
(bottom), which start to grow from the nucleation site and are separated by amorphous
regions. The lamellae are finally organized radially into spherulites at the micron scale (top
right).[20-23]
For polymer crystallization, the following requirements must be met:[%
e The molecular structure of the polymer must allow crystalline ordering. Therefore,
a certain regularity is required.
e The crystallization temperature of the polymer has to be in between the melting
temperature and the glass transition temperature of the polymer.
e Nucleation must occur prior to crystallization.

e The crystallization rate should be sufficiently high.
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The crystallization of semi-crystalline polymers essentially takes place in two steps, namely
primary and secondary crystallization. The primary crystallization can be divided into
nucleation and crystal growth. In the following, the basics of the crystallization of semi-
crystalline polymers are revealed.

The driving force of a phase transformation is the difference of the free enthalpy of the
initial phase and the final phase. Thermodynamically, a change of the free enthalpy AG of
the system takes place. This process only occurs when the free enthalpy AG is reduced.
During the formation of nuclei, parts of molecules arrange themselves to crystalline
structures, and hence release energy. However, in order to form a new phase, energy is
required to generate the interface between both phases. Consequently, the overall change
of the free enthalpy AG is composed of a volume fraction AGvoume, Which releases energy,
and a surface fraction AGsurface, Which requires energy to generate the interface. This results

in the following equation:[1020,23]

AG = AGyolume + AGsurface (1)

The released energy is proportional to the volume of the nuclei, whereas the required
energy is proportional to its surface. Assuming a spherical nuclei with a radius r, the

following equation is applicable:[1020.23]

4
AG = —§7Tr3 - AG, + 41120 (2)

with AG, as free enthalpy per volume unit of the nuclei during the phase transition and o
as the surface tension of the melt. Figure 3 presents schematically the primary nucleation

of a spherical nuclej.l?3!
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Figure 3. Schematic presentation of primary nucleation of a spherical nuclei (reproduced from Menges).[?3!

As Figure 3 clearly shows, energy is required to generate a stable nucleus.[*® The crystal
growth starts not until a nucleus is formed which overcomes the critical nuclei radius r.
Nuclei which are smaller than the critical radius minimize their energy by dissolving. The
nuclei are only stable when AG becomes negative. This phenomenon is called primary
nucleation which is followed by crystal growth.[1%.23]

Figure 4 reveals that the rate of nucleation and the rate of crystal growth differ concerning
their maximum. When the polymer melt is cooled fast, a high rate of nucleation and a low
rate of crystal growth lead to a high nuclei density, and hence smaller spherulites are
obtained. Whereas slow cooling from the melt leads to a fast rate of crystal growth and
less nuclei due to a low rate of nucleation. Consequently, larger spherulites are obtained.
In the metastable region, the rate of nucleation is extremely low, which can be explained
by the dissolving of the nuclei. With decreasing temperature the nucleation rate, as well as
the rate of crystal growth, increase. When the temperature is getting close to the glass
transition temperature Tg of the polymer, the rate of nucleation decreases due to an

increase of the viscosity of the polymer melt.[10:23]
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glass super-cooled liquid liquid
AP e e e e e e e e
rate
rate of rate of
nucleation crystal growth \4
metastable
region
T, L temperature

Figure 4. Schematic representation of the rate of nucleation and the rate of crystal growth as a function of
the temperature (reproduced from Amos).l"

With respect to primary nucleation, there are three different nucleation mechanisms that
can occur during polymer crystallization.'® First, homogeneous nucleation occurs
spontaneously in the super-cooled melt without further influences. Second, orientation
induced nucleation occurs in many polymer processes such as extrusion or injection
molding. It is caused by orientation of the polymer chains due to flow and shear directions
during polymer processing and is known to increase the crystallization rate and the degree
of crystallinity.[?*=27) Third, heterogeneous nucleation occurs at the interface of a foreign
phase such as impurities, substrates, or nucleating agents. Heterogeneous nucleation is of
fundamental interest for industrial applications. By the use of nucleating agents the
crystallization behavior and morphology of a polymer can be controlled, and the polymer
crystallization temperature easily increased.!4#28-301 Furthermore, many macroscopic
polymer properties, such as optical and mechanical properties, depend on the morphology
and spherulite size, respectively.””) By influencing the crystallization behavior and
morphology of polymers, these properties can be set to the desired values for specific

applications.

In this thesis the main chapters (3, 4 and 5) are introduced by specific preambles

summarizing literature and discussing the state of the art







2 Objectives and scope of this thesis

The objectives and scope of this thesis are to explore and develop new additives for
technically important semi-crystalline polyamides, and in particular polyamide 6. The
principle aim is to influence the polymer crystallization behavior, to control the polymer
morphology, and to improve macroscopic properties. In order to obtain the fundamental
basis for the experiments in this thesis, polyamide 6 is investigated in detail and its
characteristic properties are determined. The second part of this work deals with
nucleation and clarification of polyamide 6, followed by a part addressing the issue of anti-

nucleation of polyamides.

Properties of the neat polyamide 6 grade
In the first part the fundamental properties of the neat polyamide 6 grade used in this work
are revealed. Here, polymer processing and sample preparation for subsequent
characterizations will be described in order to understand the neat material first, before
studying the crystallization behavior influenced by additives. Therefore, the following
issues have to be addressed:
= |n order to reveal suitable processing conditions and sample preparation methods
within this work, standard conditions and procedures have to be optimized.
= Different processing conditions for a polymer can lead to varying polymer
properties. Therefore, the influence of processing conditions on thermal behavior of
PA6 is investigated by means of differential scanning calorimetry (DSC) and gas
chromatography — mass spectrometry (GC-MS).
= To calculate the nucleation efficiency of additives self-nucleation experiments of
neat PA6 have to be conducted to obtain the maximum polymer crystallization
temperature.
= Finally, characteristic values such as crystal modification, degree of crystallinity and

glass transition temperature of the neat resin are determined.
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Nucleation and clarification of polyamide 6

Building on the work of Richter et al.l!¥, the second part of this thesis deals with
supramolecular additives as nucleating and clarifying agents for PA6. These additives are
linear compounds consisting of a central unit substituted symmetrically with two hydrogen
bonding units. The hydrogen bonding units are responsible for the crystal growth (self-
assembly), preferable in sheet-like morphologies.

deripheral substituents

n crystal structure

y in polymer melt

The presented research in this thesis is beyond the results of Richter et al.'*], and mainly
focuses on thermal stability and additive efficiency under elevated polymer melt
temperatures during processing of a selected bisurea compound. The aim is to examine
ideal processing conditions and to achieve optimal additive efficiencies. Therefore, the

following research is conducted:

= Thermal properties of the neat additive are determined by thermogravimetric
analysis (TGA) and polarized light microscopy.

* |n order to further support the results from Richter et al.['*], nucleation and optical
properties of additivated PA6 are investigated at standard processing conditions.
Polymer crystallization is monitored by DSC and optical properties (clarity and haze)

are determined.

10
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=  Nucleation and optical properties under various processing conditions are examined
and investigations of temperature stability of the bisurea under these conditions
are conducted to detect ideal processing parameters.

= A further aim of this chapter is to get detailed understanding of the influence of a
supramolecular additives on the morphology of PA6 at the nanoscale. To visualize

the spherulitic morphology scanning electron microscopy is applied.

Additionally, based on the concept of supramolecular additives, a new class of nucleating
and clarifying agents, tailored for PA6, is developed. The linear bisthiourea molecules
consist of a central unit being substituted symmetrically with two hydrogen bonding units.
Equally to bisurea compounds, bisthiourea derivatives form hydrogen bonds causing self-
assembly into nano-objects. These nano-objects may act as nucleation sites for PA6 and

may improve the crystallization behavior and the optical properties.

= The synthesis of a series of novel bisthiourea derivatives with varying substituents
is carried out.

= |n order to characterize the compounds, standard methods such as NMR-
spectroscopy, mass spectrometry, thermogravimetric and differential thermal
analysis are applied.

» To determine the influence of the bisthiourea compounds on the polymer
crystallization temperature of PA6, and to calculate the nucleation efficiency, DSC
measurements are conducted. Furthermore, optical properties are measured on
injection molded samples.

= The influence of the bisthioureas on the morphology of PA6 is explored by polarized
light microscopy.

= Moreover, characteristic values such as crystal modification and degree of
crystallinity are determined by means of wide angle X-ray scattering (WAXS) and
DSC.

= Additionally, the water absorption and the mechanical properties of neat PA6 and
PA6 comprising a selected bisthiourea additive are determined by means of water

absorption experiments and tensile tests.

11
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Anti-nucleation of polyamides

The aim of the third part is to investigate the phenomenon of anti-nucleation and to
develop structure-property relations and a possible mechanism explaining this almost
unknown effect. The objective is to develop new anti-nucleating agents for PA6 and PA66
based on published knowledge from the literature.l'%1>19.31-331 Antj-nucleating agents for
polyamides, such as Nigrosine, often consist of an anthracene-like heterocyclic scaffold.
This rigid and planar central unit can bear various substituents and charges which may

interact with the polymer chain, and hence influence the polymer crystallization

temperature.
Y.
= Y=C,N,OorS
X X=Cl, 1, Br,..
Y+

Currently, a prediction of anti-nucleation based on the molecular structure of an additive
is not possible. Therefore, a systematical approach is adopted by exploring different anti-
nucleating agents known from the literature and deducing molecular structural units which
might be responsible for the anti-nucleation effect. On this basis, several approaches are

pursued and the following research is conducted:

= At first, commercially applied Nigrosinel*!l as reference material is investigated in
detail. The polymer crystallization and melting temperatures are determined and
the influence on the morphology of PA6 is investigated by polarized light
microscopy.

= |n order to develop a colorless anti-nucleating agent LiCl and several ammonium
salts are investigated concerning their anti-nucleating ability in PA6.

= The class of azine dyes exhibits compounds with planar structures and charges, and
hence combines the features of Nigrosine and salts. A large number of azine dyes
are tested with respect to their influence on the thermal behavior of PA6.

= Neutral Red as representative compound of the class of azine dyes is investigated
concerning the influence of processing conditions on the anti-nucleation efficiency

of Neutral Red. Additionally, the influence of Neutral Red on properties of PA6 such

12



Objectives and scope of this thesis

as morphology, glass transition temperature, crystal modification and degree of
crystallinity are examined.

Furthermore, a new concept is developed to enhance the additive efficiencies of
hardly soluble anti-nucleating agents by introducing LiCl as co-additive.
Additionally, the water absorption and the mechanical properties of neat and anti-
nucleated PA6 are determined. Therefore, the water absorption of injection
molding platelets is monitored and tensile tests are conducted.

Finally, anti-nucleation of polyamide 66 is investigated with selected anti-nucleating

agents.

13
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3 Properties of the neat polyamide 6 grade

In this work, polyamide 6 was investigated. The focus was set on nucleating and anti-

nucleating agents as additives to alter the crystallization behavior. However, nowadays

there are plenty of polyamide grades available which differ significantly from each other.

Deviations in melting and crystallization temperatures, mechanical and optical properties

for one type of polymer are usual. Therefore, the neat polymer has to be investigated very

well before the additivation experiments. Characteristic values of the reference material

have to be determined to see a change of properties of the material by additivation.

Furthermore, the appropriate polymer processing conditions are very important and have

to be identified. To ensure perfect dispersion or solubility of an additive in the polymer

melt, processing conditions must be adjusted. Figure 5 shows an excerpt from the data

sheet of the investigated PA6 grade (Ultramid® B27 E) provided by BASF SE.[3%

® = registered trade mark of
BASF SE

Product description

Ultramid® B27 E

Ultramid® B27 E is a polyamide 6 grade of low viscosity that is well suited for
compounding and the production of monofilaments.

Specification Test method Unit Value
Relative Viscosity (RV) According to ISO 307 2.62-283
1% [m/v] in 96% [m/m] (calculated by Huggins
sulfuric acid method)
Viscosity Number (VN) According to ISO 307 ml/g 142 - 158
0,5% [m/V] in 96%
[m/m] sulfuric acid
Moisture content According to ISO 15512 % [m/m] max. 0.10
Extractables According to ISO 6427- % [m/m] max. 0.6

chips not ground/16h
General properties Test method Unit Typical
value

Melting point According to ISO 3146 °C 220
Density According to ISO 1183 g/cm3 1.12-1.15
Bulk density kg/m® 780
Pellet size mm 2425
Pellet shape round
Water absorption, % 2.2
23°C/50% rh
Water absorption, % 8.5

saturation in
water 23°C

Figure 5. Data-sheet excerpt of the polyamide 6 grade Ultramid® B27 E.13¥

15



Properties of the neat polyamide 6 grade

In the following chapter characteristic values of Ultramid® B 27 E are presented and the
polymer processing as well as the sample preparation for subsequent characterization used
in this thesis are described.

First, the melting and crystallization temperatures under varying processing conditions are

examined. For this purpose, three compounding experiments were conducted:

e standard processing conditions according to Richter et al.[**
e variation of processing time

e variation of melt temperature during processing (processing temperature)

In addition, samples of this set of experiments were investigated by gas chromatography-
mass spectrometry (GC-MS) to examine potential degradation products and check the
purity of the PA6 grade.

In order to calculate the efficiency of nucleating agents, the maximum possible
crystallization temperature of neat PA6 has to be determined. For this purpose self-seeding
experiments as described in the literature!’*3> were conducted.

By additivation of polymers almost all properties can be influenced. In order to reveal those
changes, the crystal modification, degree of crystallinity, and the glass transition
temperature of neat PA6 were investigated by means of wide-angle X-ray scattering
(WAXS), differential scanning calorimetry (DSC) and dynamic mechanic thermal analysis
(DMTA). The influence on optical properties (haze and clarity) as well as mechanical
properties (elastic modulus, ultimate strength, rupture strength) and water absorption are

discussed later.
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3.1 Compounding and sample preparation

Hydrogen bonds strongly influence the properties of polyamides in the solid state as well
as in the polymer melt. Miri et al.[3¥l and Richter et al.[**! describe an orientation induced
chain alignment in polyamide melts during processing. Under specific processing
conditions, hydrogen bonds can even be preserved in the polymer melt. This phenomenon
is called "memory effect".[3’] Before conducting any measurements the polymer has to be
compounded to erase the thermal history. Samples have to be prepared under identical
processing conditions to guarantee their comparability. Melt temperatures during
processing for PA6 range typically from 238 °C to 270 °C.1%!

To guarantee easy filling of the polymer to the micro-compounder and homogeneous
melting while compounding, the polymer granulate was first pulverized with a freezer mill.
The polyamide powder was dried for at least 24 h at 80 °C before compounding with a co-
rotating twin screw compounder (DSM Xplore 15 mL) under nitrogen atmosphere. Figure
6 shows an inside view of the compounder with three heating zones and the sensor for the

measurement of the melt temperature Tp.

Heating
zones

Figure 6. DSM Xplore 15 mL micro-compounder with the heating zones Ti, T2 and Tz and the sensor for
measuring the melt temperature Tp during processing.

The standard processing parameters are reported in Table 1. These parameters have
already been established by Richter et al.**! In the course of this thesis some parameters

were changed to optimize the effect of various additives.

17



Properties of the neat polyamide 6 grade

The micro-compounder has three heating zones which can be controlled separately. In
order to prevent the material melting partially and from adhesion to the feeding hopper,
the temperature in heating zone 1 (T1) was lower than in heating zones 2 and 3 (T2 and T3).
The heating zones were adjusted to result in a processing temperature (melt temperature
during processing) of 245 °C as listed in Table 1. After a standard compounding time of
5 minutes, the melt was discharged and collected either as a polymer strand or transferred

directly to the injection molding unit.

Table 1. Standard processing parameters for PA6 and its measured melt temperature during processing.

Temperature Melt temperature Compounding Rotational
Polymer profile (T1-T2-Ts) during processing time speed
[°C] [°C] [min] [rpm]
PA6 230-260-260 245 5 50

Injection molding platelets with a thickness of 1.1 mm were produced using a DSM Xplore
12mL injection molding machine. With these specimen optical properties, morphology
investigations or WAXS measurements were conducted. Figure 7 shows the injection

molding machine, the injection mold and an injection molding specimen.

Figure 7. DSM Xplore 12mL injection molding machine (left), injection mold with a thickness of 1.1 mm
(middle) and injection molding specimen with a diameter of 25 mm and a thickness of 1.1 mm (right).

As described above, the barrel of the injection molding unit was directly filled with the
discharged polymer melt from the twin-screw compounder. Specimen with a diameter of
25 mm and a thickness of 1.1 mm were prepared under nitrogen atmosphere using a
polished injection mold with a thickness of 1.1 mm (Figure 7). The standard injection

molding conditions are listed in Table 2.
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Table 2. Standard injection molding conditions for PA6.

Barrel Mold Injection Injection Holding
Polymer temperature temperature pressure time time
[°C] [°C] [bar] [sec] [sec]
PA6 250 100 6 10 10

To study the thermal properties of the compounded polymer, DSC measurements were
conducted. Those samples were taken either from the polymer strand or from the sprue of
the injection molding platelets. For this purpose, a part (5 to 7 mg) was clipped off (Figure

8).

injection molding
specimen

polymer strand

Figure 8. Polymer strand after discharge from the compounder (left) and injection molded specimen (right).
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3.2 Influence of processing conditions on thermal behavior of PA6

To classify an additive, especially a nucleating or anti-nucleating agent, the melting and
particularly the crystallization temperatures are important. Those characteristic
temperatures can help judging whether a compound is a suitable additive. To compare the
additives and to estimate their efficiency, melting and crystallization temperatures of the
neat polymer have to be determined first. As known from the literature, the thermal
behavior of a polymer can differ depending on varying processing conditions.38! In this
work three different compounding experiments were conducted to study the influence of
the processing conditions on the thermal behavior of PA6. In the following these three

types of experiments are explained for neat PA6.

Standard processing conditions

In the course of this thesis, PA6 was compounded with various additives of different
concentrations. For this purpose, concentration series with up to nine additive
concentrations were processed within one extrusion experiment. In the case of a
concentration series, after every compounding run some polymer remains in the dead
volume of the compounder. The remaining polymer in the dead volume corresponds to
5.4 g for PA6. To explore possible changes of melting or crystallization temperatures of the
neat polymer due to the retention time in the extruder, a blank concentration series
without any additive was conducted.

First, 14 g pulverized polymer were filled in the compounder. After 5 min at 245 °C, the
melt was discharged and discarded for cleaning purposes. The material in the dead volume
of 5.4 g remains in the compounder. 8.6 g polymer was refilled to the compounder and the
melt was discharged and collected after 5 min compounding as first sample. This procedure
was repeated nine times. The initial weights and the experiment sequence are reported in

Table 3.
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Table 3. Initial weights for a blank concentration series of PA6.

Run Comment Meas [8]
0 cleaning 14.0
1 1st sample 8.6
2 2nd sample 8.6
3 3rd sample 8.6
4 4th sample 8.6
5 5th sample 8.6
6 6th sample 8.6
7 7th sample 8.6
8 8th sample 8.6
9 9th sample 8.6

Finally, nine samples were obtained. To determine the melting and crystallization
temperatures, DSC measurements were conducted on a Perkin Elmer Diamond DSC with
autosampler under nitrogen atmosphere at standard heating and cooling rates of 10 K/min.
To erase the thermal history, samples were heated to 250 °C for 5 min before each cooling
run. For each sample two heating and cooling scans were performed. The starting and end
temperatures for PA6 samples are presented in Table 4. Values for the polymer
crystallization temperatures (T.) were determined at the exothermic peak minimum in the
second cooling scan. Melting temperatures (Tm) were determined at the maximum of the

endothermic peak of the second heating scan.
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Table 4. Starting and end temperatures for the DSC measurements of PA6. For each sample two heating and
cooling scans were performed under nitrogen at 10 K/min. Samples were held at the end temperature for
5 min before each cooling run.

Starting temperature End temperature Heating rate
[°C] [°Cl [K/min]
50 250 10

Figure 9 shows the second heating and cooling curves of each sample. The dashed line
indicates the peak maxima of the melting peaks and the peak minima of the crystallization
peaks, respectively. There is no significant change of the peaks and the corresponding

enthalpies among all samples meaning no degradation or change in the sample is visible.
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Figure 9. Second heating curves (top) and second cooling curves (bottom) of neat PA6. For each run the
samples were compounded for 5 min at 245 °C. DSC heating and cooling rate: 10 K/min.
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The melting curves of PA6 exhibit double melting peaks. Todoki et al. considered that the
double melting peaks are the result of superposition of three processes which occur in
sequence during heating: Perfection of the original crystals, melting of the perfected
crystals concurrently with recrystallization, and melting of the recrystallized crystals.3%!

Figure 10 presents the peak values for the melting and crystallization temperatures of
Figure 9 versus the corresponding sample number. All measured temperatures are within
0.5 °C. No significant changes of the melting or crystallization temperature with increasing
sample number could be detected. The mean values were calculated as the average of all

nine samples and are listed in Table 5.
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Figure 10. Crystallization temperatures (black, filled squares) and melting temperatures (red, blank squares)
of neat PA6 versus the number of processing runs. For each run the samples were compounded for 5 min at

245 °C. DSC heating and cooling rate: 10 K/min.

Table 5. Calculated mean values and standard deviation of melting and crystallization temperatures of neat
PA6 compounded at 245 °C measured by DSC.

Mean value Standard deviation
Melting temperature 219.2°C 0.3°C
Crystallization temperature 186.3 °C 0.2°C

Throughout this work values measured by DSC are reported without any decimal place due

to a measurement accuracy of + 0.5 °C for DSC measurements.
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Processing conditions with varying processing time

The compounding time plays often an important role to improve the effect of polymer
additives due to increased solubility and perfect dispersion in the polymer melt.[0)
Therefore, the influence of the compounding time on the melting and crystallization
temperatures was investigated.

For this purpose, a method was developed to prepare samples with different compounding
times within one compounding experiment. The way of proceeding is explained below:
The compounder was charged with 14.0 g of polymer. The temperature controls were set
to a resulting melt temperature of 245 °C (see Table 6). After 5 min of compounding, about
0.5 g polymer melt (enough for a DSC measurement) was discharged and collected (first
sample: 5 min). After another 5 min, 0.5 g polymer melt was discharged and collected,
again. Consequently, this sample was compounded for 10 min overall (second sample:
10 min). This procedure was repeated for the compounding times listed in Table 6.
Eventually, five samples with total processing times of 5, 10, 20, 30 and 60 min were

obtained.

Table 6. Processing parameters for extrusion experiments with varying processing time and constant melt
temperature during processing.

Temperature profile Melt temperature Processing Rotational
(T1-T2-T3) [°C] during processing [°C] time [min] speed [rpm]

5
10
230-260-260 245 20 50
30
60

Results of the extrusion experiment with varying processing times for neat PA6 are shown
in Figure 11. Both, melting and crystallization temperatures, show no significant change by
varying processing time which leads to the assumption that no degradation processes of
neat PA6 occurred. Thermal stability up to 60 min processing time with a melt temperature
of 245 °Cis possible. The values of melting and crystallization temperatures for neat PA6 at

varying processing times are summarized in Table 7. A comparison with the crystallization
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and melting temperature of the concentration series of neat PA6 shows no changes at

extended processing times.
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Figure 11. Crystallization (black, filled squares) and melting (red, blank squares) temperatures of neat PA6 as
function of the processing time. The processing time is defined as time how long the polymer remains in the

extruder during compounding. DSC heating and cooling rate: 10 K/min.

Table 7. Melting and crystallization temperatures of neat PA6 for different processing times measured by
DSC.

Processing time Melting temperature Crystallization temperature
[min] [°C] [°C]
5 218 186
10 218 186
20 219 186
30 218 186
60 218 185

Processing conditions with varying melt temperature during processing

Besides the processing time, the influence of the melt temperature during processing plays
an important role. Too low melt temperatures may lead to too high viscosities of the
polymer melt and incomplete solubility in case of additives and can cause problems while
processing. Whereas, too high melt temperatures during processing can evoke thermal

degradation, leading to partial loss of certain properties. To determine the influence of
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various melt temperatures on the thermal behavior of PA6, an experiment was developed
to screen different melt temperatures during processing. The way of proceeding is
explained below:

1st run (cleaning run): 14.0 g pulverized polymer was filled to the compounder. After 5 min
compounding at 245 °C, the melt was discharged and discarded. A dead volume of 5.4 g
remains in the compounder.

2nd run (sample run): 8.6 g pulverized polymer was refilled to the compounder and the
melt was discharged and collected after 5 min compounding at 245 °C as first sample run.
After this run, the heating zone temperatures were set to a resulting melt temperature of
259 °C (see Table 8).

3rd run (cleaning run): 8.6 g pulverized polymer was refilled to the compounder and after
5 min compounding at 259 °C, the melt was discharged and discarded. A dead volume of
5.4 g remains in the compounder.

4th run (sample run): 8.6 g pulverized polymer was refilled to the compounder and after
5 min compounding at 259 °C, the melt was discharged and collected as first sample run.
After this run the heating zone temperatures were set to a resulting melt temperature of
273 °C (see Table 8).

Steps 3 and 4 were repeated for two times with processing temperatures of 273 °C and
283 °C as listed in Table 8. At the end four sample runs at four different melt temperatures

were prepared within one extrusion experiment.
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8th run
Tmelt
sample run 283°C
cleaning run

"/ refill: 8.6 g
5.4 g dead volume = 273°C

259°C

2nd run \U/ —
3rd run \U/

PA6
S— 245°C

'kt run T

Figure 12. Schematic illustration of the sequence for an extrusion experiment with varying melt temperatures
during processing. The melt temperature was increased after two extrusion runs. The uneven runs were
cleaning runs and the even runs were sample runs. Four sample runs at four different melt temperatures
during processing were prepared by this method.

Table 8. Adjusted processing parameters for the extrusion experiment with varying melt temperatures during
processing and constant compounding time.

Temperature profile Melt temperature Compounding Rotational
(T1-T2-T3) [°C] during processing [°C] time [min] speed [rpm]
230-260-260 245
240-275-275 259

5 50
250-290-290 273
270-300-300 283
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Figure 13 presents the crystallization and melting temperatures of neat PA6 at melt

temperatures during processing of 245 °C, 259 °C, 273 °C and 283 °C.

230 230
O . .
v - TR
2 210- 1210 @
o _ _ 5
Q =
2 200+ 200
o | L o
© 190 L190 §
.° ) " u n m I o0
T 1801 180 S
= J L (]
[
) E
g 170- 1170
- . .

160 : : : : : 160

240 250 260 270 280 290
melt temperature during processing / °C

Figure 13. Crystallization temperatures (black, filled squares) and melting temperatures (red, blank squares)
of neat PA6 as function of the melt temperature during processing. DSC heating and cooling rate: 10 K/min.

As shown in Figure 13, no significant influence of the melt temperature during processing
on the melting or crystallization temperature of PA6 could be observed. Both, melting and
crystallization temperatures, are mainly within 1 °C when compared to the values at
different processing temperatures. There is merely 1 °C difference between samples of
245 °C and 259 °C compared to the samples prepared at 273 °C and 283°C which is within

the limit of accuracy of the DSC.

Table 9 summarizes the melting and crystallization temperatures at different melt

temperatures during processing.

Table 9. Melting and crystallization temperatures of neat PA6 at different melt temperatures during
processing measured by DSC. DSC heating and cooling rate: 10 K/min.

Melt temperature during Melting temperature Crystallization temperature
processing [°C] [°C] [°C]
245 219 187
259 219 187
273 218 186
283 218 186
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The results present almost constant thermal properties of neat PA6 in a temperature range
between 245 °C and 283 °C. This fact is of particular importance, as in the following course
of the thesis the influence of the melt temperature during processing on the performance
of various additives will be investigated. Besides temperature-sensitive additives, which
have their performance optimum at lower melt temperatures, there are additives which
require high melt temperatures during processing to reach their maximum effect.[!
Richter et al. prepared the PA6 compounds only at melt temperatures of 245 °C.[14 Within
the frame of this work open questions concerning the influence of the melt temperature
during processing on additives should be answered as well. To reply those questions, higher
melt temperatures during processing are necessary to study the additive stability under
increased processing temperatures. Furthermore, the solubility of additives in the polymer
melt was tested at different melt temperatures to enhance the efficiency of certain
additives. In order to exclude any influences or changes in the neat polymer at elevated

melt temperatures, the above described experiment was conducted for neat PA6.

GC-MS measurements

On the basis of the DSC data, it is difficult to determine thermal degradation or the like at
elevated melt temperatures during processing. For this purpose, also a gas
chromatography—mass spectrometry (Agilent 5977A MSD with Gerstel Autosampler) was
used. Gas chromatography—mass spectrometry (GC-MS) combines the features of gas
chromatography and mass spectrometry in one machine. This analytical method makes it
possible to identify various substances and verify the purity within one test sample at
different measuring temperatures. Figure 14 shows the sample setup for analyzing the

polyamide samples.
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Figure 14. Sample setup for the GC-MS experiments. The sample (4 — 5 mg) is placed in a p-vial which is
positioned in a twister-desorption-liner (TDU).

Initially, 4 -5 mg polymer strand was placed in a p-vial. This p-vial was inserted to a glass
capillary called “twister-desorption-liner” (TDU) and stored in the autosampler of the GC-
MS machine (see Figure 15). The TDU was heated to the requested temperature and held
there for 5 min. After 5 min, the TDU was purged with helium gas (1 mL/min) to transfer
substances degassed from the sample to the gas chromatography column ((5%-Phenyl)-
methylpolysiloxane column). A chromatogram was recorded for 38 min. The eluat was
analyzed by mass spectrometry with a rate of seven mass spectra per second. Any peak
from the chromatogram could be selected separately and by evaluating the corresponding
mass spectra the volatile compounds of a sample could be identified. Measurements at
different temperatures were conducted with the same sample. For this purpose, the
sample was heated to the lowest required measuring temperature, held there for 5 min
and then cooled to room temperature. After 38 min, when the first measurement was
finished, the sample was heated to the second lowest measuring temperature. This
procedure was repeated for each temperature ending with the highest measuring

temperature.
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Figure 15. Schematic setup of the GC-MS machine (Agilent 5977A MSD with Gerstel Autosampler) consisting
of a sample holder, gas chromatograph and mass spectrometer with detector.

Figure 16 shows the chromatograms of PA6 measured at different temperatures. With
increasing temperature the peak increases as well. Evaluating the mass spectrum of the

detected peak clearly showed that this peak can be referred to e-caprolactam.
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Figure 16. Chromatograms of neat PA6 at different holding temperatures as indicated (left) and mass
spectrum of the peak measured in PA6. The peak can be referred to e-caprolactam with a molar mass of
113.16 g/mol (right).?

It is shown that with increasing temperature more g-caprolactam migrates from the solid
to the gas phase. PA6 is polymerized via ring-opening polymerization of e-caprolactam. In
the literature it is well known that PA6 contains e-caprolactam from synthesis!>*344 and
was already detected by gas chromatography®>%l, differential refractometry®®’! or IR

spectroscopy[®®l. So it can be assumed that the detected e-caprolactam originates from
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synthesis as well. In order to confirm these assumptions, thermal investigations of neat &-
caprolactam were conducted. Figure 17 shows the thermogravimetric analysis and

simultaneous thermal analysis of e-caprolactam.
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Figure 17. Thermogravimetric analysis (solid line) and simultaneous differential thermal analysis (dotted line)
of e-caprolactam, measured under nitrogen atmosphere at a heating rate of 10 K/min.

Figure 17 revealed a melting point at 75 °C, followed by weight loss starting above 100 °C.
The previous GC-MS measurements showed the appearance of the e-caprolactam peak at
150 °C with increasing intensity at elevated temperatures. Finally, the results are largely
consistent with those obtained by the TGA/DTA measurement and also with those known

from the literature.!4?!
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3.3 Self-nucleation of PA6

To determine the maximum polymer crystallization temperature of the neat PA6 grade
used in this work, self-seeding experiments as established by Lotz et al. for
polypropyleneB®! and already conducted by Richter et al. for polyamides* were
performed. This involves the partial melting of the polymer at a temperature Ts. This
temperature is located between the inflection point of the 2nd derivation of the melting
peak and its offset (shaded region in Figure 18). In this region unmolten, remaining crystal
fragments can act as perfect nuclei for the crystallization of the polymer and increase the

crystallization temperature.
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Figure 18. Melting endotherm of PA6 (top) and indication of the partial melting range (shaded region) used
for self-nucleation experiments (bottom).
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The first step of a self-seeding experiment involves the complete erasure of the thermal
history of the polymer. Therefore, the polymer is heated to 250 °C for 5 min to avoid the
nucleation at unmolten sites acting as self-nuclei upon cooling. After that, an initial
standard state is created by cooling the “erased” melt at 10 K/min.

To determine the maximum polymer crystallization temperature T¢maximum) for a polymer,

various Ts values were tested as shown in Figure 19.
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Figure 19. Crystallization exotherms of melt processed neat PA6 for different self-nucleation temperatures
Ts. A maximum polymer crystallization temperature Temaximum) of 195 °C was determined. DSC heating and
cooling rate: 10 K/min.

A maximum self-nucleation of PA6 was induced after melting for 5 min at 221 °C. Here, a
maximum polymer crystallization temperature Tcmaximum) Of 195 °C was obtained. As a
result, the polymer crystallization temperature of this PA6 grade can be increased by 9 °C

maximally.
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3.4 Crystal modification and degree of crystallinity

Polyamides can crystallize due to hydrogen bonding between amide groups. Depending on
the processing conditions, three main polymorphs, the a-, y- and the metastable B-phase
can occur. The a- and y-form are the most prominent modifications.2#°->1 The a-phase is
mainly obtained after annealing or crystallization at elevated temperatures. However, the
y-form is received at lower temperatures.’?! The structures and hydrogen-bonding pattern

of the a- and y-form are presented in Figure 20.51
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Figure 20. Structures of the a- and y-forms of PA6 according to Dasgupta.! The left side shows the view of
the hydrogen-bonding planes, and the right side shows the view down the chain axis. For the a-form, the
adjacent chains are antiparallel and the hydrogen bonding is between adjacent chains within the same sheet.
For the y-form, the chains are parallel and the hydrogen-bonding is between chains in adjacent sheets.

It is well known that both polymorphs differ concerning their mechanical and thermal
properties.[38°0°21 Besides achieving a favored crystal modification by specific polymer
processing, additives can influence the crystallization process of a polymer as well, and

generate a favored modification as described by Richter et al. and Xue et al.[4:30]
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Crystal modification

Wide-angle X-ray diffractometry (WAXS) is a common method to characterize the crystal
modifications of a polymer. In this thesis WAXS measurements were conducted on 1.1 mm
thick injection molding platelets with diameters of 25 mm with a Bruker D8 Advance X-ray
diffractometer using CuKq radiation (A = 1.54 A). Data were recorded in the range of 5-40°
(2 Theta) with a step size of 0.025° and a step time of 10 sec. Figure 21 shows the WAXS
pattern of an injection molded specimen of neat PA6 processed at 245 °C which crystallizes

predominantly in the y-phase.

intensity a.u.

5 10 15 20 25 30 35 40
2 Theta/°

Figure 21. WAXS pattern of an injection molded PA6 specimen (1.1 mm thickness) processed at 245 °C.

As mentioned above, processing conditions can influence the crystal modification of
polyamides. WAXS measurements of samples processed at melt temperatures of 283 °C
showed no change of the diffraction pattern. In this case the varying processing conditions

had no influence on the crystal modification of PA6.

Degree of crystallinity
In addition to the crystal modification of a polymer, the degree of crystallinity is another
important parameter, especially for semi-crystalline polymers. The degree of crystallinity is
defined as percentage of ordered molecules or the amount of crystalline fraction in a
polymer. Polyamides are polymers of intermediate crystallinity and can be varied over a
relatively wide range.?

Common methods for determining the degree of crystallinity are density measurements!®3),
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differential scanning calorimetry (DSC)®3, X-ray diffraction (XRD)®*°%! infrared
spectroscopy®¥ and nuclear magnetic resonance (NMR)2°¢!. The measured values deviate
between the methods used. So it is important to compare only values obtained by the same
method.

Within the frame of this work the degree of crystallinity was determined using differential
scanning calorimetry. For this purpose, the enthalpy of the endothermic peak (AHj) of the
first heating scan was used (Figure 22). With the value of a 100% crystalline PA6 sample

(AHf100 %) = 188 J/g)P>7>8) the degree of crystallinity can be calculated by equation 3:[385960]

AH
degree of crystallinity = AH—f 100% (3)
£(100 %)

Hereafter, the determination of the degree of crystallinity is presented for PA6 processed
at a melt temperature of 245 °C. The DSC curve in Figure 22 shows the enthalpy as area
below the melting peak, which is 65 J/g. Using equation 3, a degree of crystallinity of 34%

can be calculated.
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Figure 22. First heating curve of neat PA6 processed at a melt temperature of 245 °C with a melt enthalpy AHf
of 65 J/g. DSC heating and cooling rate: 10 K/min.
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Furthermore, the influence of elevated melt temperatures during processing on the degree
of crystallinity was investigated. Equally to the crystal modification, no significant change
of the crystallinity could be observed with increased melt temperatures during processing

as shown in Table 10.

Table 10. Melt enthalpy and degree of crystallinity of neat PA6 at various melt temperatures during
processing. DSC heating and cooling rate: 10 K/min.

Melt temperature during processing AHy Degree of crystallinity
[°C] [J/8] [%]
245 65 34
259 68 36
273 66 35
283 68 36
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3.5 Glass transition temperature

The glass transition temperature is the reversible transition in amorphous or semi-
crystalline polymers from a hard and brittle state into rubber-like state with increasing
temperature. The glass transition temperature determines the continuous service
temperature of a polymer and consequently the field of application.

Typical values of the glass transition temperature for PA6 range from - 32 °C for samples at
a relative humidity of 100 rh% up to 75 °C for dried specimen.[? This reveals that the effect
of water absorption on the glass transition temperature is of fundamental importance and
has to be considered when measuring the glass transition temperature. Furthermore, the
glass transition temperature varies significantly concerning the technique of measurement
as well as the cooling rate and can be influenced by additives.[6162]

One method for the determination of the glass transition temperature is DSC.[®? In the case
of the PA6 grade used in this work it was hardly possible to measure the glass transition
temperature by DSC. It is well known that DSC often lacks the sensitivity to adequately
identify the glass transition temperature.[®3!

An alternative method for measuring the glass transition temperature is dynamic mechanic
thermal analysis (DMTA). During a DMTA measurement a sinusoidal deformation is applied
to a sample of known geometry. The sample can be exposed to a controlled stress or a
controlled strain. For a known stress, the sample deforms a certain amount, which can be
related to its stiffness.[®* DMTA measures stiffness and damping, which are reported as
modulus and tan delta. Because of the sinusoidal force, the modulus can be expressed as
an in-phase component, namely storage modulus, and an out of phase component, namely
loss modulus. The storage modulus E’ is the dimension of the elastic behavior of the
sample. The ratio of the loss to the storage is tan delta. It is a measure of the energy
dissipation of a material.l6%

The specimen for DMTA measurements were punched out from an injection molding
platelet resulting in a sample with dimensions of 1.11 mm x 10.00 mm x 1.96 mm. The
samples were conditioned at 70 °C and 62rh% for 4 days corresponding to
DIN ISO 527-2.165I DMTA measurements were conducted with a DMTA IV from Rheometric

Scientific.
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Figure 23. DMTA measurement of neat PA6 after equilibrium water uptake (70 °C, 62 rh%, 4 days) measured
at 1 Hz and 2 K/min. Black line: storage modulus E’; Red line: loss modulus E”; Blue line: loss factor tan 8. The
green line indicates the glass transition temperature determined from the maximum of tan 6.

Figure 23 shows a typical plot of the storage modulus E’, loss modulus E” and loss factor
tan 6 as a function of temperature for neat PA6 after equilibrium water uptake measured
at a frequency of 1 Hz and a heating rate of 2 K/min. The blue curve shows the loss factor
tan 6. The ratio between the loss modulus and the storage modulus is defined as tan §, and
represents the relative contribution of the viscous versus elastic properties.®3 The value
for the glass transition temperature is determined either from the onset of the E’ drop, the
peak of the E” curve or the peak of tan 8.15% In this work the glass transition temperature
is defined as the peak maximum of tan &. The green line in Figure 23 indicates the glass

transition temperature of neat PA6 at 20 °C.
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3.6 Summary

Nowadays, plenty of polymer grades with different properties such as melting and
crystallization temperatures or optical and mechanical properties are available. Those
grades show quite huge differences regarding their characteristic values. Furthermore,
processing and measuring conditions can have a large influence on those parameters. In
order to compare all experiments and samples within this thesis, neat PA6 was investigated
first. Table 11 summarizes the characteristic values for PA6 (Ultramid B27 E) processed at
a melt temperature of 245 °C. The variation of the melt temperature during processing as
well as the processing time revealed no significant influence on the investigated properties
of the polymer, such as melting and crystallization temperature, degree of crystallinity,
glass transition temperature and crystal modification. Consequently, the neat polymer can
be processed between 245 °C and 283 °C without significant changes of the above

mentioned properties.

Table 11. Summary of characteristic values for Ultramid B27 E. processed at 245 °C.

PA6 (reference)

Melting temperature T 218 °C
Crystallization temperature T_ 186 °C
Degree of crystallinity 35%
Glass transition temperature Tg * 20 °C
Main crystal modification y-modification

*only measured for PA6 processed at 245 °C.
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4 Nucleation and clarification of polyamide 6

Properties of semi-crystalline polymers are largely governed by the degree of crystallinity
and the size of the crystalline units. Especially macroscopic properties such as mechanical
or optical properties are related to these microscopic features of the polymer. Nowadays,
polymers are applied in nearly every industrial field. To meet the challenges demanded by
industry, polymers must exhibit specific characteristics. Controlling the macroscopic
properties by controlling its crystallization process became a key factor for technical

polymers.

Nucleation
The limiting step of crystallization is the nucleation of a polymer. Nucleation starts at
temperatures well below the melting temperature of the material and requires large

undercooling. It can be differentiated between two main nucleation processes:

1. Homogenous nucleation takes place when adjacent polymer chains stick together
and induce polymer crystallization. However, this process only happens when the
formed nuclei exceed a critical size. Otherwise these nuclei get resolved due to
thermodynamic instability.[*0)

2. Heterogeneous nucleation is induced due to impurities, unmolten polymer
fragments or additives. This process is of fundamental importance for industrial

applications.[21213,56]

Nowadays, a bunch of additives are used to control the crystallization process and with that
the properties of the polymer. So-called nucleating agents are widely used in semi-
crystalline thermoplastics. They act as heterogeneous nucleation sites inducing polymer
crystallization.[!213] As a consequence, the polymer crystallization temperature is
increased. Additionally, the spherulite size is reduced. Thus, cycle times during injection
molding®®67! as well as mechanical and optical properties can be improved.!>142830,68-74]

Xue et al. showed the influence of nucleating agents on the morphology of PA6 by means
of polarized light microscopy (Figure 24). The spherulite size of neat PA6 (left) is strongly
reduced by the addition of 0.3 wt% nucleating agent (right) and the amount of spherulites

is strongly increased.3%
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Figure 24. Polarized optical micrographs of (a) virgin PA6 and (b) PA6 comprising 0.3 wt% nucleating agent
according to Xue et al.3%

To reach the entire potential of a nucleating agent, fine dispersion, solubility and
compatibility with the polymer must be ensured. The latter requires an epitaxial match of
the nucleating agent and the polymer to guarantee nucleation induced by the additive.'?
Similar crystalline structures, or surface features of the additive and the polymer can
promote epitaxial growth.[”>76l Moreover, the crystallization temperature of the nucleating
agent should be higher than the polymer crystallization temperature in order to act as
nucleation site for polymer crystallization.!”3! Finally, thermal stability of the additives must
be warranted to avoid side reactions or thermal degradation during polymer processing.””]
As mentioned above, a large undercooling of the polymer melt is required to initiate
nucleation and subsequent crystallization processes. Due to nucleating agents the polymer
crystallization temperatures are shifted to higher temperatures compared to the neat
polymer. A common method for the determination of temperature transitions of polymers,
especially for crystallization temperatures, is differential scanning calorimetry (DSC).[>°!
Figure 25 shows the thermographs of neat PA6 and PA6 comprising different
concentrations of a bisurea compound investigated by Richter et al.'l It could be
demonstrated in a certain concentration regime that an increasing amount of additive
leads to higher polymer crystallization temperatures.l'¥ However, an increase of the
additive concentration does not necessarily lead to a higher crystallization temperature. At
high additive concentrations, phase separation between additive and polymer can occur.

Furthermore, undissolved additive cannot contribute to polymer nucleation.”8l
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Figure 25. Differential scanning thermographs of neat PA6 and PA6 comprising different concentrations of a
bisurea compound with cooling rates of 10 K/min according to Richter et al.l!4

In order to calculate the efficiency of nucleating agents, the increase of the crystallization
temperature induced by a nucleating agent is compared to a sample nucleated by its own
crystal fragments (self-seeding experiment; see chapter 3.3)13°]. The nucleation efficiency

(NE) is calculated by equation 4:[7

(4)

T ~T
NE(%) =100 - ( c(nucleated) c(reference))

Tc(maximum) - Tc(reference)

with Te(hucleated) being the crystallization temperature of the polymer induced by a nucleating
agent, T(reference) being the crystallization temperature of the neat polymer and T¢maximum)
being the maximum crystallization temperature obtained by self-seeding experiments.3%7°!
In recent years, a large number of studies focused on inorganic particles and organic salts
as nucleating agents for polyamides.[>°680 For example inorganic sodium
phenylphosphinatel®, kaolin, talc®%81 and salts of benzoic acid*3! were found to be
nucleating agents for polyamides. Furthermore, Mudra et al. compared the efficiency of
several potential and commercial nucleating agents in PA6.18% Additionally, several
publications deal with polymeric materials as nucleating agents for polyamides. For
example PA4.6 efficiently nucleates both PA6 and PA66.32 Furthermore, Du et al.
described the use of maleated poly(ethylene-co-vinyl acetate) as nucleating agent for

PAG.183]
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However, inorganic nucleating agents cause problems due to insolubility in the polymer
melt, and consequently have to be finely dispersed during polymer processing. Poorly
dispersed particles can state a major problem for the nucleation efficiency of an additive.
Recently, these dispersion issues could be eliminated by organic nucleating agents.
Depending on the chemical structure, the additives can be soluble in the polymer melt,
self-assemble upon cooling into supramolecular nano-objects, and induce polymer
crystallization. These additives are called supramolecular polymer additives.[*473]

Figure 26 presents a schematic structure of supramolecular additives. The structure
consists of a central unit connecting two units capable of forming hydrogen bonds which
are responsible for crystal growth and self-assembly behavior, respectively. Furthermore,
the crystal structure and the dissolution properties in the polymer melt of an additive can
be influenced by variation of the peripheral substituents.[*#73! By modifying and adjusting
these units, tailored additives can be synthesized. Hence, the dissolution behavior of the
additives can be adapted to a certain polymer and the surface of the supramolecular nano-

objects can be tuned to support epitaxial growth of the designated polymer.

ripheral substituents

n crystal structure

ity in polymer melt

Central unit

Figure 26. Schematic structure of linear supramolecular additives consisting of a central unit, two hydrogen
bonding units and peripheral substituents. (reproduced from Richter et al.l!*)
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With appropriate epitaxy those supramolecular aggregates exhibit an extremely high
density of nucleation sites due to their high surface-to-volume ratio.’! To develop effective
and well-performing supramolecular polymer additives some requirements have to be

fulfilled:187384

e Self-assembly of additive molecules due to structural moieties has to be ensured.

e Solubility of the additive at the desired melt temperatures during processing.

e Insolubility of the additive above the crystallization temperature of the neat
polymer upon cooling from the melt.

e Suitable surface for epitaxial growth of the polymer.

In order to understand the way of functioning of supramolecular additives, Figure 27
presents a scheme of the self-assembly concept of supramolecular nucleating agents

during polymer processing.

Dissolved additive in Self-assembly of
the polymer melt additive upon cooling

Nucleation of polymer

[Il. Demolding

processing
temperature

|. Compounding II. Injection molding

»

time

Figure 27. Schematic thermoreversible self-assembly process of supramolecular nucleating agents during
polymer processing. The red dots indicate additive molecules whereas the red bars indicate the
supramolecular nano-objects. The bottom graph schematically describes a typical temperature profile during
polymer processing (red line).

First, the additives are dissolved in the polymer melt and thus well distributed. Here,
appropriate melt temperatures during processing are of high importance to guarantee
ideal solubility, while avoiding thermal degradation of the additives. Upon cooling, the
additive molecules self-organize into so-called supramolecular nano-objects due to

intermolecular forces (e.g. hydrogen bonding). In the end, these nano-objects are capable

47



Nucleation and clarification of polyamide 6

of providing an appropriate surface for the nucleation of the polymer. This process is fully
reversible without any losses.[*4

Due to their ability to eliminate the dispersion issues, organic supramolecular additives
gained growing interest. Supramolecular additives for polypropylene are applied
commercially for several years now. Dibenzylidene sorbitol®®2 and 1,3,5-
benzenetrisamide derivatives!’37886-81 were developed with regard to the nucleation of
isotactic polypropylene. Furthermore, trisamides were found to be capable as nucleating
agents for polyvinylidene fluoride!?®! and polybutylene terephthalate.’Y) Recently, Richter
et al. transferred the concept of supramolecular nucleating agents to semi-crystalline
polyamides.™ He developed a new class of supramolecular nucleating agents on the
structural motif of 1,4-cyclohexane bisureas specifically for polyamides. Figure 28 shows

three examples for supramolecular nucleating agents.

Figure 28. Chemical structures of supramolecular nucleating agents. Left: 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-
propylphenyl)methylene]-nonitol (TBPMN, NX8000, Miliken Chemical); middle: 1,3,5-tris(2,2-dimethyl-
propionylamino)benzene (Irgaclear XT 386, BASF); right: 1,1'-(trans-1,4-cyclohexylene)bis(3-tert-butylurea).
NX8000 and Irgaclear XT 386 are commercial nucleating agents for PP, whereas the bisurea compound
efficiently nucleates polyamides.

Clarification

Usually, semi-crystalline polymers appear opaque or milky. They are not transparent due
to light scattering at the interfaces between crystalline and amorphous regions. However,
the optical properties of those polymers can also be tuned by additives.[142873.7489 Thogse
additives are called clarifying agents and are considered as a subcategory of nucleating
agents. They can efficiently improve optical properties of a polymer such as transparency,
haze and clarity. According to ASTM D 1003, the standard test method for haze and
luminous transmittance of transparent plastics, haze and clarity values can be measured by
means of a hazemeter.l®® The haze value is referred to the amount of transmitted light,

which is scattered in angles larger than 2.5°, and indicates the cloudiness of a sample.

Polymers with a haze of 100% strongly scatter light and appear “milky”, whereas polymers
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with a haze value of 0% appear clear as glass. Clarity is the amount of transmitted light that
is scattered in angles smaller than 2.5°, where low clarity values cause a loss of sharpness
of an image. A clarity value of 0% indicates a total loss of sharpness, whereas a clarity value
of 100% means that an image is displayed completely sharp. Figure 29 shows the influence

of haze and clarity on an image and on the visual appearance of transparent objects.[!l

[ Visual apperance of transparent objects ]
I

Total Transmission

Diffuse Transmission Direct Transmission
1
| |
Wide angle scattering: Narrow angle scattering:
Scattering larger than 2.5° Scattering smaller than 2.5°
I I
[ Haze J [ Clarity J
Decrease in contrast Sharpness of outlines

Figure 29. Haze and clarity. Top: Definition. Bottom: Visualization of the influence of the haze and clarity of
transparent polymer specimens on the visual appearance of objects. (reproduced from BYK®)

As mentioned above, semi-crystalline polymers exhibit crystalline and amorphous phases
with different refractive indices for each phase. This mismatch leads to scattering which
reduces the transparency of a specimen. Additionally, semi-crystalline polymers partly
consist of anisotropic structures (i.e. spherulites) emerging from crystallization. Those
structures lead to an increase of haze values, and thus a decline of the optical properties at

the same time. By adding additives the spherulite size can be decreased and the amount of
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scattered light reduced which can lead to improved optical properties.l?8 The effect of the
addition of a clarifying agent on the visual appearance of injection molded specimen is

presented in Figure 30.114

Figure 30. Effect of the addition of a bisurea additive on the visual appearance of injection molded specimen.
Left: PA6 (reference); middle: PA6 + 0.2 wt% additive; right: PA6 + 1.3 wt% additive.['¥]

Figure 30 visually demonstrates the influence of the addition of a nucleating agent to a
polymer. With an increasing amount of additive, the optical properties, haze and clarity, as
well as transparency, were enhanced significantly. In the presence of the clarifying agent,
the amount of spherulites within the polymer was increased, while the size of the
spherulites was decreased coincidentally. The size of the spherulites is assumed to be
smaller than the wave length of visible light. Consequently, less scattering occurs, which
leads to enhanced optical properties.

Nevertheless, a reduction of the crystallite size cannot be regarded as the only reason for
the enhancement of optical properties.l’378 As stated above, Xue et al. demonstrated the
decrease of spherulites of PA6 by nucleating agents without observing an enhancement of
the optical properties.l3l Moreover, it is well known from the literature that talc is a very
good nucleating agent for a plenty of polymers but shows no positive influence on the
optical properties of polymers.

However, in recent years several patents and publications dealing with clarifying agents for
isotactic polypropylene were released. Sorbitol and trisamide derivatives are common
clarifying agents for polypropylene and have been commercially applied for
years.[67.69,70,72,73,78,86] Kristiansen et al. investigated sorbitol/i-PP systems. They observed
that haze and clarity of injection-molded i-PP specimens are strongly dependent on the
additive concentration.®’] Furthermore, a strong influence of cooling kinetics on the optical

properties of the clarified i-PP was detected.’®®) Abraham et al. made similar
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observations.[”8l Therefore, additive concentrations and processing conditions play an
important role in the field of nucleating and clarifying agents.

For the first time, Richter et al. was able to clarify a semi-crystalline polymer other than
polypropylene. He synthesized a new class of bisurea additives, and thus was able to
improve the optical properties of polyamides remarkably. A reduction of haze values to less
than 20% with additive concentrations of 1.0 wt% was observed. This outstanding work

was patented in 2013.[1489,92]

The following chapter will address detailed investigations of the thermal stability of a
bisurea compound at various melt temperatures during processing and the development

of a new nucleating and clarifying agent for polyamide 6.
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4.1 Thermal stability and properties of a bisurea additive

Most bisurea molecules discussed in this work consist of a central unit, two urea linkages,
which are responsible for hydrogen bonding, and peripheral substituents. The detailed
functions of each group are explained in frame of the introduction of this chapter. The

schematic structure of linear bisureas is presented in Figure 31.
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Figure 31. Schematic structure of a linear bisurea molecule consisting of a central unit, two urea linkages, and
peripheral substituents.

Bisurea compounds are widely known to the literature and applied in a number of different
fields.?31%4 The two main sectors deal with the formation of organo and hydrogels due to
hydrogen bonding interactions of the urea groups[®324100,10L104] 3nd the formation of
polymeric assemblies.[®>8102] Recently, the use of bisurea structures as supramolecular
polymer additives and nucleating agents has been reported.[14308%92] Richter et al. were
the first developing several bisurea derivatives as supramolecular polymer additives for
polyamides, followed by Xue et al. who also found bisureas as nucleating agents for PAGE
and Xu et al. who were able to nucleate poly(l-lactid acid) with organic bisurea
compounds.[103]

It is well known that bisurea compounds are capable of self-assembling into nano-objects.
For example, Schmidt et al. conducted NMR-crystallographic studies of two-dimensionally
self-assembled compounds.®® In this work the crystal structures and morphology of three
supramolecular compounds were determined. Among others, one bisurea compound,
namely 1,1'-(cyclohexane-trans-1,4-diyl)bis(3-tert-butylurea) originally developed by
Richter et al.l was investigated. The structural formula and morphology is presented in

Figure 32.
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Figure 32. SEM image of the two-dimensional structure of 1,1'-(cyclohexane-trans-1,4-diyl)bis(3-tert-
butylurea) (200 ppm) formed in butan-2-one. The region where the magnified image (inset) was collected is
marked using the white box. This compound was originally developed and synthesized by Richter et al.['* and
the image is an excerpt from Schmidt et al.[*”

As shown in Figure 32, the bisurea compound forms sheet-like structures when crystallized
from butan-2-one. Moreover, powder X-ray diffraction as well as 1D and 2D multinuclear
solid-state NMR spectroscopy revealed a “pseudo-biaxial” hydrogen bond system where
each molecule is directly connected to four neighboring molecules via hydrogen bonds
resulting in two-dimensional nanosheets.[®®! Figure 33 shows two nano-sheets consisting

of bisurea molecules formed due to hydrogen bonds lying on the top of each other.
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Figure 33. Extended crystal packing plot and structure of 1,1'-(cyclohexane-trans-1,4-diyl)bis(3-tert-
butylurea) investigated by Schmidt et al. (figure reproduced from Schmidt et al.[*%).
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It is well known that polyamides also crystallize in sheet-like structures which are favored
due to hydrogen bonds.P1051971 These intermolecular hydrogen bonds connect
neighboring chains and form extended planar sheets. These sheets dominate the molecular
structure of polyamides.?! Hence, it can be assumed that sheet-like structures have the
ability to promote the nucleation of polyamides. For example, Masahito et al. showed the
epitaxially growth of PA6 on a nano-sheet of graphite.[108]

As demonstrated by Schmidt et al., bisurea compounds exhibit sheet-like structures due to
hydrogen bonds. Richter et al. investigated three classes of bisurea compounds, namely
symmetrical cis-1,4-cyclohexane bisurea derivatives, asymmetric trans-1,4-cyclohexane
bisurea derivatives and symmetrical trans-1,4-cyclohexane bisurea derivatives, regarding

their nucleation potential. One example for each of the three classes is shown in Figure 34.

Symmetrical cis-1,4- Symmetrical trans-1,4- Asymmetrical trans-1,4-
cyclohexane bisurea cyclohexane bisurea cyclohexane bisurea
derivatives, e.g. derivatives, e.g. derivatives, e.g.
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Figure 34. Examples for the three classes of bisurea derivatives investigated by Richter et al.l*¥

In total, 29 derivatives were investigated by Richter et al. with respect to their nucleation
behavior in PA6.[*41 All derivatives showed good nucleation properties with some additives
exhibiting nucleation efficiencies up to 90% at additive concentrations of just 0.2 wt%.
Furthermore, for some nucleating agents a change of the crystal modification of PA6 from
v-phase to a-phase was observed. Besides good nucleation properties, the asymmetric
trans-1,4-cyclohexane bisurea derivatives and especially the symmetric trans-1,4-
cyclohexane bisurea derivatives exhibit excellent clarifying properties. Haze values of less
than 20% at additive concentrations below 1.0 wt% were observed. Due to a
conformational change in the central unit, the cis-derivatives showed lower nucleation
efficiencies and no enhancement of the optical properties. Furthermore, the mechanical
properties of PA6 were significantly increased by the use of certain bisurea additives.[%92
In addition to Richter et al., Xue et al.3% synthesized an ureido mixture which is also capable
of nucleating PA6 (Figure 35). Furthermore, the mechanical properties were improved

notably and a change of the crystal modification from the a- to the y-phase with increasing
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additive content was observed. In contrast to Richter et al., no enhancement of the optical

properties was observed.
NJ\N ‘ ‘ NJ\N : ‘NJLN’ ‘ ‘ "NCO
H H H H H H

Figure 35. Ureido mixture as nucleating agent investigated by Xue et al.?%

Richter et al. mainly focused on structure-property relations of bisurea compounds and
their nucleating and clarifying effect in semi-crystalline polyamides. Investigations of the
influence of the processing temperature on the effect of the additives were not part of the
work. Both, Richter et al. and Xue et al., worked with temperatures at the lower end of the
processing range for polyamides. Knowledge about thermal stability of these additives for
industrial applications at higher melt temperatures during processing are not available yet,

but are of fundamental importance for industrial benefit.

The following chapter deals with investigations about the thermal stability of an efficient
bisurea compound and its behavior at elevated melt temperatures during processing.
Primarily, the neat additive is studied regarding its thermal stability and the results of
Richter et al. are reproduced and verified. Furthermore, the influence of nucleation on the
morphology was evaluated. Afterwards, correlations between melt temperature during
processing and additive efficiency are examined by varying the processing temperatures
systematically. The compounds were investigated in a temperature range from 245 °C to
283 °C and compared with respect to their nucleation efficiency and their influence on the
optical properties.

Figure 36 shows the investigated bisurea compound 1, namely 1,1'-(cyclohexane-trans-1,4-
diyl)bis(3-tert-butylurea). This additive was originally developed and synthesized by Richter
et al. at the chair of macromolecular chemistry | at the University of Bayreuth. For the

subsequent investigations the batch already synthesized by Richter et al.[** was used.

H H
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Figure 36. Chemical structure of investigated bisurea compound 1 (1,1'-(cyclohexane-trans-1,4-diyl)bis(3-
tert-butylurea)).
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4.1.1 Thermal properties of the bisurea additive

The thermal properties of 1,1'-(cyclohexane-trans-1,4-diyl)bis(3-tert-butylurea) 1 were
already determined by Richter et al.'1 To guarantee reproducibility and to avoid mistakes,
measurements of the thermal properties were conducted by means of combined
thermogravimetric (TGA) and simultaneously differential thermal analysis (DTA) and
complemented by polarized light microscopy.

TGA measurements of the dried bisurea were performed between 30 °C and 700 °C with a
heating rate of 10K/min under nitrogen atmosphere. Figure 37 shows the
thermogravimetric analysis (solid line) and simultaneous thermal analysis (dotted line) of

compound 1.
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Figure 37. Thermogravimetric analysis (solid line) and simultaneous differential thermal analysis (dotted line)
of 1,1'-(cyclohexane-trans-1,4-diyl)bis(3-tert-butylurea), measured under nitrogen atmosphere at a heating
rate of 10 K/min.

It clearly shows up that no melting endotherm, but sublimation with subsequent thermal
decomposition of the bisurea occur. Bisurea 1 exhibits a weight loss of 5% at 310 °C.
Sublimation starts at around 280 °C and thermal decomposition appears above 350 °C
indicated by a kink of the TGA curve. At higher temperatures sublimation and thermal

degradation interfere and a residual weight of 2% is the result.
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TGA measurements register only the weight loss of the measured sample. To get further
information, polarized light microscopy was conducted. Therefore, a few milligram of
bisurea 1 were placed between two glass slides, inserted to a hot stage and observed at

different temperatures while heating with 10 K/min. Figure 38 presents images obtained

from polarized light microscopy of compound 1.

Figure 38. Polarized light microscopy of compound 1 viewed through a A/4 platelet at various temperatures
while heating with 10 K/min.

With increasing temperature the platelets start to sublimate and finally disappear. At some
spots the platelets get brownish before disappearing, which can be referred to degradation
of the bisurea compound. Complete sublimation of the bisurea could not be observed due
to a limited temperature range of the hot stage (maximum temperature: 375 °C).

These results are in good agreement with those determined by TGA measurements. Both
experiments revealed no change up to a temperature of 250 °C. At temperatures around
320 °C, the TGA curve starts to drop and the optical micrographs showed a reduction of the
platelets. Additionally, the brown color at the edges of the platelets indicate thermal
degradation, which could be confirmed by the kink of the TGA curve at 350 °C. Moreover,
a large amount of the sample disappeared in both experiments. However, the TGA
experiment revealed no weight loss of 100%, which is a further sign for thermal

degradation at elevated temperatures.
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4.1.2 Nucleation and optical properties of PA6

In the following, the influence of bisurea 1 on the polymer crystallization temperatures and
the optical properties at different additive concentrations were investigated. Richter et al.
investigated the bisurea compounds only at processing temperatures below 250 °C. In
frame of this work higher melt temperatures during processing are discussed. In order to
ensure the comparability of all experiments and to guarantee consistent handling for all
samples, first of all bisurea 1 was compounded as reference with processing parameters
used by Richter et al.[*4

First, the additive was ground and filled with the pulverized polymer powder into a bottle.
To get a homogenous distribution, the powder/powder blend was mixed with a tumble
mixer for at least 12 h and dried at 80 °C overnight. Afterwards, the obtained blend was
compounded with a co-rotating twin-screw compounder (DSM Xplore 15 mL) under

nitrogen atmosphere. Detailed processing parameters are listed in chapter 3.1.

Figure 39. Tumble mixer with bottles for the preparation of polymer powder/additive powder blends.

The additive was investigated in a concentration range from 1.5 wt% to 0.1 wt%. The
different concentrations were prepared by diluting the initial additive/polymer mixture
(1.5 wt%) with a mixture of the initial PA6/additive powder and neat PA6 powder, yielding
the following dilution series: 1.5 wt%, 1.3 wt%, 1.0 wt%, 0.8 wt%, 0.6 wt%, 0.4 wt%, 0.2 wt%
and 0.1 wt%. The preparation steps and initial weights for a concentration series are shown
in Table 12 and are explained below.

For the cleaning run and the first sample run a mixture with a concentration of 1.5 wt%

additive was used. For the following runs the initial additive concentration was diluted by
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neat PA6 and the initial powder mixture to obtain the requested concentrations. With a
dead volume of 5.4 g the exact additive concentrations of the extrudates could be
calculated according to Richter et al.:[*4

With an initial additive concentration of 1.5 wt% and a dead volume of 5.4 g (for PA6 and
the compounder used for this work), the amount of additive within the dead volume is
0.081 g. To obtain an additive concentration of 1.3 wt%, 6.8 g of the initial powder mixture
with 1.5 wt% of additive and 1.8 g of neat PA6 are added. The amount of additive in 6.8 g
of the initial powder mixture is 0.102 g. Consequently, the total amount of additive within
the compounder in the first dilution run is 0.183 g. The exact additive concentration results

from the total amount of additive divided by the amount of polymer:

0.183 g
14 g

( 0.081g +0.102 g

. 0y —
5.4g+6.8g+1.8g) 100% (

)- 100% = 1.31% (5)

Table 12 summarizes the initial weights and resulting additive concentrations for a
concentration series in PA6.

Table 12. Initial weights and additive concentration for a concentration series in PA6.

Run Comment M owder mixture L8] M eat polymer 8] C.qaitive [Wt%]
1 cleaning 14.0 0.0 1.50
2 1st sample 8.6 0.0 1.50
3 1st dilution 6.8 1.8 1.30
4 2nd dilution 4.7 3.9 1.00
5 3rd dilution 3.9 4.7 0.80
6 4th dilution 2.7 5.9 0.60
7 5th dilution 1.6 7.0 0.40
8 6th dilution 0.5 8.1 0.20
9 7th dilution 0.2 8.4 0.10

Subsequent experiments were conducted with the compounding and injection molding
parameters already listed in chapter 3.1. The polymer melt temperature during processing

was 245 °C. In order to investigate the influence of the additive on the optical properties,
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injection molding specimen with a thickness of 1.1 mm were prepared and clarity and haze
were measured according to ASTM D-1003. To study the crystallization behavior of the
compounded polymer, DSC measurements were performed and the polymer crystallization
temperatures were obtained from the exothermic minimum of the second cooling curves.
Figure 40 shows the DSC cooling curves of neat PA6 and PA6 comprising 1.0 wt% bisurea 1.
The addition of the bisurea additive leads to an increase of the polymer crystallization
temperature due to initiation of nucleation at temperatures above the original

crystallization temperature of the reference.
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Figure 40. Differential scanning exotherms of neat PA6 and PA6 comprising 1.0 wt% bisurea 1. The neat
polymer has a polymer crystallization temperature of 186 °C and the additivated polymer has a polymer
crystallization temperature of 194 °C. Polymer melt temperature during processing: 245 °C. DSC heating and
cooling rate: 10 K/min.

In order to compare various additives with each other and to estimate the potential of a

nucleating agent, the nucleation efficiency of an additive can be calculated by equation 6:

T, itive) — 1, 194 °C — 186 °C
NE(%) _ < c(additive) c(reference) ) 100% = (

. 0 — 0
195°C—186°C) 100% =89% (6]

c(maximum) — Tc(reference)
with Tcadditive) being the crystallization temperature of the additivated polymer, Tereference)
being the crystallization temperature of the neat polymer and T¢maximum) being the
maximum crystallization temperature obtained by self-seeding experiments according to

Lotz et al.[3! Consequently, a nucleation efficiency of 89% for PA6 comprising 1.0 wt%
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bisurea 1 was achieved.

In order to evaluate the ideal additive concentration for further experiments, a
concentration series of PA6 with bisurea 1 was reproduced from Richter et al.['¥ Figure 41
presents the polymer crystallization temperature (top) and the optical properties clarity

and haze (bottom) as function of the additive concentration.
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Figure 41. Polymer crystallization temperatures (top graph) and the optical properties haze (%) and clarity
(®) (bottom graph) of PA6 comprising bisurea 1 as function of the additive concentration. The blank symbols
indicate the values for neat PA6. DSC heating and cooling rate: 10 K/min.

As presented in the top graph of Figure 41, the crystallization temperature is increased
significantly even at an additive concentration of 0.1 wt%. However, with increasing
additive concentration a slight increase of the polymer crystallization temperature can be

observed with a maximum crystallization temperature of 194 °C at 1.0 wt% revealing a
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nucleation efficiency of 89%.

The bottom graph of Figure 41 presents the optical properties clarity and haze as function
of the additive concentration. The clarity values increase from 68% to 98% at the lowest
concentration of 0.1 wt% and stay constant within all concentrations. Whereas the haze
values decrease from 98% to around 20% at a concentrations of 0.8 wt% and stay constant
at 20% with increasing additive concentrations.

Comparing nucleation efficiencies and optical properties of the concentration series, an
additive concentration of 1.0 wt% emerges to be the optimal concentration for further
experiments. The additive reveals the best nucleation efficiency as well as the best optical
properties at this concentration. To study the influence of processing parameters on the
thermal stability of the additive this is the best concentration to easily detect a change of

the additive performance.
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4.1.3 Nucleation and optical properties of PA6 under various processing conditions

As already mentioned, the nucleation and clarification ability of supramolecular polymer
additives strongly depends on the individual chemical structure of the additive. Besides the
chemical properties, the processing parameters are of huge importance. In general,
additives exhibit a certain temperature until their thermal stability is not guaranteed
anymore. The bisurea additives are thermally stable up to 250 °C before detecting a weight
loss by TGA measurements. However, PAG6 is usually processed in a temperature range of
238 °C to 270 °C.1”) In most cases industrial compounding takes place at elevated melt
temperatures and increased friction and shear occur in contrast to a compounder on the
laboratory scale.

In order to get knowledge about the performance at varying processing parameters, the
following chapter approaches the influence of the processing time and temperature of the
tert-butyl substituted bisurea 1 on the efficiency concerning nucleation and optical
properties. Information about a decline of the additive performance at certain processing
parameters were examined. Furthermore, the ideal processing parameters for

compound 1 were figured out.

Influence of processing time

On the one hand, the processing time can play an important role to improve the effect of
polymer additives due to increased solubility and dispersion in the polymer melt. On the
other hand, the thermal load can cause degradation and lead to a decline of the additive
efficiency. Therefore, the influence of the processing time on the nucleation and
clarification effect of PA6 comprising compound 1 was investigated.

The following experiments were conducted with PA6 comprising 1.0 wt% bisurea 1. This
composition was investigated at a constant melt temperature during processing of 245 °C
with varying processing times of 5 min, 10 min, 20 min, 30 min and 60 min. The way of
proceeding is explained below:

First, 14.0 g of PA6 comprising 1.0 wt% bisurea 1 was filled in the compounder. After
5 minutes, the melt was discharged and discarded (cleaning run). Up next, 8.6 g of the
polymer/additive composition was filled in the compounder, mixed for the requested time
and transferred to the injection molding machine to prepare injection molding platelets.

Figure 42 presents the polymer crystallization temperatures, and optical properties (haze
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and clarity) of PA6 comprising 1.0 wt% bisurea 1 as function of the processing time.
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Figure 42. Polymer crystallization temperatures (top graph) and the optical properties haze (%) and clarity
(®) (bottom graph) of PA6 comprising 1.0 wt% of bisurea 1 as function of the processing time. The processing
time is defined as the time the polymer remains in the extruder during compounding. Melt temperature
during processing: 245 °C.

The polymer crystallization temperature after a processing time of 5 minutes is slightly
increased compared to the other processing times (top graph, Figure 42). Similar
observations were made for the neat polymer as well (see chapter 3.2). However, this
deviation is in the range of the measuring accuracy of the DSC apparatus. Thus, the
crystallization temperature of the additivated polymer is unaffected by the processing

time.

64



Nucleation and clarification of polyamide 6

The bottom graph of Figure 42 shows the influence of the processing time on the optical
properties haze and clarity. No significant shift of the values by varying processing time can
be recognized. Both, haze and clarity values, stay constant with increased processing time.
Figure 43 shows the optical properties of neat PA6 as function of the processing time for
comparison. Haze values stay almost constant at around 100% with extended processing

time, whereas clarity values are fluctuating between 50% and 70%.
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Figure 43. Optical properties haze (%) and clarity (<) of neat PA6 as function of processing time. The
processing time is defined as time how long the polymer remains in the extruder during compounding. Melt
temperature during processing: 245 °C.

All in all, no influence of the processing time on the nucleation and optical properties at
melt temperatures during processing of 245 °C were found. Therefore, the following

section addresses the influence of the melt temperature during processing.
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Influence of melt temperature during processing

Increased melt temperatures during processing can lead to a better dissolution and
dispersion of an additive but can also cause thermal degradation with simultaneous decline
of the nucleation efficiency and optical properties. In order to determine the influence of
the melt temperature during processing on the performance of bisurea 1, various melt
temperatures were tested. The following experiments were conducted with PA6
comprising 1.0 wt% bisurea 1 at melt temperatures of 245 °C, 259 °C, 273 °C and 283 °C
and a processing time of 5 minutes. The detailed way of proceeding is explained below and

the parameters are summarized in Table 13.

Table 13. Initial weights, melt temperature and additive concentration for a temperature dependent
extrusion experiment of additivated PA6.

Run  Comment Mpowder mixture Melt temperature C.aditive
[g] during processing [°C] [Wt%]
1 cleaning 14.0 1.0
245
2 sample 8.6 1.0
3 cleaning 8.6 1.0
259
4 sample 8.6 1.0
5 cleaning 8.6 1.0
273
6 sample 8.6 1.0
7 cleaning 8.6 1.0
283
8 sample 8.6 1.0

First, 14.0 g of PA6 comprising 1.0 wt% bisurea 1 was filled in the compounder. After
5 minutes, the melt was discharged and discarded (cleaning run). Next, 8.6 g of the
polymer/additive composition was filled in the compounder, mixed for the requested time
and transferred to the injection molding machine to prepare injection molding platelets.
Lastly, both, the compounder and injection molding machine, were cleaned and ready for
the next processing temperature. At the end, four samples at four different melt

temperatures were prepared.
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Figure 44 presents the polymer crystallization temperatures and optical properties haze
and clarity of PA6 comprising 1.0 wt% bisurea 1 as function of the melt temperature during

processing.
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Figure 44. Polymer crystallization temperatures (top graph) and the optical properties haze (%) and clarity
(®) (bottom graph) of PA6 comprising 1.0 wt% of bisurea 1 as function of melt temperature during
processing.

The polymer crystallization temperatures show a slight decrease with increasing melt
temperature during processing. The polymer crystallization temperature decreased from
194 °C at a melt temperature of 245 °C to a polymer crystallization temperature of 192 °C
at 283 °C. Similar shifts of the crystallization temperatures were observed for the neat
polymer at elevated melt temperatures during processing as well (see chapter 3.2). Thus,
the crystallization temperature of the additivated polymer is largely unaffected by the melt

temperature during processing.
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The bottom graph of Figure 44 presents the optical properties haze and clarity as function
of the melt temperature during processing. In contrast to the polymer crystallization
temperature, a significant influence of the melt temperature during processing on the
optical properties of the additivated polymer could be observed. The haze values increase
linearly from below 20% at 245 °C to almost 50% at 283 °C. Clarity values still remain
constant at around 100%.

Figure 45 shows the optical properties of neat PA6 at different melt temperatures during

processing.
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Figure 45. Optical properties haze (%) and clarity (<) of neat PA6 as function of the melt temperature during
processing.

Haze values of neat PA6 stay almost constant at around 100% with increasing melt
temperature during processing, whereas clarity values are fluctuating between 45% and
65%. Due to the fact that no significant influence of the melt temperature during processing
on the optical properties of the neat polymer could be observed, the decline of the optical
properties have to come along with the bisurea additive. By a release of possible
degradation products of the bisurea additive at higher melt temperatures during
processing, which might be insoluble in the polymer melt, increased light scattering and
thus a decline of the optical properties may occur.

In order to analyze possible degradation products of the additive at elevated melt
temperatures during processing, the following chapter will discuss the above stated

assumptions in detail with the help of GC-MS measurements of the compounds.
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4.1.4 Investigation of temperature stability of the bisurea under processing conditions
Previous investigations revealed that the optical properties of clarified PA6 decline with
increasing melt temperatures during processing. Thermal investigations of the bisurea
additive showed thermal stability up to 250 °C, but the processing temperatures for
industrial applications usually exceed this temperature.

In order to elucidate the behavior of the bisurea additive at elevated melt temperatures
during processing GC-MS measurements were conducted. Therefore, bisurea 1 was
measured in a temperature range from 230 °C up to 290 °C. Detailed sample preparation
for the GC-MS measurements was already explained in chapter 3.2.

In order to understand the process of decomposition for bisurea 1 and in order to identify

possible elimination products, first a conventional mass spectrum was recorded (Figure 46).
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Figure 46. Conventional mass spectrum of bisurea 1 (molecule peak: m/z = 312) exhibiting the fragment peaks
at m/z = 139, 156 and 240. These peaks were also detected via GC-MS.

Figure 46 presents the fragmentation process of bisurea 1 with the following fragments:
MS (70 eV), m/z (%): 312 (18); 240 (7); 212 (44); 197 (32); 156 (5); 139 (10); 97 (25); 61 (15);
58 (100).

To gain information about the thermal stability and behavior of bisurea 1 at elevated
temperatures GC-MS measurements were conducted. Figure 47 presents the
chromatograms of compound 1 at 230 °C, 250 °C, 270°C and 290 °C. Three peaks at
9.2 min (a), 10.4 min (b) and 17.0 min (c) could be detected. Peak ¢ is many times higher
and broader than peaks a and b. Also a significant increase of the detected peaks with

increasing measuring temperature is observed.
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Figure 47. Chromatograms of bisurea 1 at various temperatures measured by GC. Three peaks at 9.2 min (a),
10.4 min (b) and 17.0 (c) could be detected. Mobile phase: helium gas (1 mL/min); Gas chromatography
column: ((5%-Phenyl)-methylpolysiloxane column).

Three compounds with molecule peaks of m/z = 156, 139 and 240 (a, b and c) occur. The
molecule peaks observed by GC can also be observed when examining the conventional
mass spectrum of bisurea 1, and hence correspond to molecule fragments.

Figure 48 shows schematically the chemical structures of possible fragments of bisurea 1

for the m/z values of 139, 156 and 240.

o Y- o Y- o Y-
7§ o) 7§ o) 7§ (o)
m/z b m/z m/z
156 139 240

Figure 48. Possible fragments (highlighted in grey) and corresponding molpeaks of peaks (a, b and c) detected
during GC-MS measurements.

In the case of the conventional mass spectrometry these fragments originate from
ionization. Whereas for the GC-MS measurements the detected peaks must come along
with thermal treatment of the sample. Upon heating, the sample starts to sublimate and/or
degrade. After that, the gassy substances are transferred to the chromatography column

and are separated. At the end of the column the individual fractions are ionized and
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measured by the mass spectrometer. The fact that the peaks first occur at 250 °C and then
begin to increase with increasing measuring temperature is indicative that the additive
starts to degrade and the detected substances are thermal decomposition products.
Previously, the TGA curve revealed a weight loss of bisurea 1 starting at 250 °C. Finally, the
m/z values of the detected peaks are in accordance with the peaks of the conventional
mass spectrum.

The above described investigations were carried out for the neat additive. In order to
explore the behavior of the additive in the polymer under processing conditions, GC-MS
measurements were conducted with PA6 comprising bisurea 1.

Figure 49 presents the chromatograms of PA6 comprising 1.0 wt% bisurea 1 at 230 °C,
250 °C, 270°C and 290 °C. In contrast to the neat additive only two peaks at 7.6 min (d) and

9.8 min (e) could be detected.
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Figure 49. Gas chromatograms of PA6 comprising 1 wt% bisurea 1 measured at temperatures as indicated.
Two peaks at 7.6 min (d) and 9.7 (e) could be detected. Mobile phase: helium gas (1 mL/min); Gas
chromatography column: ((5%-Phenyl)-methylpolysiloxane column).

Peak e is more distinct than peak d. By evaluating the mass spectra of e and comparison
with the GC-MS measurements of the neat polymer in chapter 3.2, this peak can be

referred to e-caprolactam which originates from polymer synthesis.
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Peak d appears at 270 °C for the first time. The mass spectra show a molecule peak at m/z
of 114 which can be referred to cyclohexane diamine and can be assumed to be a
degradation product from the bisurea additive.

The results of the GC-MS investigations of PA6 comprising the bisurea additive 1 strongly
differ from those conducted for the neat additive. No similar peak occurs comparing both
measurement series. This may be caused by interaction of the additive molecules and the
polymer chains due to hydrogen bonds. However, it is very difficult to make a declaration
how exactly the degradation process takes place and if there is a difference between the
neat additive and the additive embedded to a polymer matrix. Nevertheless, possible
degradation products occur at high melt temperatures during processing which might be
the reason for the decline of the optical properties. Therefore, melt temperatures during
processing around 250 °C should be selected for bisurea 1 to clarify PA6 without any losses

for the optical properties.
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4.1.5 Morphology of PA6 at the nanoscale

As already mentioned in frame of the introduction of this chapter, the morphology of
polymers is strongly influenced by nucleating agents. Therefore, the influence of the tert-
butyl substituted trans-bisurea 1 on the macroscopic morphology is investigated on
injection molded samples by polarized light microscopy. Additionally, thin films are
investigated by scanning electron microscopy (SEM) to study the influence of the
nucleating agent on the morphology of PA6 at the nanoscale.

In order to explore the morphology of injection molding samples by polarized light
microscopy, thin sections with a thickness of 10 um were cut parallel to the direction of
injection (flow direction). These thin sections were placed between two object slides and

fastened with an adhesive tape (Figure 50).

" object slide .

R ! 1.1 mm
— =
I T | thin section -
........... ’ - |
jc‘lél|lll1llllll|llgllllll 3!' (11} 4f|'fﬂf|15|

1.1 mm

Figure 50. Thin section (10 um thick) from injection molded specimen cut parallel to the flow direction (left),
sample for morphology investigations of injection molded specimen (middle) and corresponding polarized
optical micrographs of thin section.

Figure 51 presents the thin sections already applied by Richter et al.l!¥ The images were
merged from two separate pictures to present the complete cross section of the injection
molding sample. The haze values of the samples are quoted in the right top corner of the
images. Both samples exhibit oriented skin layers and a less oriented spherulitic core
region. These effects were already described by Richter et al. and are explained by the
temperature gradient of the injection mold from the outside to the inside, and hence
varying cooling rates within the injection molding specimen. Furthermore, the black stripe
in the middle of the specimens was attributed to the injection molding process and the thin
stripes oriented parallel to the cutting direction originate from the cutting process.!*4

Comparing neat PA6 (left) and PA6 comprising 1.0 wt% bisurea 1 clearly shows that the
spherulite size decreases due to the presence of the additive, and hence decreases the haze

value from 98% for neat PA6 to 20% for the additivated sample.
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+1.0.wt%.1 haze: 20.%

Figure 51. Thin sections of injection molded samples (thickness 1.1 mm) parallel to the flow direction and the
corresponding haze values of neat PA6 (left) and PA6 comprising 1.0 wt% bisurea 1. The images presented
consist of two separate pictures taken between crossed polarizers and are reproduced from Richter et al.[*]

However, it is hardly possible to clearly see any spherulites in detail with polarized light
microscopy. To get a better insight and to verify the results of Richter et al., the reduction
of the spherulite size due to nucleating agents was investigated by SEM.

For this purpose thin films were prepared. PA6 was dissolved in formic acid and afterwards
dropcast on a silicon wafer. The wafer was shortly placed on a hot stage at 250 °C and
guenched to room temperature to obtain a homogenous film. For the additivated film as
little as possible of the additive was placed onto the molten film by a pin and quenched to

room temperature after 60 seconds.
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Figure 52. Emblem of the University of Bayreuth viewed through injection molded platelets of PA6 (thickness
1.1 mm) containing 0.0 and 1.0 wt% of 1 (top) and SEM images of PA6 without additive (left) and PA6
comprising bisurea 1 (right) after quenching from the melt to room temperature.

Figure 52 presents injection molded platelets and SEM images of thin films of neat PA6
(left) and PA6 comprising bisurea 1. The injection molded samples distinctly illustrate the
clarifying effect of the bisurea additive. This macroscopic clarifying effect can be explained
by morphology changes at the nanoscale. As well as the injection molding samples, the SEM
images look completely different. The neat sample shows a huge spherulite with a diameter
of several hundred nanometers. In contrast, the additivated sample exhibits considerably
more and much smaller structures which also can be referred to spherulites. Due to the
fact that the spherulites of the clarified sample are less than 100 nm in diameter and the
spectrum of visible light ranges from 400 nm to 700 nm,!*% it can be assumed that almost
no refraction or scattering of visible light occurs and the sample appears transparent. In
contrast to that, the neat polymer exhibits spherulites with diameters above 400 nm which
scatter visible light, and hence the sample does not appear transparent.

The investigations above clearly show that the morphology of PA6 is influenced significantly
by the bisurea additive. The size of the spherulites is decreased while their number is
significantly increased in the presence of the bisurea additive 1. This leads to reduced

refraction and scattering resulting in a transparent, semi-crystalline polyamide 6.

75



Nucleation and clarification of polyamide 6

4.2 Bisthiourea additives

Thiourea compounds are widely known for their biological activities such as antibacterial,
antithyroid, hypnotic, anesthetic, antiviral, anticancer and anticonvulsant properties.!*10-
116] Moreover, in recent years plenty of studies addressed thiourea derivatives as
organocatalysts for non-stereoselective and stereoselective applications in organic
synthesis!¥7~1211 or as corrosion inhibitors for metal surfaces.['?Z Besides thiourea
derivatives, also bisthiourea compounds attracted great attention. They are applicable as
chiral solvating agents for NMR spectroscopy,1231241 organocatalysts!'?’! or as non-linear
optical materials,[12%127] to name just a few examples.

Bisthioureas exhibit a quite similar structural motif to bisurea derivatives. Merely the
carbonyl oxygens are substituted by sulphur atoms. Thiourea and bisthiourea derivatives,
for instance, have a reputation for the formation of intra- and intermolecular hydrogen
bonds of the nitrogen protons to sulfur atoms.[111128129] The interactions between the
molecules enable the formation of nano-objects via self-assembly.[*3% The surface of these
nano objects can be appropriate for inducing polymer nucleation.

Equally to the bisurea derivatives, bisthiourea derivatives might have the ability to nucleate
and possibly clarify PA6. So far, there is no evidence in the literature referring bisthioureas
as nucleating or clarifying agents for PA6. That is why several bisthiourea compounds are
investigated in the following to examine their potential as polymer additives for PA6
compared to the similar bisurea additives. Therefore, several bisthiourea derivatives have
been synthesized consisting of a central unit, two urea linkages, which are responsible for
hydrogen bonding, and peripheral substituents. The detailed functions of each group were
explained in frame of the introduction of this chapter. The schematic structure of linear

bisthioureas is presented in Figure 53.
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Figure 53. Schematic structure of a linear bisthiourea molecule consisting of a central unit, two thiourea
linkages and peripheral substituents.
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The following chapter deals with the synthesis, characterization and subsequent
investigations about thermal stability, nucleation efficiency and clarification of four
bisthiourea derivatives as polymer additives for PA6. Furthermore, the influence of

nucleation on the morphology, crystal modification and degree of crystallinity is evaluated.
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4.2.1 Synthesis and characterization of bisthioureas

In the frame of this work, symmetric bisthiourea derivatives were synthesized based on
1,4-substituted trans-cyclohexane central units. The synthesized compounds were
characterized using *H-NMR spectroscopy, mass spectrometry and thermogravimetric
analysis. A summary of the characterization data for each compound is given in the

experimental section in chapter 8.3 of this thesis.

Synthesis
The bisthiourea derivatives were synthesized via an addition reaction of commercially
available trans-1,4-diamninocyclohexane and the corresponding thioisocyanates in dry THF

under dry and inert conditions. Figure 54 presents the reaction pathway.

NH; 12h, reflux -
HZN\‘ THF N N\"

Figure 54. Synthetic route to trans-1,4-cyclohexyl-bisthiourea derivatives starting from trans-1,4-
diaminocyclohexane.

The following trans-1,4-cyclohexyl-bisthiourea derivatives were synthesized:

O
R. -
N N S
H H
R= ‘ J< J\ N .CHs
‘ 2a 2b 2c 2d
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NMR characterization

As an example, the results of the spectroscopic characterization of the bisthiourea 2a will
be discussed. The spectroscopic data of all synthesized bisthiourea compounds are
summarized in the experimental section.

The H-NMR spectrum of 1,1'-(trans-1,4-cyclohexane)bis(3-tert-butylthiourea) 2a
measured in dimethyl sulfoxide (DMSO) is shown in Figure 55. All signals could be clearly
assigned to the corresponding protons. The equatorial and axial protons of the cyclohexane
core could be referred to the signals 1 at 1.1 ppm and 1.95 ppm. The signal of the CH-group
2 islocated at 3.95 ppm and the methyl groups 5 are assigned to 1.45 ppm. The N-H protons

of the thiourea groups 3 and 4 are dedicated to the signals in the range of 6.95 to 7.05 ppm.
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Figure 55. 'H-NMR spectrum of 2a ((CD3)2S0).
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4.2.2 Thermal properties of bisthioureas

The thermal properties of the bisthiourea derivatives were simultaneously determined by
means of combined thermogravimetric (TGA) and differential thermal analysis (DTA).

TGA measurements of the dried bisthioureas were performed between 30 °C and 700 °C
with a heating rate of 10 K/min under nitrogen atmosphere. Figure 56 shows the
thermogravimetric analysis (solid lines) and simultaneous thermal analysis (dotted lines) of
all synthesized bisthiourea compounds.

It clearly shows up that no melting endotherms, but sublimation with subsequent thermal
decomposition of all bisthiourea derivatives occur. At higher temperatures sublimation and
thermal degradation interfere and residual weights are the result. Compounds 2a and 2d
exhibit a weight loss of 5% at around 240 °C, whereas compounds 2b and 2c are more stable
with 5% weight loss above 265 °C. For compounds 2a, 2b and 2c¢c decomposition starts
around 300 °C indicated by a kink of the TGA curve. Compound 2d seems to sublimate
without decomposition which can be explained by the straight drop of the TGA curve to a
weight loss of nearly 100%.

Table 14 summarizes the results from TGA/DTA measurements. All bisthiourea compounds
are thermally stable above 240 °C, and hence suitable for the additivation of PAG6.
Furthermore, no correlation between varying substituents and thermal stability could be

determined.

Table 14. Investigated bisthioureas, their melting temperatures Tm (DTA) and temperatures at 5% weight loss
Tswin (TGA, N2 atmosphere, 10 K/min).

Compound T [°C] T o e [°C
2a sublimation 241
2b sublimation 269
2c sublimation 265
2d sublimation 242
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Figure 56. Thermogravimetric (solid lines) and simultaneous differential thermal analysis (dashed lines) of
investigated bisthioureas, measured under nitrogen atmosphere at a heating rate of 10 K/min.
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4.2.3 Nucleation and optical properties of PA6

As mentioned above, the nucleation efficiency of supramolecular additives depends on the
individual chemical structure, their solubility and self-assembly ability in the polymer melt.
Nucleating agents provide surfaces which act as nucleation sites for epitaxial growth of the
polymer. In addition, the additive concentration in the polymer melt has a strong influence
on the efficiency of an additive. The optical properties of semi-crystalline polymers are
governed by light scattered at the interfaces of the crystalline and amorphous phases of a
polymer. By adding specific additives, the spherulite size of those polymers can be
decreased and the amount of scattered light reduced which can lead to improved optical
properties. These additive are called “clarifiers” and are a subcategory of nucleating agents.
In the following, the influence of the bisthiourea derivatives on the polymer crystallization
temperature and the optical properties of PA6 will be discussed in detail. The additives
were compounded at 245 °C and investigated in concentrations from 1.5 wt% to 0.1 wt%.
The different concentrations were prepared by diluting the initial additive concentration of
1.5 wt% with a mixture of the initial PA6/additive powder blend and neat PAG, yielding the
following dilution series: 1.5 wt%, 1.3 wt%, 1.0 wt%, 0.8 wt%, 0.6 wt%, 0.4 wt%, 0.2 wt%
and 0.1 wt%. The preparation steps and initial weights for a concentration series are
explained and listed in chapter 4.1.2. Optical properties were measured on injection
molded platelets with a thickness of 1.1 mm. To study the crystallization behavior of the
compounds, DSC measurements were performed and the polymer crystallization
temperatures were obtained from the exothermic minimum of the second cooling curves.
Figure 57 shows exemplarily the DSC cooling curves of neat PA6 and PA6 comprising
1.0 wt% bisthiourea 2d. The addition of the bisthiourea additive leads to an increase of the
crystallization temperature due to nucleation at temperatures above the initial
crystallization temperature of the reference. The polymer crystallization temperature of
the neat polymeris 186 °C and for the additivated polymer 191 °C. The nucleation efficiency

for 1.0 wt% bisthiourea 2d is 56% and was calculated by the following equation:

Tc(additive) - Tc(reference) 191°C — 186 °C
NE(%) = +100% = ( ) +100% = 569 7
(%) ( o 195°C — 186 °C & 6o )

c(maximum) — Tc(re ference)
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Figure 57. Differential scanning exotherms of neat PA6 and PA6 comprising 1.0 wt% bisthiourea 2d. The neat
polymer has a polymer crystallization temperature of 186 °C and the additivated polymer has a polymer
crystallization temperature of 191 °C. Polymer melt temperature during processing: 245 °C. DSC: 10 K/min,
N2.

The optical properties were measured on injection molded platelets with a thickness of
1.1 mm according to ASTM D-1003. Figure 58 demonstrates the effect of bisthiourea 2a on
the visual appearance of injection molded PAG6. The transparency of the additivated sample
(right) was enhanced remarkably compared to neat PA6 (left). The color of the injection
molding specimen changed from colorless for neat PA6 to yellowish for PA6 comprising the
bisthiourea compound. This effect may be referred to the yellowish sulfurous bisthiourea
compound, as the corresponding whitish bisurea compound 1 revealed no discoloration of

PAG.
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Figure 58. Effect of the addition of 2a on the visual appearance of injection molded PA6 specimen. Left: neat
PAG6; Right: PA6 comprising 1.5 wt% bisthiourea 2a.

The chemical structures of the bisthiourea derivatives 2a -2d, their nucleation ability in PA6
and their influence on the optical properties (haze and clarity) of PA6 are compared and
presented in Figure 59 and Figure 60. The substituents were varied from tert-butyl 2a,
isopropyl 2b, ethyl 2c and methyl 2d. The blank symbols indicate the values for neat PA6.
All compounds were processed at a melt temperature of 245 °C.

Figure 59 presents the nucleation and optical properties for the tert-butyl 2a and

isopropyl 2b substituted bisthioureas.
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Figure 59. Polymer crystallization temperatures (top graphs) and the optical properties haze (%) and clarity
(®) (bottom graphs) of PA6 comprising the bisthioureas 2a and 2b as function of the additive concentration.
The blank symbols indicate the values of the neat polymer. DSC heating and cooling rate: 10 K/min.

Both bisthioureas showed nucleation efficiencies of up to 60% at additive concentrations
above 1.0 wt%. Compound 2a exhibits quite high nucleation efficiencies even at low
additive concentrations compared to bisthiourea 2b. A nucleation efficiency of 33% at an
additive concentration of 0.1 wt% was reached for 2a, whereas compound 2b showed no
increase of the polymer crystallization temperature at low additive concentrations. Both
compounds showed a significant enhancement of the optical properties with increasing
additive concentration. An almost linear decrease of the haze values with increasing

additive concentration was observed for both compounds. Bisthiourea 2a reduced the haze
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value from nearly 100% to 45% and 2b induced a reduction of the haze value to 65% at an
additive concentration of 1.5 wt%. Clarity values increased for both compounds even at
low concentrations to almost 100%.

Figure 60 presents the nucleation and optical properties for the ethyl 2c and methyl 2d

substituted bisthioureas.
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Figure 60. Polymer crystallization temperatures (top graphs) and the optical properties haze (%) and clarity
(®) (bottom graphs) of PA6 comprising the bisthioureas 2c and 2d as function of the additive concentration.
The blank symbols indicate the values of the neat polymer. DSC heating and cooling rate: 10 K/min.

Both derivatives, bisthiourea 2c¢ and 2d, show very similar nucleation properties. The

polymer crystallization temperatures increased with increasing additive concentrations.
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Nucleation efficiencies above 70% at additive concentrations of 1.5 wt% were reached.
Both compounds showed a significant enhancement of the optical properties with
increasing additive concentration. An almost linear decrease of the haze values with
increasing additive concentration was observed for both compounds. A reduction of haze
values of almost 100% to nearly 60% at additive concentrations of 1.5 wt% was realized for
both additives. Furthermore, clarity values increased for both compounds even at low
concentrations to almost 100%.

In order to establish a connection between the measured values haze and clarity and the
macroscopic injection molding samples, Figure 61 illustrates the optical effect of the
addition of 2a on injection molded platelets of PA6. With increasing additive concentration
a significant enhancement of the optical properties can be observed leading to a

transparent sample with a haze value around 45%.
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Figure 61. Emblem of the University of Bayreuth viewed through injection molded platelets of PA6 (thickness
1.1 mm) containing 0.0 wt% and 1.5 wt% of 2a (top).
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4.2.4 Morphology of injection molded PA6 samples

As already described in chapter 4.1 the morphology of polymers is strongly influenced by
nucleating agents. In the following, the influence of the tert-butyl substituted
bisthiourea 2a on the morphology of PA6 is investigated. Therefore, injection molded
samples with a thickness of 1.1 mm were cut parallel to the direction of injection (flow
direction) to obtain thin sections with a thickness of 10 um. These thin sections were placed
between two object slides and examined by polarized light microscopy.

Figure 62 presents the thin sections of neat PA6 (left) and PA6 comprising 1.5 wt%
bisthiourea 2a (right). The images were merged from two separate pictures to present the
complete cross section of the injection molding sample. The haze values of the samples are

guoted in the right top corner of the images.

PAG6 (reference) haze: 98 % + 1.5 wt% 2a haze: 46 %

Figure 62. Thin sections of injection molded samples (thickness 1.1 mm) parallel to the flow direction and the
corresponding haze values of neat PA6 (left) and PA6 comprising 1.5 wt% 2a. The images presented consist
of two separate pictures taken between crossed polarizers.

Polyamides mostly crystallize in spherulitic structures. These structures are relatively fine
and homogeneous, and hence a determination of specific values of the crystallite size or
amount by polarized light microscopy is unusual. Due to extremely fast cooling rates during
injection molding these structures get even much smaller and more homogenous.!

Figure 62 presents the images of the spherulitic structures of neat PA6 (left) and PA6
comprising 1.5 wt% bisthiourea 2a (right). Both samples exhibit oriented skin layers and a

less oriented spherulitic core region. These effects were already described in chapter 4.1.5.
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The comparison of neat PA6 (left) and additivated PA6 (right) clearly shows that the
spherulitic morphology was significantly influenced by the addition of the bisthiourea. The
spherulites become very small due to additivation so that no single crystallite can be
recognized by polarized light microscopy. The haze value of this sample was reduced from
98% for neat PA6 to 46%.

In summary it was shown that bisthioureas influenced the morphology of PA6 and
decreased the spherulite size. Hence, the amount of scattered light is reduced leading to

improved optical properties.
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4.2.5 Crystal modification and degree of crystallinity

Polyamides can crystallize due to hydrogen bonding between amide groups. Depending on
the processing conditions, three main polymorphs, the a-, y- and the metastable B-phase
can occur.[>#°1 Both, Richter et al. and Xue et al., observed a change of the crystal
modification of PA6 due to bisurea additives.'*3% Furthermore, the degree of crystallinity
is a characteristic parameter for semi-crystalline polymers and can influence density,
optical transparency and mechanical properties of a polymer.

Both, crystal modification and the degree of crystallinity, can be modified by nucleating
agents. In the following, the influence of bisthiourea additives on the crystal modification

and degree of crystallinity of PA6 are determined by means of WAXS and DSC.

Crystal modification

In order to investigate the influence of the bisthiourea derivatives on the crystal
modification of PA6, WAXS measurements were conducted on 1.1 mm thick injection
molding platelets with diameters of 25 mm with a Bruker D8 Advance X-ray diffractometer
using CuKq radiation (A = 1.54 A). Data was recorded in the range of 10-35° (2 Theta) with
a step size of 0.025° and a step time of 10 seconds. Figure 63 shows the WAXS patterns of
injection molded specimen of neat PA6 and PA6 comprising the bisthioureas 2a— d all

processed at 245 °C.

PAG6 (reference)

+ 1.5 wt% 2d

+ 1.5 wt% 2c

intensity (a.u.)

+ 1.5 wt% 2b

+ 1.5 wt% 2a

10 15 20 25 30 35
2 Theta/*

Figure 63. Diffractometer scans of neat PA6 and PA6 comprising the bisthioureas 2a —d with a concentration
of 1.5 wt%. Measurements were conducted on 1.1 mm thick injection molding samples which were prepared
under equal processing conditions at 245 °C.
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The diffractometer scans in Figure 63 show a significant distinction between neat PA6 and
PA6 comprising bisthiourea additives. PA6 predominantly crystallizes in the y-form,
whereas the additivated PA6 crystallized in the a-form under equal processing conditions.
It is well known that the a-phase is mainly obtained from crystallization at elevated
temperatures.l? Due to the nucleation effect of the bisthiourea additives, the polymer
crystallization temperature was increased and thus, the polymer may tend to crystallize in
the a-form. A similar effect was observed by Richter et al. for bisurea additives.[!¥ A
correlation between the chemical structures of the additives and the change of the crystal
modification cannot be determined. The XRD patterns of PA6 comprising the different
bisthioureas look almost coincident.

Furthermore, the effect of bisthiourea 2a at different concentrations on the crystal
modification of PA6 was studied and is shown in Figure 64. Even at a very low additive
concentration of 0.1 wt% a significant difference of the XRD pattern compared to neat PA6
can be observed. The additive 2a promotes the formation of a-form crystals even at low

concentrations and thus acts as a-nucleator for PA6.

H H
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PAG6 (reference)

+ 0.1 wt%

+0.2 wt%

intensity (a.u.)

+ 1.5 wt%

10 15 20 25 30 35
2 Theta/°

Figure 64. Diffractometer scans of PA6 comprising different concentrations of 2a. Measurements were
conducted on 1.1 mm thick injection molding samples which were prepared under same processing
conditions at 245 °C.
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Degree of crystallinity

The degrees of crystallinity of PA6 comprising bisthiourea derivatives 2a — d were
determined using differential scanning calorimetry (DSC). For this purpose, the enthalpies
of the endothermic peaks (AHy) of the first heating scans were used. With the value of a
100% crystalline PA6 sample (AHf100%) = 188 J/g)B7°8 the degree of crystallinity was
calculated by equation 3, as already described in chapter 3.4.[3859,60]

The degrees of crystallinity for neat PA6 and PA6 comprising 1.5 wt% bisthiourea additives
are summarized in Table 15. The additivation of PA6 with the investigated bisthiourea

compounds showed no significant change of the degree of crystallinity.

Table 15. Degrees of crystallinity of neat PA6 and PA6 comprising 1.5 wt% bisthiourea additive. DSC heating
and cooling rate: 10 K/min.

Sample [?//'éf] degree of[;r]ystallinity
PA6 (reference) 65 34
+1.5wt% 2a 61 33
+1.5wt% 2b 61 33
+1.5wt% 2c 60 37
+1.5wt% 2d 61 33

In summary it was shown that the additivation of PA6 with bisthioureas caused a change
of the crystal modification from the y- to the a-phase with a consistent degree of

crystallinity.
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4.2.6 Water absorption and mechanical properties

Polyamides crystallize due to hydrogen-bonds between the polymer chains. These
hydrogen bonds can be influenced by the addition of additives. In the case of
supramolecular nucleating agents the polymer crystallizes at an epitaxially appropriate
surface provided by the nucleating agent. The additive stays in the crystalline phase of the
polymer. This modification might lead to an influence of the polymer properties.
Polyamides are known to absorb water in a certain amount, depending on the polyamide
type, temperature, crystallinity and sample dimensions. By addition of additives, the
affinity to absorb water might be influenced. Particularly the mechanical properties, such
as the elastic modulus, are strongly governed by the amount of water.[2131 Therefore, the
influence of bisthiourea 2a on the water absorption and the mechanical properties of PA6

are studied.

Water absorption

Water absorption experiments were conducted on 1.1 mm thick injection molded platelets
with diameters of 25 mm. Samples were dried for 8 days at 80 °C under vacuum. The dried
samples were weighed and stored at 30 °C and 50 rh% in a thermocabinet. In the following,
samples were weighed every 24 h until saturation was reached.

Figure 65 presents the water uptake of injection molded platelets of neat PA6 and PA6
comprising 1.5 wt% 2a as function of the time stored at 30 °C and 50 rh%. In the period of
the first three days an almost linear increase of water uptake up to 1.25 % for both samples
was observed. With increasing storage time the process flattens and the water uptake
reached a plateau after 30 days. Neat PA6 revealed a water uptake by 3.1% and PA6
comprising the nucleating agent 2a showed a value of 3.0%.after 36 days.

All in all, in consideration of the measuring error, no significant deviations of the water

absorption could be observed among neat PA6 and PA6 comprising the bisthiourea 2a.
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Figure 65. Water uptake of dried injection molding platelets (1.1 mm thickness; 25 mm diameter) of neat PA6
and PA6 comprising 1.5 wt% 2a as function of the time at 30 °C at 50 rh%.

Mechanical properties

Tensile tests were conducted on conditioned specimen (4 days, 70 °C, 62 %rh) by an Instron
5565 universal tester with a camera (Instron 2663-821 Advanced Video Extensometer),
pneumatic clamps and a 1 kN load cell. Tensile rods with a measuring section of 30 mm x
5mm x 2 mm were tested at an initial strain rate of 0.3 mm/s (up to 0.5% strain; video
measurement) and then increased to 50.0 mm/s. The reported moduli were calculated
from the initial slope between 0.15% and 0.35%. The average of at least four samples is
reported. Figure 66 presents a typical stress-strain curve of a conditioned PA6 specimen

with characteristic values as indicated.
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Figure 66. Typical stress-strain curve of a conditioned PA6 specimen with characteristic measureable values:
Elastic modulus, yield point, ultimate strength and rupture strength.

The characteristic values for neat PA6 and PA6 comprising 1.5 wt% bisthiourea 2a are
summarized in Table 16. The elastic modulus for PA6 comprising 2a is significantly higher
than for neat PA6. The values for the ultimate strength, rupture strength and elongation at
break are almost in the same range for both compounds. Similar observation were made

by Gabriel et al. for PA6 comprising bisurea additives.[*?

Table 16. Summary of the tensile properties of neat PA6 and PA6 comprising bisthiourea 2a. All samples were
conditioned prior to the experiments. The average of at least four samples is reported.

Elastic Ultimate Rupture Elongation at
Compound modulus strength strength break
[MPa] [MPa] [MPa] [%]
PAG6 (reference) 633+ 25 69+4 665 499 + 48
+1.5wt%
717 £ 12 70+2 69 1 486 + 23

bisthiourea 2a
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4.3 Summary

In the first part of this chapter the influence of elevated processing conditions on the
thermal stability of a bisurea compound, and hence the nucleation and clarification
efficiency in PA6 was investigated in detail.

An enhancement of almost all parameters listed in Table 17 was realized due to the bisurea
additive at a processing temperature of 245 °C. However, it was observed that increasing
melt temperatures during processing induced a slight decrease of the haze value. GC-MS
investigations revealed thermal degradation of the bisurea additive 1 at elevated
temperatures. Based on these investigations, processing temperatures around 245 °C
turned out to be best to clarify PA6 without an increase of the haze value. Additionally, for
the first time, the influence of a nucleating agent on the spherulitic morphology of PA6 was
observed at the nanoscale by scanning electron microscopy of thin films.

Table 17 summarizes characteristic parameters of neat PA6 and PA6 comprising 1.0 wt%

bisurea 1 processed at 245 °C and 283 °C.

Table 17. Summary of characteristic values of neat PA6 and PA6 comprising 1.0 wt% bisurea 1 processed at a
melt temperature of 245 °C and 283 °C.

PA6 + 1.0 wt% bisureal + 1.0 wt% bisurea 1
(reference) @ 245 °C @ 283 °C
Melting temperature 218 °C 218 °C 218 °C
Crystallization temp. 186 °C 194 °C 192 °C
Nucleation efficiency - 89% 67%
Haze 98% 18% 46%
Clarity 68% 98% 97%
Degree of crystallinity 34% 33% 33%

Furthermore, a new class of clarifying agents for polyamides was developed. The concept
and structural motif of bisurea compounds was transferred to a related class of
bisthioureas. Four bisthiourea derivatives were synthesized, characterized and investigated

with regard to their nucleation and clarification ability in PA6. Nucleation efficiencies up to
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70% at concentrations of 1.5 wt% were achieved. Additionally, an enhancement of the
optical properties (haze and clarity) was achieved by all investigated compounds. For
example, 1,1'-(trans-1,4-cyclohexane)bis(3-tert-butylthiourea) 2a at an concentration of
1.5 wt% gained a reduction of the haze value from 98% to 45% for a 1.1 mm thick sample.
Furthermore, morphology investigations showed a significant decrease of the spherulite
size and the initial y-modification transferred to the a-form for PA6 comprising these
bisthiourea additives. Mechanical investigations revealed an increase of the elastic
modulus from 633 MPa to 717 MPa for PA6 comprising 1,1'-(trans-1,4-cyclohexane)bis(3-
tert-butylthiourea) 2a.

Table 18 summarizes characteristic parameters of neat PA6 and PA6 comprising the

investigated bisthiourea additives.

Table 18. Summary of properties of neat PA6 and PA6 comprising 1.5 wt% of the bisthioureas 2a — 2d. Melt
temperature during processing for all data was 245 °C.

PA6

(reference) 23 2x 2 2
Melting temperature / °C 218 217 218 217 217
Crystallization temp. / °C 186 191 191 192 192
Nucleation efficiency / % - 56 56 67 67
Haze / % 98 46 67 64 63
Clarity / % 68 98 97 98 97
Degree of crystallinity / % 34 33 33 32 33
Main crystal modification Y a a a a
Elastic modulus / MPa 633+ 25 717 £ 12 - - -
Ultimate strength / MPa 69 t4 70£2 - - -
Rupture strength / MPa 66 £5 69 +1 - - -
Elongation at break / % 499+48 486123 - - -
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5 Anti-nucleation of polyamides

Polyamides are characterized by a large number of beneficial properties, such as excellent
mechanical properties, high temperature and chemical resistance and good processability
by extrusion and injection molding, which guarantee them a secure market position in the
engineering thermoplastics sector. These basic properties of the polymer can be influenced
and improved by the addition of fillers or additives.[>132]

As already described in chapter 4, nucleating agents are commonly used to improve the
crystallization process of polymers. Nucleating agents accelerate the generation of the
crystalline nucleus, enhancing the crystallization rate, making the crystal homogeneously
fine, and consequently increasing the crystallization temperature of the polymer. For
instance, nucleating agents for polyamides usually include inorganic particles, organic salts
and polymeric nucleating agents, all being insoluble in the polymer melt, and hence have
to be finely dispersed during processing.!?

However, not only nucleation of polymers is a way to influence the crystallization behavior
of polymers. The opposite of nucleation is so-called “anti-nucleation”. In contrast to
nucleating agents, anti-nucleating agents decrease the polymer crystallization
temperature. Important is, that anti-nucleation agents should not sacrifice other polymer
properties such as melting temperature or degree of crystallinity. Those anti-nucleating
agents are of growing interest because of applications requiring lower polymer
crystallization temperatures than the neat polymer. For example, the control of the
polymer crystallization is of particular significance to provide a specific influence on
properties such as shrinkage or impact strength.['>132 particularly for film blowing,
polyamides with lower crystallization temperatures and enhanced fluidity than
conventional polyamide are necessary to extend the processing time and ensure flexibility
of the polymer before the film reaches too high degrees of crystallization.[5132]
Additionally, good fluidity and molding precision were observed due to the application of
anti-nucleating agents.['>132] Furthermore, anti-nucleating agents are able to improve the
surface gloss and texture of injection molded products, and hence unique selling properties
of reinforced polyamides with high quality surfaces for visible parts in automotive and

furniture industry can be reached.[116:17]
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To classify a nucleating agent, the nucleation efficiency of an additive can be calculated as
already described in chapter 4. In the case of anti-nucleation there is no possibility to
calculate an anti-nucleation efficiency, because it is not feasible to evaluate the lowest
polymer crystallization temperature which might be reached by a perfect anti-nucleation
agent. Consequently, there is no reference to calculate an exact efficiency for a certain anti-
nucleating agent. However, it is merely possible to calculate the shift of the polymer
crystallization temperature of an additivated sample Tcadditive) cOMpared to the polymer
crystallization temperature Tc(reference) Of the neat polymer. With the help of following

equation a value AT can be calculated:

ATC = Tc(additive) - Tc(reference) (8)

AT, can attain a positive, a negative, or a zero value. A zero value shows neither nucleation
nor anti-nucleation. A positive value indicates nucleation, whereas a negative value signals
anti-nucleation. Since the DSC has an error of * 0.5 °C, anti-nucleation is assumed not
before a T. shift by a minimum of 2 °C. With the help of these values a simple method is
established to draw a comparison between crystallization temperatures of additivated and
neat polymer samples. Figure 67 shows the graphical presentation of calculation of AT. by

DSC thermograms for neat (black) and anti-nucleated (red) PA6.

PAG6 neat

PA6 + 1.5% AN

heat flow endo up

140 150 160 170 180 190 200 210 220
temperature/°C

Figure 67. DSC cooling curves of neat PA6 (black) and anti-nucleated PA6 (red). The polymer crystallization
temperature is shifted to lower temperatures for anti-nucleated PA6. Heating and cooling rate: 10 K/min.
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Up to now, the phenomenon “anti-nucleation of polymers” is only described for
polyamides and only a few scientific publications can be found. The first evidence of anti-
nucleation in the literature was reported by Valenti et al. in 1973. They described that
inorganic salts, such as LiBr, LiCl or KCI, continuously depressed the melting temperature
of PA6 with an increasing salt content and drastically slowed down the crystallization
rate.['331 A few years later, Siegmann et al. also observed a strong depression of the polymer
melting temperature, a retardation of the crystallization rate and decrease of the polymer
crystallization temperature of PA6 with increasing content of metal halides.3%32 However,
all of these investigations showed a significant decrease of the polymer melting
temperature.

In 2002 Hayashi et al. patented Nigrosine as nucleation suppressor for polyamides which is
commercially applied since then. The addition of the dye lowers the polymer crystallization
temperature with substantially no shift in the melting temperature and improves the
fluidity and surface gloss of polyamides.['1%134] Moreover, Sukata et al. discusses the
thermal behavior of PA66 containing Nigrosine on the basis of differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA) and X-ray diffraction (XRD) studies.
They also observed that the addition of Nigrosine reduced the crystallization rate and the
crystallization temperature of PA66 and additionally increased the glass transition
temperature.[’®! Up to now, Nigrosine represents the only commercially applied anti-
nucleating agent. Therefore, the importance of Nigrosine and its properties will be
discussed in chapter 5.1 in detail.

Furthermore, Takeuchi et al. patented about 200 polycyclic structures wherein three or
more 4-membered or higher cyclic structures are condensed. Those derivatives exhibit
anti-nucleation effects in PA66. Besides lowering the crystallization temperature of PA66,
morphology investigations were conducted. Here, an increasing spherulite size and
decreasing number of spherulites with increasing additive concentration compared to the
neat polymer could be observed. Figure 68 presents a exemplarily selection of these

polycyclic structures.[*!
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Figure 68. Polycyclic structures patented by Takeuchi et al. as nucleating-effect-suppressor for polyamides.™*!

Also Lin et al. described that some metal complex acid dyes reduced the crystallization
temperature of PA66 with substantially no decrease of the melting temperature, and
Topoulos et al. reported that tripentaerythritol slows down crystallization rates of
polyamides.'®33! Furthermore, McAdam and Kamal investigated PA6 comprising clay and
observed a reduction of the crystallization rate of the nanocomposite due to hindered
chain mobility of the polymer chains.[13>136]

Besides additives as small molecules, several publications and patents describe a reduction
of the polymer crystallization temperature of polyamides by blending with other polymers

such as polystyrene, polyoxymethylene or acrylonitrile butadiene styrene.[137-146]

According to the current state of the art, a prediction of the anti-nucleation ability based
on the molecular structure of an additive is not possible yet. Therefore, a systematical
approach is adopted by exploring Nigrosine and further anti-nucleating agents known from
the literature to understand the almost unexplored effect of anti-nucleation. Therefore,
structural components which are responsible for the anti-nucleation effect are deduced
and the development of new anti-nucleating agents is carried out. Here, it is particularly
important that no other polymer properties, such as i.e. degree of crystallinity, crystal

modification or polymer melting temperature, are affected.
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5.1 Nigrosine as commercial anti-nucleating agent for PA6

Nigrosine is one of the oldest synthetic dyes and was discovered by Coupier in 1867.[147]
Nigrosine is known to reduce the polymer crystallization temperature of polyamides since
several years now.1%148] This effect was patented by Hayashi et al. in 2002.[2134 Dye to the
fact that only a small number of compounds are known to act as anti-nucleating agents for
semi-crystalline polymers, up to now, Nigrosine is the leading product and the only
commercially applied anti-nucleating agent.

Hence, just a few patents can be found dealing with the anti-nucleation of PA66 and
particularly Nigrosine.[111341491 Moreover, merely one scientific publication can be found
discussing the influence of Nigrosine on the thermal behavior of PA66 in detail.'®) No
further publications are available approaching the anti-nucleation of PA6 and Nigrosine.
Therefore, in the following chapter the anti-nucleation effect of Nigrosine on the thermal
behavior of PA6 is investigated in detail. Hence, Nigrosine can serve as a model compound
to examine the almost unexplored mechanism of the anti-nucleation of semi-crystalline
polyamides. Besides the properties of neat Nigrosine and its anti-nucleation effect on PAG,
the influence of Nigrosine on the morphology, crystal structure, degree of crystallinity and
glass transition temperature of PAG6 is investigated for the first time. Understanding the
way of functioning of an anti-nucleating agent is the first step towards developing new

compounds capable of reducing the polymer crystallization temperature.
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5.1.1 Properties of Nigrosine

Nigrosines are black or dark blue powders which represent extremely complex structural
mixtures of phenazine dyes.[147! After literature search, three main types of Nigrosine could
be figured out. These types are different in terms of their chemical structure and
consequently their solubility. Figure 69 presents the chemical structures of the main
components of water soluble (Acid Black 2), alcohol soluble (Solvent Black 5) and oil soluble

(Solvent Black 7) Nigrosines.[150-153]

SOgNa

HNQ ©
Ny NH SO;Na Acid Black 2
Ji:[ Q/ (water soluble)
i'\j ”

Solvent Black 5
(alcohol soluble)

Fé\j cl Solvent Black 7
N ) (oil soluble)

Figure 69. Structures, names and attributes of the three main Nigrosine types.[*51-153!

The alcohol and oil soluble types are synthesized in a complicated process out of
nitrobenzene or nitrophenol/nitrocresols, aniline, and aniline hydrochloride in the
presence of an iron or copper catalyst at 180-200 °C.[1%12.147,1501 y|fonation of the alcohol
soluble Nigrosine leads to a water soluble Nigrosine type.[147.150]

The water soluble Acid Black 2 is mainly used for leather, wool or silk dyeing and has also
been used as a negative stain for spirochetes, bacteria, protozoa and fungi.[147,150.151]

Solvent Black 5, which is also known as Nigrosine spirit soluble, is insoluble in water but
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soluble in ethanol, benzene, toluene and various acids. This type of Nigrosine is especially
used to color alcoholic solvents, vanishes, lacquers, wood stains and marker-pencil or
printing inks. Moreover, it is used for coloring resins including phenolic resins, styrenes,
polyamides and urea resins.47:1501 Splvent Black 7 is an oil soluble Nigrosine type and has
similar properties and fields of application as Solvent Black 5.[153! All further experiments
within this work are conducted with Colorant Black 500, which is an alcohol soluble
Nigrosine type distributed by Orient Chemicals.

Thermal stability and behavior of additives are of great importance to avoid side reactions
or degradation of the additive while processing. Furthermore, side-reactions with the
polymer itself should be avoided not to influence the polymer properties in a worse way.
Therefore, the thermal properties were simultaneously determined by means of combined
thermogravimetric analysis (TGA) and differential thermal analysis (DTA). Figure 70 shows
the thermogravimetric analysis (solid line) and differential thermal analysis (dotted line) of

Colorant Black 500.

100+
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Figure 70. Thermogravimetric analysis (solid line) and simultaneous differential thermal analysis (dotted line)
of Colorant Black 500, measured under nitrogen atmosphere at a heating rate of 10 K/min.

The thermal analysis of Colorant Black 500 revealed a slight weight loss at temperatures at
around 100 °C which drastically increased at temperatures above 350 °C. The weight loss
at lower temperatures may be ascribed to volatile low molecular compounds or solvent
residuals, whereas the weight loss at elevated temperatures indicates thermal degradation

of the Nigrosine compound. Furthermore, no melting could be observed.
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5.1.2 Anti-nucleation of PA6 by Nigrosine

In order to visualize the anti-nucleation ability of Nigrosine, an additive screening process
established by Abraham et al. was applied.[?! For this purpose samples were prepared by
melting a polymer pellet between two glass slides at 250 °C. Afterwards, the sample was
pressed for 2 minutes at 250 °C and quenched to room temperature. Up next, the cover
glass was removed and a small amount of Nigrosine was positioned in the middle of the
film. The whole setup was covered again and inserted to a hot stage under a polarized
optical microscope. The sample was heated well above the melting temperature of the
polymer for 5 min while the additive partly dissolves and diffuses into the surrounding
polymer melt. This setup was slowly cooled at 10 K/min to monitor the crystallization

process of the polymer. The sample preparation is schematically shown in Figure 71.

l. polymer 1. polymer PolMic V.
ﬁ pellet m film image
(]
‘ Polarized
> 50°C gptlca/
f microscopy

= -

Microscopic slide

W =l =

20 2 20 220 2

Figure 71. Preparation process for films and screening samples. At the beginning a polymer pellet was molten
between two glass slides. Afterwards, the sample was pressed for 2 minutes at 250 °C and quenched to room
temperature.

Figure 72 presents micrographs of PA6 partly comprising Colorant Black 500 recorded
between crossed polarizers at temperatures as indicated. The image at 188 °C shows
molten PA6 starting to crystallize in the left bottom corner. The black regions correspond
to the optical isotropic polymer melt. The dissolved Nigrosine in the top right corner is not
visible due to its black color. Upon cooling, the polymer crystallizes starting in the region
without Colorant Black 500 (left bottom corner). Below a temperature of 186 °C the region
without additive is fully crystallized. The region containing Nigrosine reveals just a few

spherulites (top right corner). Upon further cooling, spherulites slowly emerge in the
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additive rich section. At a temperature of 173 °C almost the whole sample is crystallized.

Figure 72. Optical micrographs from polarized light microscopy of a PA6 film with a small amount of Colorant
Black 500. Samples were heated, kept at 250 °C for 5 minutes, cooled with a rate of 10 K/min and observed
at different temperatures. The additive is dissolved and not visible in the top picture. The additive does not
crystallize upon cooling. Areas where the additive is dissolved crystallize at much lower temperatures than
areas where no additive is available.

The addition of Nigrosine caused a retardation of the polymer nucleation. It can clearly be
seen that less nuclei are available for the polymer to crystallize. Hence, the spherulites

become distinctly larger in the additive rich section before their growth is stopped by
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colliding with adjacent spherulites. Similar observations were made by Takeuchi et al. for

PA66 comprising polycyclic structures as anti-nucleating agents.*>!

In the following, the anti-nucleation effect of Nigrosine (Colorant Black 500) in PA6 will be
discussed in detail. To study the influence of the processing conditions, various
compounding temperatures were applied. The polymer crystallization temperatures were
obtained from DSC measurements, reported as the temperature at the exothermic
minimum upon cooling from the melt. Furthermore, the influence of Nigrosine on the
polymer morphology of PA6 was examined by means of polarized light microscopy. For

experimental parameters and details refer to chapter 4 and 8.

Standard processing conditions
Figure 73 presents the polymer crystallization temperatures of PA6 comprising Colorant
Black 500 as function of the additive concentration processed at a measured melt

temperature of 245 °C.
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Figure 73. Polymer crystallization temperatures of PA6 comprising Colorant Black 500 as function of the
additive concentration. The blank hexagon indicates the polymer crystallization temperature of neat PA6
(reference). Polymer melt temperature during processing: 245 °C. DSC heating and cooling rate: 10 K/min.

It clearly shows up that in the presence of Nigrosine the polymer crystallization
temperature was reduced. The values for the polymer crystallization temperatures
dropped from 186 °C for neat PA6 to 182 °C for the additivated polymer. Merely the

measuring point at 0.8 wt% indicates a polymer crystallization temperature of 180 °C. No
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significant enhancement of the anti-nucleation effect with increasing additive
concentration could be observed. Lately, a reduction of 3-4 °C of the crystallization

temperature could be realized at a processing temperature of 245 °C.

Processing conditions with varying melt temperature during processing

Besides temperature-sensitive additives, which have their performance optimum at low
processing temperatures, there are additives which require elevated processing
temperatures to reach their maximum effect.*] In order to improve the additive
performance of Nigrosine, the processing parameters were adapted. Due to elevated melt
temperatures during processing, enhanced solubility of the additive in the polymer melt
may be achieved. Thermal investigations of Colorant Black 500 revealed a thermal stability
up to 350 °C. In order to improve the anti-nucleation effect of Nigrosine in PA6, higher melt
temperatures during processing were applied. Therefore, PA6 comprising 1.5 wt% Colorant
Black 500 was processed at 245 °C, 259 °C, 273 °C and 283 °C. Figure 74 presents the
crystallization and melting temperatures of the additivated samples as well as the neat PA6

samples as function of the melt temperature during processing.
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Figure 74. Crystallization and melting temperatures of neat PA6 (O crystallization, 0 melting) and PA6

containing 1.5 wt% Colorant Black 500 (® crystallization, ® melting) as function of the melt temperature
during processing. DSC heating and cooling rate: 10 K/min.
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As shown in Figure 74 a significant influence of the processing temperature on the
crystallization temperature of PA6 comprising Colorant Black 500 was observed. The
polymer crystallization temperatures of the additivated samples were linearly reduced
from 182 °C at a melt temperature of 245 °C to a polymer crystallization temperature of
170 °C at a melt temperature of 283 °C. This means a reduction of 12 °C due to an elevated
processing temperature without changing the amount of additive. Neat PA6 served as
reference and revealed almost no change of the polymer crystallization temperature at
different melt temperatures during processing. It can be assumed that elevated melt
temperatures lead to a better dissolution of the Nigrosine compound which results in an
enhanced anti-nucleation effect. Besides a reduction of the polymer crystallization
temperature, a retention of the melting temperature for the additivated PA6 at elevated
melt temperatures during processing was observed.

These results were confirmed on the basis of a further concentration series of PA6
comprising Colorant Black 500 at 283 °C. Figure 75 shows a concentration series

compounded at 245 °C compared to a concentration series processed at 283 °C.
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Figure 75. Crystallization temperatures of PA6 containing Colorant Black 500 as function of the additive
concentration. Different symbols indicate different polymer melt temperatures during processing: 245 °C
(hexagons) and 283 °C (stars). DSC heating and cooling rate: 10 K/min.

At low additive concentrations of 0.1 and 0.2 wt% almost no difference between the

polymer crystallization temperatures of both experiments could be recognized. However,
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with increasing additive concentration a significant improvement of the additive
performance was observed at a processing temperature of 283 °C.

These results lead to the conclusion that a small portion of Nigrosine is soluble in the
polymer melt at a processing temperature of 245 °C. Consequently, a slight anti-nucleation
effect was observed. However, the results clearly show that the majority of the Nigrosine
compound might be soluble at elevated processing temperatures which leads to a
significant enhancement of the additive performance. Hence, a reduction of the polymer

crystallization temperature of PA6 by 18 °C was achieved.

Crystallization behavior and morphology of PA6 comprising Nigrosine

As already presented above, the spherulitic morphology of PA6 was strongly influenced by
Nigrosine. Therefore, the influence of Colorant Black 500 on the crystallization behavior of
PA6 was studied isothermally by DSC and polarized light microscopy. Additionally, the
macroscopic morphology of PA6 comprising Nigrosine was studied on 2.0 mm thick
injection molded samples.

Polyamides are known to crystallize fast upon cooling. This leads to a relatively fine and
homogenous spherulitic morphology. Isothermal experiments at temperatures above the
polymer crystallization temperature provide an opportunity to slow down the
crystallization process and investigate the crystallization behavior of PA6 more precisely.
For this purpose, both, isothermal DSC measurements, and isothermal microscopy
experiments were conducted. Samples of neat and additivated PA6 were taken from the
polymer strand of the extruded polymer. For the microscopy experiments, thin films of the
extruded neat, as well as the extruded and additivated polymer, were pressed as already
explained above. First, the samples were heated quickly to 250 °C, held there for 5 min and
cooled at a rate of 10 K/min to an isothermal end temperature of 200 °C. The samples were
left at 200 °C until fully crystallized. Both, DSC samples and microscopy samples, were
treated equally concerning the temperature program. All parameters are summarized in

Table 19.
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Table 19. Starting and end temperatures as well as the cooling rate and holding time for the isothermal DSC
measurements and microscopy experiments of PA6.

Starting temperature End temperature Cooling rate Holding time
[°C] [°C] [K/min] [°C]
250 200 10 5

Figure 76 presents the micrographs obtained by polarized light microscopy of a neat PA6
film at 200 °C after 1 min, 3 min, 4 min and 7 min and the corresponding isothermal DSC

curve.
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Figure 76. Top: Polarized optical micrographs (with a A/4 platelet) of a neat PA6 film at 200 °C after 1 min,
3 min, 4 min and 7 min. The polymer film pressed out of an extruded polymer pellet was heated, kept at
250 °C for 5 min and cooled to 200 °C with 10 K/min. Bottom: Isothermal DSC curve at 200 °C of neat PA6.

The image after 1 min shows the optical isotropic polymer melt which appears pink due to
the A/4 platelet. The yellowish appearing areas after 3 min originate from spherulites which
became visible due to birefringence of the crystalline structures. At this point, the
corresponding DSC curve starts to drop which describes the onset of the crystallization
process of the polymer. With proceeding time an increasing amount of crystalline
structures was observed. At 7 min the micrograph shows an almost fully crystallized
polymer film. The endset of the crystallization peak of the DSC measurement is around
9 min. Despite of the isothermal crystallization, neat PA6 crystallizes rather fast and

exhibits very fine and homogenous spherulites which can hardly be identified.
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Figure 77 presents the micrographs obtained by polarized light microscopy of PA6
comprising 2.0 wt% Colorant Black 500 at 200 °C after 0 min, 17 min, 25 min, 40 min, 90 min

and 150 min and the corresponding isothermal DSC curve.
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Figure 77. Top: Polarized optical micrographs of a PA6 film comprising 2.0 wt% Colorant Black 500 at 200 °C
after 0 min, 17 min, 25 min, 40 min, 90 min and 150 min. The compounded polymer pellets were heated and
pressed, kept at 250 °C for 5 min and cooled to 200 °C with 10 K/min. Bottom: Isothermal DSC curve at 200 °C
of PA6 comprising 2.0 wt% Colorant Black 500 processed at 283 °C.

The image at 0 min shows the optical isotropic polymer melt which appears pink due to the

A/4 platelet and some dark dots which originate from poorly dissolved Colorant Black 500.
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The second image after 17 min shows three yellowish and purplish structures which can be
attributed to spherulites. The corresponding DSC curve starts to drop at 14 min which
describes the onset of the crystallization process of the polymer. After 40 min, merely six
spherulites showed up within the observed image section. As it appears from the images,
the growth rate of the spherulites is very slow and very little nuclei were formed. This
incident leads to huge spherulites which are almost not limited in their expansion. These
spherulites reached diameters of several hundreds of microns before the growth was
stopped by collision with adjacent spherulites. At 150 min the micrograph shows an almost
fully crystallized polymer film and the endset of the crystallization peak of the DSC
measurement is at around 140 min.

These experiments clearly show the influence of Nigrosine on the crystallization behavior
and also on the spherulitic morphology of PA6. The images present vividly the partial
suppression of forming nuclei and hence the retardation of polymer crystallization due to
the addition of Nigrosine as anti-nucleating agent. Moreover, the visual results were
confirmed by isothermal DSC measurements of the same compounds under equal

temperature conditions.

In order to show the influence of Nigrosine on the macroscopic morphology of PA6
injection molded samples with a thickness of 2.0 mm were cut parallel to the direction of
injection (flow direction) to obtain thin sections with a thickness of 10 um. These thin
sections were placed between two object slides and examined by polarized light
microscopy. Figure 78 presents the thin sections of neat PA6 (left) and PA6 comprising
1.5 wt% Colorant Black 500 (right). The images were merged from three separate pictures
to present the complete cross section of the injection molding sample.

Both samples exhibit smaller spherulites near the skin layers and major spherulites in the
core regions. These effects were already described by Richter et al.** and were explained
by the temperature gradient of the injection mold from the outside to the inside, and hence
varying cooling rates within the injection molding specimen. Furthermore, the black areas

of the neat PA6 originate from impurities due to the cutting process.
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Figure 78. Optical micrographs from polarized light microscopy of cross-sections of tension rods of neat PA6
(left) and PA6 comprising 1.5 wt% Colorant Black 500 (right).

By comparing neat PA6 (left) and additivated PA6 (right) it can be shown that the spherulitic
morphology was significantly influenced by the addition of Nigrosine. The spherulites are
distinctly larger due to the additivation, even at very fast cooling rates during injection
molding. This effect may have significant influence on further polymer properties and will

be investigated in the following.
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5.1.3 Properties of PA6 containing Nigrosine

Polyamides crystallize due to hydrogen bonds between amide groups of the polymer
chains. These hydrogen bonds are the leading element for nearly every feature of the
polymer. By influencing the pattern of these hydrogen bonds, the properties of the polymer
can be influenced significantly. This can be effected by particular polymer processing or
specific additives. Certainly, it is of great importance not to downgrade the properties of
the polymer by additivation. As already shown above, Nigrosine has a significant influence
on the morphology of PA6. Therefore, the following chapter will examine the influence of
Nigrosine on important parameters of PA6 such as crystal modification, degree of
crystallinity and glass transition temperature. Therefore, methods such as WAXS, DSC and

DMTA were applied.

Crystal modification
In order to figure out the crystal modifications, WAXS measurements were conducted.
Figure 79 shows the WAXS pattern of 1.1 mm thick injection molded platelets of neat PA6

and PA6 comprising 1.5 wt% Colorant Black 500.
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Figure 79. WAXS pattern of neat PA6 (line) and PA6 containing 1.5 wt% Colorant Black 500 (dashed line).
Measurements were performed at room temperature on 1.1 mm thick injection molded specimen.

As already described in chapter 3.4, PA6 can crystallize into a-, y- or the metastable -

phase. As apparent from Figure 79 both compounds, neat PA6 and PA6 comprising
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Nigrosine, crystallized predominantly in the y-phase. The WAXS pattern of neat PA6 shows
a hint of the a-peak around 23°, whereas for PA6 comprising Colorant Black 500 almost no
o-peak is visible. All in all, no significant variations of the crystal modification were

observed.

Degree of crystallinity

In addition to the crystal modification, the degree of crystallinity is another important
parameter, especially for semi-crystalline polymers. Therefore, the degree of crystallinity
was determined by DSC. The detailed procedure is explained in chapter 3.4. As presented
in Table 20, the degree of crystallinity just varied slightly from each other for neat PA6 and

PA6 comprising Colorant Black 500.

Table 20. Melt enthalpies AHfand degree of crystallinity of neat PA6 and PA6 comprising 1.5 wt% Colorant
Black 500 determined by DSC. Both samples were processed at 283 °C. DSC heating and cooling rate:
10 K/min.

Compound AH¢ [J/g] Degree of crystallinity [%]
PA6 (reference) 68 36
+ 1.5 wt% Colorant Black 500 66 35

Glass transition temperature

A further very important property of polymers is the glass transition temperature. The glass
transition is defined as the temperature when the chain mobility of the polymer chains
drastically increases, and hence the polymer becomes soft. Besides additives, water
absorption has a great influence on the glass transition temperature.ll Therefore,
throughout the whole work samples were measured after equilibrium water uptake (70 °C,
62 rh%, 4 days), with a frequency of 1 Hz and a heating rate of 2 K/min. Figure 80 presents
the plot of the storage modulus E’ and loss factor tan 6 as a function of the temperature
for PA6 comprising 1.5 wt% Colorant Black 500. The value for the glass transition
temperature was determined from the peak of tan 6. The red line indicates the glass
transition temperature of PA6 comprising 1.5 wt% Colorant Black 500. The conducted
measurements revealed a glass transition temperature of 22 °C. By comparison, neat PA6
exhibits a glass transition temperature of 20 °C under the same storing and measurement
conditions. Consequently, the addition of Nigrosine showed no significant influence on the

glass transition temperature of PA6.
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Figure 80. DMTA measurements of PA6 comprising 1.5 wt% Colorant Black 500 after equilibrium water uptake
(70 °C, 62 rh%) measured at a frequency of 1 Hz, and a heating rate of 2 K/min. Solid, black line: storage
modulus E’; Dashed, blue line: tan 6. The red solid line indicates the glass transition temperature determined
from the maximum of tan &.

All in all, a significant decrease of the polymer crystallization temperature by the addition
of Colorant Black 500 could be observed. By adapting the melt temperatures during
processing an enhanced solubility of the additive and a coincident significant reduction of
the polymer crystallization temperature could be achieved, while no change of the melting
temperature was observed. Characteristic properties such as crystal modification, degree
of crystallinity and glass transition temperature were mainly unaffected and showed

almost the same values as for the neat polymer.

In conclusion, Nigrosine acts as an excellent anti-nucleating agent having no negative
influence on the properties of PA6. Moreover, it is a cheap and commercially available
compound. Nevertheless, Nigrosine is a mixture of various azine dyes which can hardly be
extracted. Furthermore, the applications of anti-nucleated polyamides are limited due to
the black color of Nigrosine, and hence no free choice of color for a certain application is
possible. In addition to that, solubility problems of Nigrosine in PA6 were revealed. By
solving these solubility problems, Nigrosine would become much more efficient and less
additive would be needed for the same effect.

Table 21 summarizes the characteristic values examined within this work for neat PA6 and

PA6 comprising Colorant Black 500.
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Table 21. Summary of characteristic values of neat PA6 and PA6 comprising 1.5 wt% Colorant Black 500. Melt
temperature during processing for all data was 283 °C.

PA6 (reference)

+ 1.5 wt%

Colorant Black 500

@ 283 °C
Melting temperature T 218 °C 218 °C
Crystallization temperature T_ 186 °C 170 °C
Degree of crystallinity 36% 35%
Glass transition temperature Tg 20°C 22 °C

Main crystal modification

y-modification

y-modification

119



Anti-nucleation of polyamides

5.2 Salts as anti-nucleating agents

In order to develop new anti-nucleating agents, leading elements of the commercially
applied Nigrosine are investigated concerning their anti-nucleation effect on polyamides.
Nigrosine usually exhibits charges which might be responsible for disturbing the hydrogen
bonds between the polymer chains, and hence retard the crystallization process. Long
before Nigrosine, the influence of salts on the crystallization behavior of PA6 was reported
by Valenti et al. in 1973. They described that inorganic salts, such as LiBr, LiCl or KCl,
drastically slowed down the crystallization rate.!'33154 These investigations were one of the
first evidences for the phenomenon of anti-nucleation. A few years later, Siegmann et al.
also observed a decrease of the polymer crystallization temperature of PA6 with increasing
content of metal halides, but also noted a strong depression of the polymer melting
temperature.3132 Both, Valenti et al. and Siegmann et al., investigated inorganic salts in
concentration ranges above 2.0 wt% and observed a significant decrease of the melting
temperature of PA6. Recently, Tian et al. showed a similar effect for PA6 additivated with
ionic liquids.[>®! This type of influence on the polymer properties is a unmiserable condition
and leads to a decrease of the mechanical properties.[*>® Thus, this effect has to be strictly
avoided. However, salts exhibit advantages as well. The investigated salts are cheap,
commercially available and colorless which makes them a candidate to open a wide field
of new applications for anti-nucleating agents.

In the following chapter, detailed investigations on the influence of LiCl are conducted at
concentrations below 2.0 wt% which were not investigated so far. As mentioned above,
ionic liquids also revealed a decrease of the polymer crystallization temperature of
polyamides. Ammonium salts can be attributed to ionic liquids as well, but are more
thermally stable and solid at room temperature.[*>”! Therefore, several ammonium salts
with varying counter ions and different alkyl chain lengths are systematically tested with
respect to their anti-nucleation ability in PA6 in order to develop a colorless anti-nucleation
agent. The anti-nucleation effect was recorded by DSC measurements, and the influence
on the crystal structure of PA6 was determined by WAXS. Furthermore, the influence on

the macroscopic morphology of PA6 was studied on injection molded samples.
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5.2.1 Lithium chloride

Based on the work of Valenti et al., on the bulk properties of synthetic polymer-inorganic
salt systems, LiCl was evaluated with respect to its anti-nucleation ability in PA6 at low
additive concentrations. The concentrations reached from 0.1 wt% to 2.0 wt%.
Furthermore, the crystal modification and morphology of PA6 of additivated samples were
investigated.

First of all, the thermal properties of neat LiCl were determined. Figure 81 shows the

thermogravimetric analysis (solid line) and simultaneous thermal analysis (dotted line) of

LiCl.
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Figure 81. Thermogravimetric analysis (solid line) and simultaneous differential thermal analysis (dotted line)
of LiCl, measured under nitrogen atmosphere at a heating rate of 10 K/min.

The thermal analysis of LiCl revealed a weight loss at a temperature of 100 °C which can be
attributed to water. Furthermore, no melting was observed and sublimation occurred first
above 700 °C. LiCl is thermally stable and suitable for the additivation of PA6. However, it
has to be considered that LiCl is highly hygroscopic and hence have to be dried before
compounding.

In order to examine the anti-nucleation ability of LiCl, a concentration series in PA6 was
prepared. Figure 82 presents the crystallization and melting temperatures of PA6

comprising LiCl as function of the additive concentration in the range of 0.1 — 2.0 wt%.
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Figure 82. Crystallization and melting temperatures of PA6 comprising LiCl as function of the additive
concentration. Polymer melt temperature during processing: 245 °C. DSC heating and cooling rate: 10 K/min.

As shown in Figure 82, a significant influence of the additive concentration of LiCl on the
crystallization temperature of PA6 was observed. The polymer crystallization temperature
was almost linearly reduced from 186 °C for neat PA6 to 161 °C at an additive concentration
of 2.0 wt%. At the same time, a strong reduction of the melting temperature of PA6 could
be observed. At concentrations below 0.25 wt%, no significant change of the melting
temperature of PA6 was observed, whereas with increasing additive content, a strong
reduction of the polymer melting temperature occurred. The melting temperature of neat
PA6 decreased from 218 °C to 205 °C for an additive concentration of 2.0 wt%. Similar
results were made prior to this work for concentrations above 2.0 wt%. However, these
results shows that concentrations of LiCl up to 0.25 wt% lead to a reduction of the polymer
crystallization temperature up to 3 °C without affecting the melting temperature of the
polymer. Consequently, LiCl can be used as polymer additive at relatively low amounts.
However, it has to be kept in mind, that concentrations above 0.25 wt% lead to a drastically
decrease of the melting temperature and may influence the properties of the polymer.
Therefore, the influence of LiCl on the crystal modification and on the macroscopic
morphology of PA6 is demonstrated using a sample of PA6 comprising 2.0 wt% LiCl. Figure
83 shows the WAXS pattern of injection molded specimen of neat PA6 and PA6 comprising
2.0 wt% LiCl.
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Figure 83. WAXS pattern of neat PA6 (line) and PA6 containing 2.0 wt% LiCl (dashed line). Measurements
were performed at room temperature on 1.1 mm thick injection molding specimens.

As apparent from Figure 83, neat PA6 crystallizes predominantly in the y-phase, whereas
the WAXS pattern of PA6 comprising LiCl appears blurred and shows no defined peaks. This
was to be expected and confirms the strong influence of LiCl on the polymer crystallization.
The crystal modification of PA6 is strongly affected by the addition of LiCl. It can be assumed
that there is a strong interaction of PA6 and LiCl. For this reason, large amounts of LiCl
remained in the crystalline phase during and past the crystallization process. Ciferri et al.
and Siegmann et al. explained the change of the crystallization data of PA6 by addition of
various salts with complex building of the salts and the polymer.[1>4156] As a result, the
polymer is not capable of crystallizing in the usual way, and hence no defined WAXS pattern
can be measured. These explanations confirm the cause of the decline of the melting
temperature of PA6 at high additive concentrations.

Another explanation might be a loss of the degree of crystallinity with a coincident increase
of the amorphous phase of the polymer. This leads to a pronounced amorphous halo and
a loss of the crystalline peaks within the WAXS pattern.

Therefore, the degree of crystallinity of PA6 comprising different concentrations of LiCl was

determined by DSC. The results are summarized in Table 22.
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Table 22. Melting enthalpies AHrand degree of crystallinity and melting temperature of neat PA6 and PA6
comprising different concentrations of LiCl determined by DSC. All samples were processed at 245 °C. DSC
heating and cooling rate: 10 K/min.

o [?/l;f] Degree of[(y(:or]ystallinity Melting t[fgperature
PA6 (reference) 65 34 218
+0.125 wt% LiCl 62 33 219
+0.25 wt% LiCl 56 30 218
+ 0.5 wt% LiCl 52 28 217
+0.75 wt% LiCl 51 27 212
+1.0 wt% LiCl 49 26 214
+1.25 wt% LiCl 46 24 210
+ 1.5 wt% LiCl 41 22 208
+ 2.0 wt% LiCl 38 20 205

As already demonstrated by the WAXS measurements, also the degree of crystallinity was
significantly influenced by the addition of LiCl at high additive concentrations. The degree

of crystallinity was reduced from 34% for neat PA6 to 20% for PA6 comprising 2.0 wt% LiCl.

In order to visualize the influence of LiCl on the macroscopic morphology of PA6, injection
molded platelets with a thickness of 1.1 mm were cut parallel to the direction of injection
(flow direction) to obtain thin sections with a thickness of 10 um. These thin sections were
placed between two object slides and examined by polarized light microscopy. Figure 84
presents the thin sections of neat PA6 (left) and PA6 comprising 2.0 wt% LiCl. The images
were merged from two separate pictures to present the complete cross section of the

injection molding platelet.
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PAG6 (reference), thickness: 10 um PA6 + 2 wt% LiCl, thickness: 10 um

e

Figure 84. Thin sections (10 um thick) of neat PA6 (left) and PA6 comprising 2.0 wt% LiCl from injection
molded specimen cut parallel to the flow direction.

By comparing neat PA6 (left) and additivated PA6 (right) it becomes clear that the
spherulitic morphology was significantly influenced by the addition of LiCl. In the case of
PA6 comprising LiCl, no spherulitic morphology can be observed and the sample appears
almost transparent. Furthermore, several folds and wrinkles emerged during the cutting
process which also can be ascribed to the decreased degree of crystallinity and possibly to

a decline of the mechanical properties.

In conclusion, LiCl significantly effects major properties of PA6. Besides a strong reduction
of the crystallization temperature, a massive decline of properties such as melting
temperature, crystal modification and degree of crystallinity were observed even at
concentrations below 2.0 wt%. The investigations revealed that LiCl might be capable as
additive for PA6 only at concentrations of 0.25 wt% or below. In this region a slight anti-
nucleation effect of 3 °C was observed with almost unchanged properties of the polymer,

as far as investigated.
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5.2.2  Ammonium salts

As revealed in the previous chapter, inorganic salts such as LiCl are capable of reducing the
polymer crystallization temperature of PA6. Unfortunately, this effect also comes along
with a decline of several properties of the polymer. However, as learned from the
literature, as well as presented in previous investigations, charged compounds might be
the key to anti-nucleate polyamides. Besides inorganic salts, organic salts represent a huge
class of charged compounds. These include, among others, organic ammonium salts.
Depending on the number of organic groups, the ammonium cation is called a primary,
secondary, tertiary, or quaternary cation. Quaternary ammonium cations are stable and
thus inert. Salts of quaternary ammonium cations are often used as disinfectants,
surfactants, fabric softeners, antistatic agents or for antibacterial applications.[1>8-162]

Figure 85 presents the chemical structure of a quaternary ammonium salt.

1 _
RT x

| +

R2

R3

Figure 85. Chemical structure of a quaternary ammonium salt. The R groups may be the same or different
alkyl groups. The X indicates the anionic group such as chloride, iodide or bromide.

By varying the alkyl chain length of the cationic group and the choice of a suitable anion,
properties such as solubility or melting temperature of the ammonium salt can be
controlled and adjusted. Further advantages are that the compounds are mostly colorless,
commercially available and cheap. Since there is no evidence in the literature concerning
the influence of organic ammonium salts on the crystallization behavior of polyamides, this
chapter discusses several organic ammonium salts with respect to their anti-nucleation
ability. To establish structure-property relations concerning the anti-nucleation of PA6, the
alkyl chain lengths are systematically varied as well as the counter ions are changed. The
polymer crystallization temperatures are determined by DSC and the thermal properties of
the pure ammonium salts are analyzed by thermogravimetric analysis and simultaneous
thermal analysis.

In order to test the capability of ammonium salts to anti-nucleate polyamides, the additive

screening process already described in chapter 5.1 was applied. Figure 86 presents
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micrographs of PA6 partly comprising Tetrabutylammonium hexafluorophosphate 3a

recorded between crossed polarizers at temperatures as indicated.

Figure 86. Optical micrographs from polarized light microscopy of a PA6 film with a small amount of
Tetrabutylammonium hexafluorophosphate 3a. Samples were heated, kept at 250 °C for 5 minutes, cooled
at a rate of 10 K/min and observed at different temperatures. The additive was dissolved and is not visible in
the top picture. The additive did not crystallize upon cooling. Areas where the additive was dissolved
crystallized at much lower temperatures than areas where no additive is available.

The image at 190 °C shows molten PAG6 starting to crystallize on the left side of the image.
The black regions correspond to the optical isotropic polymer melt. The dissolved salt is not
visible. Upon cooling, the polymer crystallized starting in the region without the additive.

At around 186 °C the region without additive was fully crystallized, whereas the region
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containing the ammonium salt revealed just a few spherulites. Upon further cooling,
spherulites slowly emerged in the additive rich section. At a temperature of 173 °C almost
the whole sample crystallized. The additivated region shows larger spherulites compared
to the region of the neat polymer. Similar observations were made for the Nigrosine

compound in chapter 5.1.

In order to verify the anti-nucleation effect, a concentration series of PA6 comprising 3a
was prepared in a concentration range of 0.01 wt% to 1.5 wt%. The polymer crystallization
temperatures and melting temperatures were obtained from DSC measurements. Figure
87 presents the polymer crystallization temperatures and melting temperatures of PA6

comprising 3a as function of the additive concentration.
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Figure 87. Polymer crystallization temperatures and melting temperatures of PA6 comprising
Tetrabutylammonium hexafluorophosphate 3a as function of the additive concentration. The blank triangles
indicate the polymer crystallization temperature and melting temperature of neat PA6 (reference). Polymer
melt temperature during processing: 245 °C. DSC heating and cooling rate: 10 K/min.

It clearly shows that in the presence of 3a the polymer crystallization temperature was
significantly reduced. The values for the polymer crystallization temperatures drop slowly
with increasing additive concentration from 186 °C for neat PA6 to 182 °C at a
concentration of 1.5 wt%. The polymer melting temperature stayed almost constant at

temperatures around 218 °C, even at increased additive concentrations. Summarizing the
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above, it can be said that, a reduction of 4 °C of the polymer crystallization temperature
was realized without reducing the polymer melting temperature.

In order to explore the influence of additive concentrations above 1.5 wt%, a further
concentration series with concentrations from 1.5 wt% to 20.0 wt% was prepared. The

results are presented in Figure 88.
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Figure 88. Polymer crystallization temperatures and melting temperatures of PA6 comprising
Tetrabutylammonium hexafluorophosphate 3a as function of the additive concentration. The blank triangles
indicate the polymer crystallization temperature and melting temperature of neat PA6 (reference). Polymer
melt temperature during processing: 245 °C. DSC heating and cooling rate: 10 K/min.

By increasing the concentration of 3a, the crystallization temperature of PA6 could be
reduced remarkably. At a concentration of 2.0 wt% the crystallization temperature was
already reduced by 7 °C and reached its maximum reduction by 23 °C at 20.0 wt%.
Nevertheless, a simultaneous decline of the melting temperature was observed, which
leads to a loss of several properties of the polymer. Merely, the value at 10.0 wt% displays
an anomaly and showed only a reduction of the melting temperature by 2 °C. These results
show that additive concentrations above 1.5 wt% are not reasonable.

However, the ammonium salt 3a revealed a slight anti-nucleation effect at concentrations
up to 1.5 wt% with no decrease of the polymer melting temperature. Therefore, in the

following, several ammonium salts with varying alkyl chain lengths and different counter
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ions are investigated with respect to their anti-nucleation ability. By varying the
substituents and/or counter ions, the properties of the ammonium salts are influenced and
might show different anti-nucleation effects in PA6. Table 23 summarizes the investigated

ammonium salts with the corresponding labels used in this work.

Table 23. Labels and structures of investigated ammonium salts.

No. Compound No. Compound

3a \j\/_\ﬁ/\/\ PFq 3h /_\/N/\_/ !
| ] Ve

3b N PR 3i o

+/
3¢ - PFe 3j

3d N~ PFo 3k No~. B
/_/ /_/
‘\_\_\ PFs
3e S NS ]l \”ﬁd\ i
\_\_\; /_/
3f —N— © 3m \Ad\ !

3g —+r ! 3n \_/\\/jﬁm/\ @E;@

Before investigating the anti-nucleation ability, the thermal properties of the ammonium

salts were simultaneously determined by means of combined thermogravimetric analysis
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(TGA) and differential thermal analysis (DTA). With respect to the thermal properties, the
investigated ammonium salts can be categorized into two categories that will be described
in detail in the following.

Compounds in category A showed a melting transition, followed by the evaporation from
the liquid phase and subsequent sublimation and degradation which is indicated by a kink
of the TGA curve at elevated temperatures. Complete evaporation is displayed by a weight
loss of 100% upon further heating. Figure 89 shows the TGA/DTA diagram of 3f, which has
a melting transition at 274 °C. The five percent weight loss (T-5 wt%) is at 330 °C. Similar
thermal behavior was observed for compounds 3h, 3j, and 3n. The appearing thermal
transitions were confirmed by polarized light microscopy and a melting point system

(MP90, Mettler Toledo) for all investigated compounds.
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Figure 89. Thermogravimetric (solid line) and simultaneous differential thermal analysis (dashed line) of
Tetramethylammonium chloride 3f measured under nitrogen atmosphere at a heating rate of 10 K/min.

In category B no melting, but sublimation of the ammonium salts was detected followed
by thermal decomposition at elevated temperatures. Thermal decomposition was
confirmed by polarized light microscopy and is indicated by the kink of the TGA curve.
Figure 90 shows exemplarily the TGA/DTA curves of 3g which started to sublime around

300 °C and thermal decomposition occurred above 400 °C. As sublimation and thermal

131



Anti-nucleation of polyamides

degradation coincide, a total weight loss of nearly 100% is observed. The same trend was
found for the compounds 3a, 3b, 3¢, 3d, 3e, 3g, 3i, 3k, 3l and 3m. For compounds 3i, 3k, 3I
and 3m melting transitions could be detected by polarized light microscopy and the melting
point system. These melting transitions were observed at temperatures where already
weight loss occurred by sublimation. For that reason it was difficult to detect these melting
temperatures by TGA/DTA. For compounds 3a, 3b, 3¢, 3d, and 3e no melting transitions

were observed.
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Figure 90. Thermogravimetric (solid line) and simultaneous differential thermal analysis (dashed line) of
Tetramethylammonium iodide 3g measured under nitrogen atmosphere at a heating rate of 10 K/min.

Table 24 summarizes the results from TGA/DTA measurements. No correlation between
varying substituents or counter ions and thermal stability could be established. Merely, the
temperature at five percent weight loss seems to be higher for compounds with shorter
alkyl chain lengths. The propyl substituted ammonium salts 3k, 31 and 3m revealed the
lowest thermal stability and displayed weight losses below 250 °C which originated mainly
from moisture as already shown for LiCl before. Nevertheless, these ammonium salts are
thermally stable up to 250 °C, taking the moisture content into account. In order to avoid
sublimation or thermal degradation, low processing temperatures of 245 °C should be
selected and the compounds have to be dried prior to compounding. Higher melt

temperatures during processing might be applied for the other compounds. However, in
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order to ensure comparability concerning the processing conditions, all compounds were

processed at 245 °C.

Table 24. Investigated salts, their melting temperatures Tm (DTA) and temperatures at 5 % weight loss T-s wts
(TGA, N2 atmosphere, 10 K/min).

No. Compound T.[°Cl T il
3a Tetramethylammonium hexafluorophosphate - 488
3b Tetraethylammonium hexafluorophosphate - 390
3c Tetrapropylammonium hexafluorophosphate - 282
3d Tetrabutylammonium hexafluorophosphate - 317
3e Tetrahexylammonium hexafluorophosphate - 351
3f Tetramethylammonium chloride 274 330
3g Tetramethylammonium iodide - 351
3h Tetraethylammonium iodide 200 282
3i Tetraethylammonium chloride 292 262
3j Tetrapropylammonium tetrafluoroborate 248 350
3k Tetrapropylammonium bromide 277 244
3l Tetrapropylammonium chloride 243 227
3m Tetrapropylammonium iodide 248 227
3n Tetrabutylammonium tetraphenylborate 241 333

Figure 91 summarizes the crystallization temperatures of PA6 comprising different
tetraalkylammonium salts with varying alkyl chain lengths and varying counter ions as
function of the additive concentration. The substituents were varied from methyl, ethyl,
propyl to butyl and different counter ions such as chloride, iodide, bromide,

tetrafluoroborate and tetraphenylborate were used.
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Figure 91. Polymer crystallization temperatures of PA6 comprising tetraalkylammonium salts with varying
alkyl chain lengths and varying counter ions as function of the additive concentration. The blank triangle
indicates the polymer crystallization temperature of neat PA6 (reference). Polymer melt temperature during
processing: 245 °C. DSC heating and cooling rate: 10 K/min.
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The tetraalkylammonium salts 3f — 3j show almost no anti-nucleation effect. With
increasing additive concentration no significant decrease of the polymer crystallization
temperature could be observed. A maximum reduction of 1-2 °C was determined, which is
almost within the limit of the measurement accuracy of the DSC. Moreover, high
fluctuations around 186 °C were especially observed for compounds 3f and 3g. The
ammonium salt 3k even showed a slight nucleation effect with a maximum crystallization
temperature of 189 °C at 1.5 wt%.

The ammonium salts 31, 3m and 3n showed a slightly enhanced and more constant anti-
nucleation effect compared to the previous ammonium salts 3f -3k. However, a reduction
of the polymer crystallization temperature of only 3 °C at its maximum could be achieved.
These investigations revealed no relationship with respect to the alkyl chain lengths and

particularly the counter ions.

In order to investigate the influence of the alky chain length on the anti-nucleation ability
of organic ammonium salts in detail, a further series of experiments was conducted based
on the results of Tetrabutylammonium hexafluorophosphate 3a which showed the best
results so far. Therefore, several tetraalkylammonium salts with varying alkyl chain length
and hexafluorophosphate as counter ion were investigated with respect to their anti-
nucleation ability in PA6. Different alkyl substituents come along with a different behavior
of the additive in the polymer matrix which may have influence on the crystallization
behavior of the polymer. Figure 92 presents the polymer crystallization temperatures of
PA6 comprising tetraalkylammonium hexafluorophosphates with varying alkyl chain length

(from methyl to hexyl) as function of the additive concentration.
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Figure 92. Polymer crystallization temperatures of PA6 comprising tetraalkylammonium
hexafluorophosphates with varying alkyl chain lengths (from methyl to hexyl) as function of the additive
concentration. The blank square indicates the polymer crystallization temperature of neat PA6 (reference).
Polymer melt temperature during processing: 245 °C. DSC heating and cooling rate: 10 K/min. For
Tetrabutylammonium PFe (blue triangles) no samples were prepared at concentrations of 0.4, 0.8 and
1.3 wt%.

Figure 92 indicates, that all tetraalkylammonium hexafluorophosphates showed anti-
nucleation ability in PA6. All investigated additives revealed a decrease of the polymer
crystallization temperature with increasing additive concentration. However, no significant
correlation between the anti-nucleation effect and the alkyl chain length was observed.
The hexyl substituted ammonium salt 3e showed the worst effect with a maximum
reduction of the polymer crystallization temperature by 2 °C at an additive concentration
of 1.5 wt%. Whereas the methyl substituted compound 3b revealed the best anti-
nucleation effect with a reduction of the polymer crystallization temperature by 5 °C at the
highest additive concentration of 1.5 wt%. All in all, no correlation between alkyl chain

length and anti-nucleation effect could be examined.

As already described and investigated before, salts tend to reduce the polymer
crystallization temperature as well as the melting temperature at a certain amount of
additive. Therefore, the influence of increased amounts of the methyl substituted

ammonium salt 3b on the thermal properties of PA6 were determined. The polymer

136



Anti-nucleation of polyamides

crystallization temperature as well as the melting temperature are presented in Figure 93

as function of the additive concentration.
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Figure 93. Polymer crystallization temperatures and melting temperatures of PA6 comprising
Tetramethylammonium hexafluorophosphate 3b as function of the additive concentration. The blank
triangles indicate the polymer crystallization temperature and melting temperature of neat PA6 (reference).
Polymer melt temperature during processing: 245 °C. DSC heating and cooling rate: 10 K/min.

Figure 87 clearly demonstrates that the melting temperature stayed nearly constant
around 218 °C up to an additive concentration of 1.0 wt%. With increasing concentration
the polymer crystallization temperature was further lowered but also the melting
temperature started to drop significantly. This effect is highly undesirable due to a decline

of the properties of the polymer.

In conclusion, the investigated organic ammonium salts represent a class of colorless anti-
nucleating agents which can reduce the crystallization temperature of PA6 by up to 4 °C
without affecting the melting temperature and hence the polymer properties. However,
the intensity of Nigrosine as anti-nucleation agent cannot be achieved by the investigated
ammonium salts. Depending on the usage, one may face a tradeoff between the strength
of the anti-nucleation effect and free choice of color. Possibly, polymers with just a slightly
lower polymer crystallization temperature but free choice of color are preferred in some

cases.
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5.3 Azine dyes as anti-nucleating agents for PA6

Takeuchi et al. patented several polycyclic compounds as nucleation inhibitors for semi-
crystalline polyamides.[*> These compounds exhibit a scaffold consisting of multiple cyclic
structures such as phenyl- or cyclohexyl groups leading to a planar and mostly rigid
molecule. This work demonstrates that besides charged compounds, planar and rigid
structures are also capable of anti-nucleating polyamides. Nigrosine combines both
properties within one molecule class. Besides a mostly rigid and planar scaffold, charged
groups are present as well. Additionally, Nigrosine contains hetero atoms such as nitrogen.
The aim of the following chapter is to combine these structure elements systematically.

In order to identify the leading structure elements which are responsible for the anti-
nucleation effect, a systematical screening was conducted. Based on Anthracene, as the
simplest structure of the Nigrosine scaffold, heteroatoms and finally charges and further

substituents are introduced. This series of molecules consists of the commercially available
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Figure 94. Structures of investigated compounds based on the Nigrosine central core unit: Anthracene,
Acridine, Phenazine and Safranine O.

Anthracene, Acridine, Phenazine and Safranine O (Figure 94).

In order to examine their anti-nucleation ability, four concentration series with each
compound were prepared. The additives were investigated in a concentration range from
0.01 wt% to 1.5 wt%. In the following, structure-property relations will be systematically
discussed. The polymer crystallization temperatures as function of the additive

concentrations are presented in Figure 95.
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Figure 95. Polymer crystallization temperatures of PA6 comprising Anthracene, Acridine, Phenazine and
Safranine O as function of the additive concentration. The blank circles at 186 °C represent the crystallization
temperature of neat PA6. Polymer melt temperature during processing: 245 °C. DSC heating and cooling rate:
10 K/min.

The investigations presented in Figure 95 clearly demonstrate that the anti-nucleation
ability increases from Anthracene, Acridine, Phenazine to Safranine O. Anthracene showed
no significant decrease of the polymer crystallization. Acridine revealed a slight, but
extremely inconsistent anti-nucleation effect. The polymer crystallization temperature was
decreased by a maximum of 2 °C. Phenazine showed the same strength of anti-nucleation
effect as Acridine, but considerably more constant. Safranine O exhibits the highest

reduction of the polymer crystallization temperature of PA6 by up to 5 °C at an additive
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concentration of 1.0 wt%. Compared to the other compounds, Safranine O exhibits a
charged unit and several substituents, such as two amino groups.

By comparing the investigated compounds, it becomes apparent that by introducing
nitrogen atoms and finally amino groups, the anti-nucleation effect essentially increased.
It is assumed that these structure elements are interacting with the polymer chain. Due to
the screening of the amide groups of the polymer by the additives, the polymer
crystallization process might be retarded and anti-nucleation is observed. A similar effect
was detected by Lin et al. for PA66 additivated with acid dyes.!33 Here, a decrease of the
crystallization temperature of PA66 was attributed to the formation of coordinate bonds
between metal ions of the acid dyes and the amide groups of the polymer chains. This
effect was explained by a restriction of the mobility of polymer chains due to the additives,
which leads to a retarded crystallization of the polymer.

Based on the good results for Safranine O, in the following chapter several azine dyes will
be investigated with respect to their thermal properties and their anti-nucleation ability in

PA6.
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5.3.1 Properties of azine dyes

Previous studies indicate that planar, rigid or charged compounds exhibit the best
properties to anti-nucleate polyamides.l'%1>19.31-33] For example Takeuchi et al. showed
that azine dyes are able to anti-nucleate PA66.1*>! The huge molecule class of azine dyes
represents a type of compound which includes these properties within one molecule. The
compounds are mostly rigid and planar, bear charged units and possess functional groups,
such as amino substituents. Figure 96 shows the general formula of azine dyes. In this
formula D! and D? stand for an auxochrome group, usually an amino, arylamino,
monoalkylamino, dialkylamino, or hydroxyl group. X stands for oxygen, sulphur, or nitrogen
with a substituent R (R = hydrogen, alkyl, aryl). Furthermore, the azine dyes include
cationic, anionic, and neutral dyes, depending on the kinds of auxochrome groups and

substituents.[147]

) X (D?),

Figure 96. General formula of azine dyes. D! and D? stand for an auxochrome group. X stands for oxygen,
sulphur, or nitrogen with a substituent R (R = hydrogen, alkyl, aryl).

The azine dyes include phenazine, oxazine and thiazine dyes. Those derivatives exhibit good
thermal stability and are already used for staining in medicine, bacteriology and
microscopy.”! Furthermore, azine dyes are applied for coloring wool, leather, inks and
polymer resins.[147]

These are all reasons to test the applicability of azine dyes as anti-nucleating agent for PA6.
Therefore, various compounds with varying substituents and different functional groups
are investigated systematically within the following chapter. Besides nitrogen, these azine
dyes contain also sulphur and oxygen atoms. Moreover, all investigated compounds exhibit
amine groups. Besides sulfonate and ferrate anions, most of the compounds exhibit
chloride counter ions. Table 25 summarizes the molecular formulas of the investigated

compounds.
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Table 25. Labels and structures of investigated compounds for anti-nucleation of PA6.

No. compound No. compound
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First, the thermal properties of the investigated compounds were determined to verify the
suitability of the compounds at the applied processing temperatures. Therefore, combined
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the neat

compounds was conducted. With respect to the thermal properties, the investigated
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compounds can be categorized into two categories that will be described in detail in the
following.

Compounds in category A showed a melting transition followed by the evaporation from
the liquid phase and subsequent degradation which is indicated by the kink of the TGA
curve at elevated temperatures. A weight loss of 100% was observed for none of the
investigated compounds. At temperatures around 650 °C all compounds exhibited a weight
loss between 40% to 60%. Figure 97 shows the TGA/DTA diagram exemplarily for category
A of Azure A Chloride 4h, which has a melting transition at 194 °C. The five percent weight
loss (T-swiw) is at 221 °C. Weight loss occurred already at temperatures around 100 °C, which
can be ascribed to volatile low molecular compounds, water or solvent residuals. These
impurities falsify the value for the five percent weight loss. By studying the TGA curve it
becomes clear that weight loss induced due evaporation, sublimation or degradation of the
compound starts first at around 250 °C. Similar thermal behavior was observed for
compounds 4b, 4e, 4f, 4g, 4i and 4j. However, it has to be considered that these compounds

might comprise volatiles, and hence have to be dried before compounding.
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Figure 97. Thermogravimetric analysis (solid line) and simultaneous differential thermal analysis (dotted line)
of Azure A Chloride 4h, measured under nitrogen atmosphere at a heating rate of 10 K/min.
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In category B no melting, but sublimation of the azine dyes was detected, followed by
thermal decomposition at elevated temperatures which is indicated by the kink of the TGA
curve. Figure 98 shows the TGA/DTA curves exemplarily for category B of Safranine O 4a,
which started to sublimate at around 300 °C and thermal decomposition occurred above
350 °C. A weight loss of 100% was observed for none of the investigated compounds. At
temperatures around 650 °C all compounds exhibited a weight loss between 40% to 60%.
The same trend was found for the compounds 4c, 4d and 4k. For compounds 4d and 4k
also a weight loss occurred already at temperatures around 100 °C which can be ascribed
to volatiles as already described for category A. However, it has to be considered that these

compounds have to be dried before compounding.
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Figure 98. Thermogravimetric analysis (solid line) and simultaneous differential thermal analysis (dotted line)
of Safranine O 4a, measured under nitrogen atmosphere at a heating rate of 10 K/min.
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Table 26 summarizes the results of the TGA/DTA measurements. By taking the weight loss
induced by volatiles at low temperatures into account, all azine dyes are thermally stable
up to 250 °C and hence suitable for the additivation of PA6. In order to avoid impurities

during polymer processing all investigated compounds were dried prior to compounding.

Table 26. Investigated azine dyes, melting temperatures Tm (DTA) and temperatures at 5 % weight loss
T.5 wt% (TGA, 10 K/min, N2 atmosphere).

No. Compound T.[°Cl Tl
4a Safranine O - 330
4b Methylene Violet 3RAX 289 282
Ac Induline - 235
4d Darrow Red - 139
de Pyronin B 248 255
af Nile Blue Chloride 282 260
ag Nile Blue A 276 228
4h Azure A Chloride 194 221
4i Giemsa Stain 200 235
4j Toluidine Blue O 208 235
ak PyroninY - 201
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5.3.2 Anti-nucleation of PA6 by azine dyes

In the following, investigations on the influence of various azine dyes on the thermal
properties of PA6 will be discussed. Nigrosine, which can be assigned to the class of azine
dyes, showed its best anti-nucleation effect at temperatures around 270 °C. At this
temperature, enhanced solubility of the additive and an increase of the anti-nucleation
effect was observed. In order to avoid possible solubility issues for the subsequent
compounding experiments, four different melt temperatures during processing were
applied to identify the ideal processing conditions for each compound. For each processing
temperature (measured melt temperature during compounding) one sample with an
additive concentration of 1.5 wt% was prepared. The polymer crystallization and melting
temperatures were obtained from DSC measurements. The polymer crystallization
temperatures are reported as the temperature at the exothermic minimum of the cooling
curve and melting temperatures are reported at the endothermic maximum of the heating
curve. Exemplary, DSC heating and cooling curves of PA6 comprising 1.5 wt% Safranine O

4a processed at 245 °C, 259 °C, 273 °C and 283 °C are presented in Figure 99.

heat flow endo up

150 165 180 195 210 225 240

temperature / °C

Figure 99. Second heating and cooling curves of PA6 comprising 1.5 wt% Safranine O 4a processed at
temperatures as indicated. DSC heating and cooling rate: 10 K/min.
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In order to get a better overview, the results are presented in a simplified way by plotting
the crystallization and melting temperatures as function of the melt temperatures during
processing for each polymer/additive compound. Figure 100 shows the results for

Safranine O.

2 Safranine O
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Figure 100. Crystallization and melting temperatures of neat PA6 (O crystallization, O melting) and PA6
comprising 1.5 wt% Safranine O 4a (A crystallization, A melting) as function of the melt temperature during
processing. DSC heating and cooling rate: 10 K/min.

As demonstrated above, Safranine O revealed a reduction of the polymer crystallization
temperature by 5 °C with no influence on the melting temperature of PA6. The variation of
the melt temperature during processing induced no enhancement of the anti-nucleation
ability.

Figure 101 presents the results for compounds 4b and 4c. Both dyes showed quite similar
effects on the thermal behavior of PA6. The polymer crystallization temperature was
slightly decreased by 2 °C. The polymer melting temperature stayed almost unaffected and

different processing temperatures had no influence on the additive performance.
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Figure 101. Crystallization and melting temperatures of neat PA6 (O crystallization, O melting) and PA6
comprising 1.5 wt% Methylene Violet 3RAX 4b, and Induline 4c (® crystallization, ® melting) as function of
the melt temperature during processing. DSC heating and cooling rate: 10 K/min.

By comparing the chemical structures of 4a - 4c, all compounds exhibit a four ring-
membered scaffold and chloride as counter ion. However, all structures differ concerning
their substituents. Here, some reasons for the different effect in PA6 may be derived.
Methylene Violet 3RAX holds one amino group, whereas Safranine O and Induline exhibit
two amino groups. Besides the ionic character, these amino groups may be able to interact
with the polyamide chain and retard the polymer crystallization process. In contrast to
Induline, Safranine O revealed a significant better anti-nucleation effect. This effect might
be explained by the position of the amino groups. It can be assumed that Safranine O is
able to interact with two polymer chains at the same time, whereas Induline interacts only
with one amide group of the polymer.

Compared to the compounds 4a - 4c, the compounds 4d - 4g are based on a three ring-
membered scaffold with an ether and nitrogen group, called phenoxazines. As shown in
Figure 102, the crystallization temperatures could be decreased by 3 °C for Pyronin B, 4 °C

for Darrow Red, 5 °C for Nile Blue A and 6 °C for Nile Blue Chloride. Furthermore, the
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polymer melting temperatures were also slightly decreased between 1 °C and 2 °C. The

different processing temperatures did not influence the performance of the additives.
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Figure 102. Crystallization and melting temperatures of neat PA6 (O crystallization, 0 melting) and PA6
comprising 1.5 wt% Darrow Red, Pyronin B, Nile Blue Chloride and Nile Blue A (# crystallization, ¢ melting)

as function of the melt temperature during processing. DSC heating and cooling rate: 10 K/min.
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By comparing the chemical structures of the additives, Pyronin B is the only compound with
ferrate as counter ion and no amino group. Moreover, Pyronin B revealed the worst anti-
nucleation effect compared to 4d, 4f and 4g. By the lack of the amino group, less interaction
with the polymer chain might lead to a less pronounced anti-nucleation effect. However,
compared to compounds 4b — 4c, derivatives 4d — 4g revealed a significant reduction of the
polymer crystallization temperature. Moreover, it was confirmed that compounds with
structure elements such as sulphur-, amino-, and ionic groups are capable of anti-

nucleating PA6.

Figure 103 presents the influence of phenothiazines 4h —4j, and the phenoxazine 4k on the
thermal properties of PA6. The phenothiazines are similar to phenoxazines and distinguish
themselves by a sulphur instead of the ether bridge. Compounds 4h — 4k showed a
significant effect on the crystallization temperature of PA6. The polymer crystallization
temperatures could be decreased by up to 8 °C for all compounds. Elevated melt
temperatures during processing showed no enhancement of the anti-nucleation
performance of the additives. The melting temperatures of the polymer were slightly
decreased by 1 °C for Azure A Chloride 4h and Toluidine Blue O 4j, and by 2 °C for
Giemsa Stain 4i and Pyronin Y 4k. These deviations of the polymer melting temperatures

should be tolerable and not significantly influence further polymer properties.

Compared to compounds 4d — 4g, the azine dyes 4h — 4k showed significantly enhanced
anti-nucleation properties. This effect might be explained by the differing substituents.
Compounds 4d — 4g exhibit phenyl rings and ethanaminium substituents. Compounds 4h —
4k merely bear methyl groups and methanaminium substituents which are distinctly less
steric. The aminium ions of the ethanaminium groups are screened by the ethyl
substituents, and thus may be less effective in interacting with the polymer. Consequently,
it can be assumed that compounds 4h — 4k are more flexible in interacting with the

polyamide chains and hence represent more effective anti-nucleating agents.
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Figure 103. Crystallization and melting temperatures of neat PA6 (O crystallization, 0 melting) and PA6
comprising 1.5 wt% Azure A Chloride, Giemsa Stain, Toluidine Blue O and Pyronin Y (4 crystallization, 4
melting) as function of the melt temperature during processing. DSC heating and cooling rate: 10 K/min.

All compounds within this chapter were investigated at four different processing

temperatures at a concentration of 1.5 wt%. In order to test the influence of the

concentration on the thermal properties of PA6, exemplarily a concentration series of

Pyronin Y was prepared. The detailed procedure is explained in the experimental section.

151



Anti-nucleation of polyamides

The polymer melt temperature during processing for this experiment was set to 259 °C.

The results are presented in Figure 104.
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Figure 104. Crystallization temperatures and melting temperatures of PA6 comprising Pyronin Y as function
of the additive concentration. The blank squares indicate the polymer crystallization temperature and melting
temperature of neat PA6 (reference). Polymer melt temperature during processing: 259 °C. DSC heating and
cooling rate: 10 K/min.

Figure 104 shows an increasing anti-nucleation ability with increasing additive
concentration. However, already at low concentrations of 0.1 wt% a reduction of the
polymer crystallization temperature by 4 °C could be achieved. At an additive concentration
of 1.25 wt% the polymer crystallization temperature was reduced to 178 °C which implies
a decrease by 8 °C. The melting temperature exhibited a decline of 2 °C. At concentrations
above 1.25 wt% no further enhancement of the anti-nucleation ability was achieved. It can
be assumed that additive concentrations above 2.0 wt% might decrease the polymer
crystallization temperature even more, but a coincident decline of the melting temperature

can be expected.

The investigations within this chapter confirmed the aforementioned assumptions.
Compounds with a mostly planar and rigid structure as well as ionic character are good
anti-nucleating agents. Especially, units which are capable of interacting with the hydrogen
bonding units of the polymer chains during the crystallization process seem to be of
particular importance. These include sulphur-, amino-, or ionic groups. Furthermore,

attention should be paid to compounds which show good solubility in the polymer melt in
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order to achieve ideal efficiencies of the additives. In contrast to supramolecular nucleating
agents, self-assembly or aggregation of the anti-nucleation additives is undesirable. The
groups which seem to be responsible for the retardation of the crystallization process
should be accessible for the amide groups of the polyamide chain and not be blocked due
to steric substituents. Figure 105 summarizes the achievable crystallization temperatures

of PA6 with 1.5 wt% of the investigated azine dyes.
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Figure 105. Crystallization temperatures of PA6 comprising the investigated anti-nucleation agents with a
concentration of 1.5 wt% and processed at 273 °C.
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5.4 Neutral Red as anti-nucleating agent for PA6

The previous chapter revealed azine dyes as good anti-nucleation agents. This class of
compounds combines all features required for an effective anti-nucleating agent. Besides
a rigid and planar structure, hydrogen bonding units such as amino groups as well as
charged groups are unified within one molecule. These properties seem to be
indispensable in order to retard the polymer crystallization of polyamides.

The following chapter will give a detailed insight concerning the way of functioning of an
anti-nucleating agent on the basis of Neutral Red. Neutral Red belongs to the class of azine
dyes and exhibits all features required to anti-nucleate PA6 effectively. Figure 106 shows

the structural formula of Neutral Red.

H,N

Irz

Figure 106. Structural formula of Neutral Red.

First, significant properties of neat Neutral Red are presented and thermal properties are
determined. Furthermore, the influence of various processing conditions on the anti-
nucleation behavior of Neutral Red in PA6 will be investigated in detail. Additionally,
morphology investigations will be conducted and the influence on properties such as

crystal modification, degree of crystallinity, and glass transition temperature are examined.
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5.4.1 Properties of Neutral Red

Neutral Red belongs to the class of eurohodines, which are a subcategory of the class of
diaminophenazine dyes. The eurohodines bear a hydrogen atom or an alkyl group on the
azine nitrogen atom.**’ Neutral Red features several elements which are essential for anti-
nucleating polyamides. Besides three amine groups, a methylaminium group with chloride
as counter ion are available. Additionally, no steric substituents which might screen these
groups are existing. Neutral Red is synthesized by condensation of p-nitrosodimethylaniline
hydrochloride and 2,4-diaminotoluene yielding a dark-green powder.[147:150163] The

reaction pathway is schematically presented in Figure 107.
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Figure 107. Synthesis route of Neutral Red by condensation of p-nitrosodimethylaniline and 2,4-
diaminotoluene in presence of hydrochloric acid.

Neutral Red is known to be used for cell staining or coloring wool, cellulose, polyamides or
polyolefines. Moreover, Neutral Red is applicable as a pH indicator, changing from red to
yellow between pH 6.8 and 8.0.[147:150]

Extensive literature research revealed no publications regarding the influence of Neutral
Red on the thermal behavior of polyamides. Before investigating the anti-nucleation ability
of Neutral Red in PA6, the thermal properties were determined by means of combined
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) to verify the
suitability of the compound at processing temperatures of PA6. Figure 108 shows the
thermogravimetric analysis (solid line) and simultaneous thermal analysis (dotted line) of

Neutral Red.
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Figure 108. Thermogravimetric (solid line) and simultaneous differential thermal analysis (dashed line)
analysis of Neutral Red, measured under nitrogen atmosphere at a heating rate of 10 K/min.

The thermal analysis of Neutral Red revealed a slight weight loss at temperatures around
150 °C which drastically increased at temperatures above 290 °C. The weight loss at lower
temperatures can be ascribed to volatile low molecular compounds or solvent residuals,
whereas the weight loss above 290 °C indicates evaporation with subsequent thermal
degradation at elevated temperatures. These observations can be confirmed by the DTA
curve which shows a melting endotherm at 290 °C. The results reveal a thermal stability of

Neutral Red up to 300 °C.
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5.4.2 Anti-nucleation of PA6 by Neutral Red

In the following, the anti-nucleation ability of Neutral Red in PA6 will be discussed in detail.
The influence of Neutral Red on the thermal behavior of PA6 will be investigated at
different processing temperatures and processing times as well as various additive
concentrations. Here, the focus is on the enhancement of the solubility of the additive in
the polymer melt, which is verified by optical polarized microscopy. The polymer
crystallization and melting temperatures are obtained from DSC measurements.
Furthermore, the influence of Neutral Red on the polymer morphology of PA6 is
determined by means of polarized light microscopy. For experimental parameters and

details refer to chapter 8.

Standard processing conditions

Figure 109 presents the polymer crystallization temperatures of PA6 comprising Neutral
Red as function of the additive concentration processed at 245 °C. The sample for optical
microscopy was obtained by melting a polymer pellet of the extruded compound between

two glass slides at 250 °C and subsequent quenching to room temperature.
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Figure 109. Polymer crystallization temperatures of PA6 comprising Neutral Red as function of the additive
concentration and optical micrograph from polarized light microscopy of PA6 with 2.0 wt% of Neutral Red.
The non-dissolved additive shows up as black aggregates. The blank triangle indicates the polymer
crystallization temperature of neat PA6 (reference). Polymer melt temperature during processing: 245 °C.
DSC heating and cooling rate: 10 K/min.
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Figure 109 demonstrates a decrease of the polymer crystallization temperature with
increasing concentration of Neutral Red to a minimum crystallization temperature of
181 °C. At additive concentrations above 0.8 wt% no further enhancement of the anti-
nucleation effect was observed. The crystallization temperatures stayed constant for
additive concentrations up to 2.0 wt% at 181 °C.

By examining the compounded samples by polarized light microscopy, micrographs
revealed black aggregates. The image in Figure 109 shows a sample of PA6 comprising
2.0 wt% Neutral Red containing black crumbs with diameters up to 250 um. These
aggregates must originate from poorly dissolved Neutral Red. Due to the fast quenching,
no spherulites are visible. These results lead to the conclusion that a small portion of
Neutral Red is soluble in the polymer melt at processing temperatures of 245 °C.
Consequently, a slight anti-nucleation effect was observed. Similar observation were made
for Colorant Black 500 in chapter 5.1.

In order to increase the solubility of Neutral Red, the processing time was increased up to
60 min. Figure 110 presents the crystallization and melting temperatures of PA6 comprising
1.5 wt% Neutral Red as function of the processing time. The processing time is defined as

time how long the polymer remains in the extruder during compounding.
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Figure 110. Crystallization and melting temperatures of PA6 comprising 1.5 wt% Neutral Red as function of
the processing time. The processing time is defined as time how long the polymer remains in the extruder
during compounding. Polymer melt temperature during processing: 245°C. DSC heating and cooling rate:
10 K/min.
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As shown in Figure 110, the processing time had no influence of the anti-nucleation
performance of Neutral Red at a processing temperature of 245 °C. It can be assumed that

no better solubility of Neutral Red was achieved.

Elevated melt temperatures during processing

The investigations of the thermal properties of neat Neutral Red revealed a melting
temperature of Neutral Red around 290 °C. This might lead to the assumption that the melt
temperature during processing of 245 °C is too low to dissolve the compound well enough.
Similar investigations were made for Colorant Black 500 in chapter 5.1.

Task of this chapter will be to enhance the anti-nucleation effect of Neutral Red by
increasing the solubility of Neutral Red in the polymer melt due to increased melt
temperatures during processing. Therefore, PA6 comprising 1.5 wt% Neutral Red was
processed at elevated processing temperatures of 245 °C, 259 °C, 273 °C and 283 °C. Figure
111 presents the corresponding polymer crystallization and polymer melting temperatures

as function of the melt temperature during processing.
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Figure 111. Crystallization and melting temperatures of neat PA6 (O crystallization, 0 melting) and PA6
comprising 1.5 wt% Neutral Red (A crystallization, A melting) as function of the melt temperature during
processing. The inlets show the schematic state of the additive in the polymer melt at the corresponding
processing temperature. DSC heating and cooling rate: 10 K/min.
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As shown in Figure 111, a significant influence of the melt temperature during processing
on the crystallization temperature of PA6 comprising Neutral Red was observed. The
polymer crystallization temperature was reduced from 180 °C at a processing temperature
of 245 °C to a polymer crystallization temperature of 170 °C for a processing temperature
of 283 °C. This means a reduction of 10 °C for the polymer crystallization temperature due
to elevated processing temperatures with the same amount of additive. These results may
confirm the assumptions that elevated melt temperatures during processing lead to a
better solubility of additive which results in an enhanced anti-nucleation performance. The
effect is schematically indicated by the images in Figure 111. Besides a reduction of the
polymer crystallization temperature, a special benefit is the retention of the melting
temperature for the additivated PAG6 at elevated processing temperatures.

In order to investigate this positive effect in detail, four concentration series of PA6
comprising Neutral Red at four different processing temperatures were conducted and the
obtained samples were observed by polarized light microscopy. The results are

summarized in Figure 112.
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Figure 112. Left: Crystallization temperatures of PA6 containing Neutral Red as function of the additive
concentration. Different symbols indicate different processing temperatures: 245 °C (triangles), 259 °C
(diamonds), 273 °C (stars) and 283 °C (circles). DSC heating and cooling rate: 10 K/min. Right: Optical
micrographs from polarized light microscopy of PA6 with 2.0 wt% of Neutral Red processed at different
temperatures. The compounded polymer pellets were heated, kept at 250 °C for 5 min and quenched to room
temperature. The polymer appears orange due to the A/4 platelet. The non-dispersed additive shows up as
black aggregates.
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Figure 112 substantiates the previously made results. At low additive concentrations no
significant difference of the polymer crystallization could be made. However, when
considering higher additive concentrations significant influence of the processing
temperatures occurred. This approves the suspicion that a small amount of Neutral Red is
well dissolved even at low melt temperatures during processing. This leads to a slight anti-
nucleation effect. With increasing additive concentration the influence of the processing
temperature rises and the polymer crystallization temperatures differ significantly for the
same amount of additive, but different processing temperatures. The polymer
crystallization temperature could be decreased from 181 °C for PA6 processed at 245 °C to
165 °C for PA6 processed at 283 °C at an equal additive concentration of 2.0 wt%. This
means a decrease of the polymer crystallization temperature by 16 °C which is an
enormous enhancement of the additive performance. Furthermore, the polymer
crystallization temperature was reduced by additional 3 °C compared to Colorant Black 500
at the same processing conditions.

The images obtained from polarized light microscopy explain this improvement visually.
The increased processing temperatures have led to an enhanced solubility of Neutral Red.
With increasing melt temperatures during processing, much smaller and especially less
aggregates are visible. Due to this effect, a better interaction of the additive with the

polymer chain is assumed and an enhancement of the additive performance is achieved.

As already observed prior in this work, some additives evoke a decrease of the polymer
crystallization temperature with a coincident decline of the polymer melting temperature.
Therefore, Figure 113 presents the DSC heating and cooling curves for a concentration

series of PA6 comprising Neutral Red processed at 283 °C.
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Figure 113. DSC heating and cooling curves of neat PA6 and PA6 comprising Neutral Red. Polymer melt
temperature during processing: 283 °C. DSC heating and cooling rate: 10 K/min.

The results presented in Figure 113 clearly show that a significant decrease of the polymer
crystallization temperatures with no change of the melting temperatures with increasing
additive concentrations was observed. Merely the melting temperature at a concentration

of 2.0 wt% Neutral Red was slightly shifted to lower temperatures.

The above made results lead to the conclusion that elevated melt temperatures during
processing seem to have enormous influence on the solubility of Neutral Red in PA6.
Elevated processing temperatures also caused an increased additive performance of the
commercially applied Nigrosine in chapter 5.1. Unfortunately, it has been not possible to
investigate the solubility of Nigrosine in the polymer matrix. Due to the addition of
Nigrosine to the polymer the compound was dyed dark black, and hence hindered the
observation of undissolved particles in the polymer melt.

With the aid of the detailed investigations of PA6 comprising Neutral Red and the results
of the DSC measurements of PA6 comprising Nigrosine, the assumed solubility behavior of
certain anti-nucleating agents in the polymer matrix at different stages of the polymer

processing is presented schematically in Figure 114.
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Figure 114. Top: Schematic illustration of the solubility behavior of an anti-nucleation agent in the polymer
matrix. The grey lines symbolize the polymer chains and the red dashes indicate the polymer additive.
Bottom: Schematic temperature profile during polymer processing. Tmeit indicates the temperatures when
the polymer is molten, Tc_neat the crystallization temperature of neat PA6 and Tc_anti-nucleation the crystallization
temperature of anti-nucleated PA6.

The first picture in Figure 114 shows partly undissolved additive (red) at low polymer melt
temperatures during processing. Here, the temperatures are too low to achieve passable
solubility of the polymer additive. Hence, only weak interactions between the polymer
chains and additive molecules are assumed, which would result in low additive
performance upon cooling from this stage. The second picture shows well dissolved
additive at elevated melt temperatures during processing. This effect might be reached by
an increase of the polymer melt temperature during processing, and thus an improved
solubility of the additive within the polymer melt. The aim is to enhance the solubility of
the additive to generate a huge quantity of free molecules which are capable of interacting
with the polymer chain, and hence retard the polymer crystallization. Upon cooling from
this stage, the additive molecules are suspected of interacting with the polymer chain and
retard the crystallization process, which leads to an anti-nucleation effect (third image in
Figure 114). Upon further cooling, the additive molecules are repressed to the amorphous
phase and the polymer crystallization takes place (fourth image in Figure 114). A
prerequisite is, however, that the applied additives exhibit a high thermal stability not to

evoke any side reactions or degradation which may lead to a loss of the polymer properties.
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Crystallization behavior and morphology of PA6 comprising Neutral Red

As already observed for Nigrosine as well as for the ammonium salts, the spherulitic
morphology and the crystallization behavior of polyamide is strongly influenced by anti-
nucleating agents. Therefore, the influence of Neutral Red on the crystallization behavior
of PA6 was studied isothermally by DSC and polarized light microscopy. Additionally, the

macroscopic morphology of PA6 comprising Neutral Red was studied on thin films.

Figure 115 presents the micrographs obtained by polarized light microscopy of PA6
comprising 2.0 wt% Neutral Red at 200 °C after 0 min, 17 min, 25 min, 40 min, 90 min and
150 min and the corresponding isothermal DSC curve. For experimental details refer to
chapter 5.1.2 and 8.
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Figure 115. Top: Polarized optical micrographs of a PA6 film comprising 2.0 wt% Neutral Red at 200 °C after
0 min, 17 min, 25 min, 40 min, 90 min and 150 min. The compounded polymer pellets were heated and

pressed, kept at 250 °C for 5 min and cooled to 200 °C with 10 K/min. Bottom: Isothermal DSC curve at 200 °C
of PA6 comprising 2.0 wt% Neutral Red processed at 283 °C.
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The picture at 0 min shows the optical isotropic polymer melt which appears orange due
to the A/4 platelet. The second image after 17 min shows several yellowish and greenish
structures which can be attributed to the spherulitic structure of PA6. The corresponding
DSC curve started to drop at 15 min which describes the onset of the crystallization process
of the polymer. After 40 min no further spherulites emerged within the observed image
section, but the already existing have grown. As it appears from the images, the growth
rate of the spherulites was very slow and very few nuclei were formed. This incident leads
to large spherulites. The spherulites reached diameters of several hundreds of microns
before the growth was stopped by collision with each other. At 150 min the micrograph
shows an almost fully crystallized polymer film and the endset of the crystallization peak of
the DSC measurement is around 135 min. In comparison, neat PA6 was fully crystallized
after 9 min and PA6 comprising 2.0 wt% Colorant Black 500 revealed its endset after
140 min.

This experiment clearly showed the influence of Neutral Red on the crystallization behavior
and also on the spherulitic morphology of PA6. The images present vividly the partial
suppression of forming nuclei and thus the retardation of polymer crystallization due to
the addition of Neutral Red as anti-nucleating agent. Moreover, the visual results were
confirmed by isothermal DSC measurements of the same compounds under equal
temperature conditions. Almost the same observations were made for Nigrosine previously

in this work.

In order to show the influence of Neutral Red on the macroscopic morphology of PA6 under
dynamic cooling conditions, films were investigated by polarized light microscopy. Samples
were prepared by melting a polymer pellet of the extruded and additivated compound
between two glass slides at 250 °C, pressed for 2 minutes and quenched to room
temperature. The so obtained films were inserted to the hot stage, heated rapidly to
250 °C, held there for 5 min and cooled to room temperature with 10 K/min. Optical
micrographs were recorded by a digital camera to monitor the crystallization process.

Figure 116 presents the crystallization temperatures of PA6 comprising Neutral Red as
function of the additive concentration. The optical micrographs show the spherulitic
morphology of PA6 comprising different additive concentrations (0.0 wt%, 0.125 wt%,

1.0 wt% and 2.0 wt%) at temperatures as indicated.
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Figure 116. Crystallization temperatures of PA6 comprising Neutral Red as function of the additive
concentration processed at 283 °C. Optical micrographs from polarized light microscopy of PA6 with 0.0 wt%,
0.125 wt%, 1.0 wt% and 2.0 wt% Neutral Red. Samples were heated and pressed, kept at 250 °C for 5 min,
cooled with a rate of 10 K/min and observed at the indicated temperature.

With increasing additive concentration the polymer crystallization temperatures decreased
constantly, as well as the spherulitic morphology changed significantly. With increasing
additive concentration, the amount of spherulites decreased but the spherulite size
increased distinctly. These observations again confirm the assumptions that anti-nucleating
agents retard the crystallization process of polyamides by inhibiting the generation of

nuclei.
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5.4.3 Properties of PA6 containing Neutral Red

As already shown above, Neutral Red has a significant influence on the morphology of PA6.
Therefore, the following chapter will examine the influence of Neutral Red on further
properties of PA6 such as crystal modification, degree of crystallinity and glass transition

temperature. Therefore, methods such as WAXS, DSC and DMTA were applied.

Crystal modification
In order to figure out the crystal modifications, WAXS measurements were conducted.
Figure 117 shows the WAXS pattern of 1.1 mm thick injection molded platelets of neat PA6

and PA6 comprising 1.5 wt% Neutral Red.
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Figure 117. WAXS pattern of neat PA6 (line) and PA6 containing 1.5 wt% Neutral Red (dashed line).
Measurements were performed at room temperature on 1.1 mm thick injection molded specimen.

As already described in chapter 3.4, PA6 can crystallize into a-, y- or the metastable B-
phase. As apparent from Figure 117 both compounds, neat PA6 and PA6 comprising
Neutral Red, crystallize predominantly in the y-phase. The WAXS pattern of neat PA6 shows
a hint of the a-peak around 23°, whereas PA6 comprising Neutral Red exhibits almost no
a-peak. All in all, no significant variation of the crystal modification was observed. Almost

the same observation were made for PA6 comprising Nigrosine.
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Degree of crystallinity

In addition to the crystal modification of a polymer, the degree of crystallinity is another
important parameter, especially for semi-crystalline polymers. Therefore, the degree of
crystallinity was determined by DSC. The detailed procedure is explained in chapter 3.4.
The degree of crystallinity for both neat PA6 and PA6 comprising 1.5 wt% Neutral Red just
vary slightly from each other. The deviations in this dimension can be associated with a

measuring error. The results are summarized in Table 27.

Table 27. Melt enthalpies AHrand degree of crystallinity of neat PA6 and PA6 comprising 1.5 wt% Neutral Red
determined by DSC. Both samples were processed at 283 °C. DSC heating and cooling rate: 10 K/min.

Compound AHt [J/g] Degree of crystallinity [%]
PA6 (reference) 68 36
+ 1.5 wt% Neutral Red 64 34

Glass transition temperature

A further very important property of polymers is the glass transition temperature. The glass
transition temperature determines the temperature range where a polymer is applicable.
Besides additives, water absorption has a great influence on the glass transition
temperature. Therefore, throughout the whole work samples were measured after
equilibrium water uptake (70 °C, 62 rh%), with a frequency of 1 Hz and a heating rate of
2 K/min. Figure 118 presents the plot of the storage modulus E’, and loss factor tan 6 as a

function of temperature for PA6 comprising 1.5 wt% Neutral Red.
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Figure 118. DMTA measurements of PA6 comprising 1.5 wt% Neutral Red after equilibrium water uptake
(70 °C, 62 rh%) measured at 1 Hz, 2 K/min. Solid, black line: storage modulus E’; Dashed, blue line: tan 6. The
red solid line indicates the glass transition temperature determined from the maximum of tan 6.

The value for the glass transition temperature was determined from the peak of tan 6. The
red line indicates the glass transition temperature of PA6 comprising 1.5 wt% Neutral Red
at 26 °C. By comparison, neat PA6 exhibits a glass transition temperature of 20 °C under
the same storing and measurements conditions. This means an increase of the glass
transition temperature for PA6 by 6 °C.

The increase of the glass transition temperature might originate from Neutral Red
molecules which are in the amorphous phase of PA6 after the crystallization process. These
molecules are assumed to be responsible for restricting the movement of the polymer
chains. This effect would explain an increase of the glass transition temperature from 20 °C
for neat PA6 to 26 °C for PA6 comprising 1.5 wt% Neutral Red. Similar observations were
made by Schmack et al. for PA6 comprising LiCl. Here, an coincident decrease of crystallinity
and a decline of the melting temperature by increasing glass transition temperature was
observed for PA6 comprising LiCl.[*%4 Investigations above would confirm this theory. A
slight decrease of the degree of crystallinity was observed for PA6 comprising 1.5 wt%
Neutral Red as well. However, the melting temperature stayed almost unaffected.

All in all, a significant decrease of the crystallization temperature of PA6 comprising
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Neutral Red was observed. By adapting the processing temperatures, an enhanced
solubility of the additive and a coincident reduction of the polymer crystallization
temperature were achieved while almost no change of the melting temperature was
observed. The crystal modification stayed unaffected, whereas the degree of crystallinity
and glass transition temperature revealed changes. The degree of crystallinity slightly
decreased by 2% and the glass transition temperature increased by 6 °C. WAXS
measurements revealed no change of the crystal modification

In conclusion, Neutral Red acts as an excellent anti-nucleating agent having no negative
influence on the properties of PA6. Moreover, it is a cheap and commercially available

compound.

Table 28. Summary of characteristic values of neat PA6 and PA6 comprising 1.5 wt% Neutral Red. Melt
temperature during processing for all data is 283 °C.

+1.5wt%
PA6 (reference) Neutral Red

@ 283 °C
Melting temperature T _ 218 °C 217 °C
Crystallization temperature T_ 186 °C 169 °C
Degree of crystallinity 36% 34%
Glass transition temperature Tg 20°C 26 °C
Main crystal modification y-modification y-modification
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5.5 Improving anti-nucleating agents by LiCl

Previous investigations revealed that well dissolved anti-nucleating agents exhibit
significantly higher efficiencies than poorly dissolved ones. This effect was explained by the
increased amount of free molecules for a well dissolved additive in the polymer melt. These
molecules are assumed to be capable of interacting with the polymer chains and thus
retard the crystallization process. If the polymer additives are present as aggregates,
distinctly less molecules are available to interact with the polymer, and consequently lower
efficiencies of the additives can be reached.

One approach to solve this issue was to adapt the polymer melt temperatures during
processing. Due to higher processing temperatures an enhanced dissolution of the polymer
additives was observed. However, elevated processing temperatures implicate high
thermal stress for both, the polymer and the additive. Furthermore, higher processing
temperatures cause high energy costs and are not economically. In order to avoid these
negative side effects, a further approach was developed. Lithium Chloride (LiCl) is well
known to disturb hydrogen bonds and is often used to increase the solubility and to modify
the reactivity of certain compounds during synthesis.[%>! In the frame of this work, LiCl was
examined with respect to its anti-nucleation ability in polyamides. Likewise to earlier
investigations, LiCl evoked a decline of several polymer properties at high additive
concentrations. But for all that, LiCl showed no negative effects at concentrations below
0.25 wt%. With this knowledge, a new approach enhancing anti-nucleating agents even at
low processing temperatures was tested. A combination of already well functioning anti-
nucleating agents and small amounts of LiCl was investigated with respect to its anti-
nucleation ability in PA6.

Therefore, the anti-nucleation ability of Neutral Red in PA6 with and without LiCl is
investigated at different melt temperatures during processing. The compounds were
processed at 245 °C, 259 °C, 273 °C and 283 °C in order to determine an enhancement of
the additive performance at low processing temperatures. Figure 119 presents the
corresponding polymer crystallization and melting temperatures. Squares indicate neat
PAG6, triangles represent PA6 comprising 1.5 wt% Neutral Red and circles show the results

for PA6 comprising 1.5 wt% Neutral Red and 0.25 wt% LiCl. The initial Neutral Red/LiCl
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powder mixtures as well as the polymer/additive powder mixtures were ground with a

pestle and mortar prior to compounding to guarantee a homogenous mixture.
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Figure 119. Crystallization and melting temperatures of neat PA6 (O crystallization, O melting), PA6
containing 1.5 wt% Neutral Red (A crystallization, A melting) and PA6 containing 1.5 wt% Neutral Red + 0.25
wt% LiCl (@ crystallization, @ melting) as function of the melt temperature during processing. DSC heating
and cooling rate: 10 K/min.

Figure 119 reveals a significant enhancement of the anti-nucleation ability of Neutral Red
in PA6 due to the addition of LiCl. The crystallization temperature dropped from 180 °C to
170 °C at a processing temperature of 245 °C. At a processing temperature of 259 °C a
decrease of the polymer crystallization temperature by 7 °C was observed. Investigations
of chapter 5.2.1 demonstrated that a concentration of 0.25 wt% pure LiCl in PA6 reached a
decrease of the polymer crystallization temperature by only up to 3 °C. Taking those results
into account, still a massive enhancement of the anti-nucleation effect of Neutral Red can
be observed. At processing temperatures of 273 °C and 283 °C no significant enhancement
was observed due to the addition of LiCl. Considering the polymer melting temperatures of
the compounds, it is notable that the melting temperature for PA6 comprising Neutral Red
and LiCl at a processing temperature of 245 °C showed a decline of 3 °C compared to neat
PA6. As the values of the polymer melting temperature for the compounds at elevated melt
temperatures during processing revealed only a slight decrease of the polymer melting

temperature by 1 °C - 2 °C, this effect can be assumed as a measuring error.
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These results clearly show a massive enhancement of the performance of Neutral Red at
low processing temperatures by the addition of a small amount of LiCl and emphasize the
previously made assumptions. In order to confirm these, further investigations were
conducted. Therefore, the samples obtained by the compounding experiments were
examined by polarized light microscopy. The samples were prepared by melting polymer
pellets of the extruded compounds between two glass slides at 250 °C and subsequent
quenching to room temperature which leads to thin polymer films with almost no

spherulites visible. The results are presented in Figure 120.
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PA6 + 1.5 wt% Neutral Red
+ 0.25 wt% LiCl

processed @ 245°C O

Figure 120. Optical micrographs from polarized light microscopy of PA6 with 1.5 wt% of Neutral Red and with
1.5 wt% Neutral Red/0.25 wt% LiCl processed at 245 °C. The compounded polymer pellets were heated, kept
at 250 °C for 5 min and quenched to room temperature. The polymer appears orange due to the A/4 platelet.
The non-dissolved additive shows up as black aggregates. The state of the additives in the polymer melt can
be seen schematically in the right images. The red aggregates indicate Neutral Red and the blue dots indicate
LiCl.

Figure 120 shows two optical micrographs of PA6 comprising 1.5 wt% Neutral Red and PA6
comprising 1.5 wt% Neutral Red and 0.25 wt% LiCl. Both compounds were processed at
245 °C. The top image, without LiCl, revealed several black aggregates which can be
referred to Neutral Red, whereas the bottom image, with LiCl, showed almost no crumbles
of undissolved Neutral Red. These images are an evidence for the dissolution of additive
aggregates by the addition of LiCl. This effect is schematically shown at the right side of
Figure 120.
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In order to show both, the effect of LiCl and the effect of elevated processing temperatures
on the solubility of Neutral Red, Figure 121 presents the optical micrographs of all
additivated samples of Figure 119.

PA6 + 1.5 wt% Neutral Red  PA6 + 1.5 wt% Neutral Red
+ 0.25 wt% LiCl

processed

@245 °C

processed

@259 °C

200um

processed

@273°C
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Figure 121. Optical micrographs from polarized light microscopy of PA6 with 1.5 wt% of Neutral Red and with
1.5 wt% Neutral Red/0.25 wt% LiCl processed at different temperatures. The compounded polymer pellets
were heated and pressed, kept at 250 °C for 5 min and quenched to room temperature. The polymer appears
orange due to the A/4 platelet. The non-dissolved additive shows up as black aggregates.

It becomes clear that the dissolution of additive aggregates is achievable by increasing the
melt temperature during processing, as well as by the addition of LiCl as co-additive for

Neutral Red. Figure 121 demonstrates a significant reduction of aggregates with increasing
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processing temperature (left). In the case of Neutral Red additivated with LiCl almost no
aggregates at any processing temperature could be observed (right).
Based on the above made observations and results, the assumed process of the

enhancement of an anti-nucleating agent by the addition of LiCl is presented schematically

in Figure 122.
Partly undissolved Addition of LiCl Polymer crystallization
additive at low increases the Interaction of additive and enrichment of
processing temperatures dissolution of the with polymer chain additive in amorphous
additive phase

Figure 122. Schematic illustration of enhancement of an anti-nucleating agent in the polymer melt by adding
LiCl. The grey lines symbolize the polymer chains, the red dashes the polymer additive and the blue dots
indicate LiCl.

The first picture in Figure 122 shows partly undissolved additive which leads to weak
interactions between the polymer chains and the additive molecules. In order to resolve
those additive aggregates, the polymer additive is mixed with a small amount of LiCl. By
adding LiCl, the interactions between the additive molecules are disturbed which leads to
an enhanced solubility of the additive in the polymer melt (second image). As a result, more
free additive molecules are available which are capable of interacting with the polymer
chains upon cooling, and thus retard the polymer crystallization (third picture). Upon
further cooling, the additive molecules are repressed to the amorphous phase and the
polymer crystallization takes place.

This approach might be a smart way to resolve the dissolution issues of anti-nucleating
agents and make the already existing anti-nucleating agents extremely efficient. A further
advantage might be the use of a reduced amount of additive due to the enhancement of
the polymer additive by LiCl as co-additive.

However, the highest priority is not to evoke any bad influence on the polymer properties
by adding an anti-nucleating agent. It was revealed previously, that the addition of certain
amounts of LiCl significantly decreased the melting temperature of PA6 as well as the

degree of crystallinity. Therefore, the influence of the additive system Neutral Red/LiCl on
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the polymer properties of PA6, such as crystal modification, degree of crystallinity and glass
transition temperature was investigated. The corresponding values are summarized in
Table 29.

Table 29. Summary of characteristic values of neat PA6, PA6 comprising 1.5 wt% Neutral Red, and PA6
comprising 1.5 wt% Neutral Red and 0.25 wt% LiCl. Melt temperature during processing for all data is 283 °C.

+ 1.5 wt%
+ 1.5 wt%
PA6 (reference) Neutral Red
Neutral Red
+0.25 wt% LiCl
Melting temperature 218 °C 217 °C 217 °C
Crystallization
186 °C 170 °C 170 °C
temperature
Degree of
36% 33% 34%
crystallinity
Glass transition
20°C 26 °C 28 °C
temperature
Main crystal
y-modification y-modification y-modification
modification

The values for the Neutral Red/LiCl additive system show almost no difference compared
to the values for pure Neutral Red as anti-nucleating agent. Merely, the glass transition
temperature increased by 2 °C for the additive system compared to pure Neutral Red.
Schmack et al. reported an increase of the glass transition temperature for PA6 by addition
of LiCl (1.0 wt% and 3.0 wt%) and explained this effect due to polar bonds between the
polyamide chain and LiCl which act as physical crosslinking and thus increase the glass
transition temperature.[164

These tremendous results underline the positive effect of small amounts of LiCl on the
additive performance of slightly dissolved Neutral Red without affecting further polymer
properties in a bad way.

Based on the remarkable results, the concept of LiCl as co-additive was transferred to the

commercially applied Nigrosine compound. In order to guarantee a better comparability,

176



Anti-nucleation of polyamides

compounds with 0.25 wt% pure LiCl, 1.0 wt% pure Colorant Black 500 and a compound
with the combination of both, 0.25 wt% LiCl and 1.0 wt% Colorant Black were prepared.

The results are summarized in Figure 123.
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Figure 123. Crystallization temperatures of neat PA6, PA6 comprising 0.25 wt% LiCl, PA6 comprising 1.0 wt%
Colorant Black 500 and PA6 comprising both 1.0 wt% Colorant Black 500 and 0.25 wt% LiCl. Polymer melt
temperature during processing: 245 °C.

The above presented results show the enormous influence of LiCl on the anti-nucleation
performance of Colorant Black 500. Neat LiCl at a concentration of 0.25 wt% decreased the
polymer crystallization temperature of PA6 by 3 °C. Neat Colorant Black 500 showed a
reduction of the polymer crystallization temperature by 12 °C at a concentration of
1.0 wt%. By adding up both values an overall decrease of the polymer crystallization
temperature would be 15 °C, but the combination of both compounds revealed a reduction
of the polymer crystallization temperature by 21 °C. This result demonstrates the massive
influence of LiCl on the additive performance of Nigrosine. It can be assumed that the
addition of LiCl to Colorant Black 500 causes a disturbance of the interactions within the

Nigrosine compound and thus lead to an enhanced solubility.
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At this point it should be mentioned that PA6 comprising 1.0 wt% Colorant Black 500 in
chapter 5.1.2 revealed a reduction of the polymer crystallization temperature by 5 °C
instead of 12 °C as shown in Figure 123. This is a clear indication that the reproducibility of
the anti-nucleation effect of Nigrosine at low processing temperatures is poor. These
differences concerning the polymer crystallization temperatures may arise from the bad
solubility of the Nigrosine compound. Due to the application of LiCl as co-additive good

solubility and hence reproducibility even at low processing temperatures is ensured.

After completing the practical work of this thesis, a patent was published by Pfaendner et
al. also dealing with the enhancement of Nigrosine by the addition of metal salts such as
LiCL.1191 Here, a synergistic effect due to the combination of Nigrosine and LiCl could be
observed as well, but was not investigated in detail. However, this patent substantiates the
results made within this thesis and encourage the importance of anti-nucleating agents for

industry.
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5.6 Water absorption and mechanical properties

Polyamides crystallize due to hydrogen-bonds between the polymer chains. These
hydrogen bonds can be influenced by the addition of additives. In the case of anti-
nucleating agents the amide groups of polyamides interact with the additive molecules.
Thus, the polymer additive stays within the polymer matrix. This modification of the
polymer might lead to an influence of the polymer properties. Polyamides are known to
absorb water in a certain amount, depending on the polyamide type, temperature,
crystallinity and sample dimensions. By addition of polymer additives, the affinity to absorb
water might be influenced. Particularly the mechanical properties, such as the elastic
modulus, are strongly governed by the amount of water.[2131]

Therefore, in the following the influence of additives on the water absorption and the
mechanical properties of PA6 are studied. The influence of the most efficient anti-
nucleating agents, namely Colorant Black 500, Neutral Red and Neutral Red/LiCl, on the
properties of PA6 were investigated at additive concentrations of 1.5 wt% and 0.25 wt%

LiCl, respectively.

Water absorption

Water absorption experiments were conducted on 1.1 mm thick injection molded platelets
with diameters of 25 mm. Samples were dried for 8 days at 80 °C under vacuum. The dried
samples were weighed and stored at 30 °C and 50 rh% in a thermocabinet. In the following,
samples were weighed every 24 h until saturation was reached.

Figure 124 presents the water uptake of injection molded platelets of PA6 comprising the
above mentioned additives as function of the time stored at 30 °C and 50 rh%. In the period
of the first three days an almost linear increase of the water uptake up to 1.25 % for all
samples could be observed. With increasing storage time the process flattens and the
water uptake reached a plateau at a maximum water uptake around 3.1% after 30 days. It
should also be noted, that at a storage time above 18 days, the water uptake slightly differs
for the specific samples. Neat PA6 revealed the lowest water uptake of 3.1% after 36 days.
The compound comprising the additive system Neutral Red/LiCl showed the maximum
water uptake with 3.3%. The compounds comprising Neutral Red and Colorant Black 500

revealed quite similar values and reached their saturation at 3.2%.
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Figure 124. Water uptake of dried injection molding platelets (1.1 mm thickness; 25 mm diameter) as function
of the time at 30 °C at 50 rh%.

All in all, in consideration of the measuring error, no significant deviations could be
observed among neat PA6 and PA6 comprising the polymer additives. Merely, the additive
system comprising LiCl showed a slightly higher water uptake which can be attributed to

the strong hygroscopy of LiCl.

Mechanical properties

Tensile tests were conducted on conditioned specimen (4 days, 70 °C, 62 %rh) by an Instron
5565 universal tester with a camera (Instron 2663-821 Advanced Video Extensometer),
pneumatic clamps and a 1 kN load cell. Tensile rods with a measuring section of 30 mm x
5 mm x 2 mm were tested at an initial strain rate of 0.3 mm/s (up to 0.5% strain; video
measurement) and then increased to 50.0 mm/s. The reported moduli were calculated
from the initial slope between 0.15% and 0.35%. The average of at least four samples is

reported. Figure 125 presents a typical stress-strain curve of a conditioned PA6 specimen

with characteristic values as indicated.
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Figure 125. Typical stress-strain curve of a conditioned PA6 specimen with characteristic measureable values:
Elastic modulus, yield point, ultimate strength and rupture strength.

The characteristic values, for each of the investigated compounds, such as elastic modulus,

ultimate strength, rupture strength and elongation at break are summarized in Table 30.

Table 30. Summary of the tensile properties of the investigated compounds. All samples were conditioned
prior to the experiments. The average of at least four samples is reported.

Elastic Ultimate Rupture Elongation at
Compound modulus strength strength break
[MPa] [MPa] [MPa] [%]
PAG6 (reference) 633+ 25 69 +4 66 +5 499 + 48
+ 1.5 wt% Colorant
628 £ 14 758 74+ 8 648 £ 46
Black 500
+1.5wt%
539+ 24 615 5915 507 £ 54
Neutral Red
+1.5/0.25 wt%
502 £ 16 632 612 455 + 24

Neutral Red/LiCl
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Comparing the elastic moduli of the compounds revealed that neat PA6 exhibits with
633 MPa the highest value and PA6 comprising Neutral Red/LiCl with 502 MPa the lowest
value. It is well known from the literature that with increasing moisture content a
coincident decrease of the elastic modulus occurs.[?! Previously, the water absorption
experiments revealed that the compound comprising the Neutral Red/LiCl system
presented the highest amount of moisture. These observations would confirm the
differences for the elastic moduli between the investigated samples. The values for the
ultimate strength are around 70 MPa, with slightly lower values for the Neutral Red
compounds which are around 63 MPa. Furthermore, the rupture strength for neat PA6
exhibits a value of 66 MPa. The values for the additivated samples range from 59 MPa for
PA6 comprising Neutral Red to 74 MPa for PA6 comprising Colorant Black 500. However,
by consideration of the measuring error, all samples are in the same range. Finally, the
elongation of break was determined. Here, an average value of 499% for neat PA6 provides
guidance for the additivated samples. Colorant Black 500 showed the largest elongation to
648%, followed by Neutral Red with 507%. PA6 comprising the Neutral Red/LiCl system

revealed slightly lower elongations compared to neat PA6.

In conclusion it can be said, that the slight tendencies of the affinity of water absorption of
PA6 comprising different additives was reflected by the values of the elastic modulus. Here,
PA6 comprising Neutral Red/LiCl presented the lowest value. Further results for this
compound are only slightly lower compared to neat PA6. However, PA6 comprising
Colorant Black 500 revealed continuously higher values than neat PA6, whereas PA6
comprising Neutral Red showed slightly lower values as for neat PA6, but revealed a gently

higher elongation at break.
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5.7 Anti-nucleation of polyamide 66

Besides polyamide 6, polyamide 66 is the most frequently used nylon. PA66 exhibits a
distinctly higher melting and crystallization temperature than PA6 which can be attributed
to a difference of their hydrogen bonding pattern. In the case of PA 66, the carbonyl groups
are arrayed alternately and are capable of forming hydrogen bonds without distorting the
polymer chain. In PA6, only every second carbonyl group is able to form hydrogen bonds
with an adjacent amide group. Consequently, PA66 exhibits a distinctly higher melting and
crystallization temperature. The mechanical properties differ slightly for PA6 and PA66. For
instance, PA66 reveals increased stiffness but less impact strength compared to PA6.1
Moreover, the processing conditions and thermal stability are more favorable for PA6.[%166]
In the following chapter, the most efficient anti-nucleating agents previously studied, will
be tested with respect to their anti-nucleation ability in PA66. Therefore, Nigrosine as
reference, and three compounds, namely Safranine O, Neutral Red and
Tetrabutylammonium hexafluorophosphate, were investigated at concentrations from
0.1 wt% to 2.0 wt%.

But first of all, the thermal properties of the PA66 grade used in this work are determined
by means of DSC. To explore effects such as degradation and thus possible changes of
melting or crystallization temperatures of the neat polymer due to the retention time in
the extruder, a blank concentration series without any additive was conducted.

Figure 126 presents the melting and crystallization temperatures of PA66 versus the
corresponding run number. All measured temperatures are almost within 0.5 °C. No
significant changes of the melting or crystallization temperature with increasing run

number were detected. The calculated mean values are listed in Table 31.

Table 31. Melting and crystallization temperatures for PA66 processed at 280 °C. DSC heating and cooling
rate: 10 K/min.

PA66 (reference)

Melting temperature T 260 °C

Crystallization temperature T_ 231°C
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Figure 126. Crystallization temperatures (black squares) and melting temperatures (red squares) of neat PA66
versus the number of processing runs. For each run the samples were compounded for 5 min at 280 °C. DSC
heating and cooling rate: 10 K/min.

In order to test if the anti-nucleating agents for PA6 are also valid for PA66, the additive
screening process already described in chapter 5.1 was applied. Figure 127 presents
micrographs of PA66 partly comprising Neutral Red recorded between crossed polarizers
at temperatures as indicated. The image at 25 °C shows a PA66 film at room temperature
comprising partly Neutral Red (left). The second picture reveals the isotropic polymer melt
at 234 °C, upon cooling from 280 °C. Upon further cooling, the polymer crystallized at
231 °Cstarting in the region without additive (right side). At a temperature of 224 °C almost
the whole sample crystallized. The additivated region shows distinctly larger spherulites
compared to the region of the neat polymer. Similar observations were made previously in

this work for PA6.
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Figure 127. Optical micrographs from polarized light microscopy of a PA66 film with a small amount of Neutral
Red. Samples were heated, kept at 280 °C for 5 minutes, cooled with a rate of 10 K/min and observed at
different temperatures. The additive is visible in the top picture. During heating the additive diffuses into the
PA66 melt and does not crystallize upon cooling. Areas where the additive is dissolved crystallize at much
lower temperatures than areas where no additive is available.

In the following, the anti-nucleation ability of Colorant Black 500, Safranine O, Neutral Red
and Tetrabutylammonium hexafluorophosphate are determined by DSC. All of these
additives induced good anti-nucleation effects in PA6. Due to the fact that PA66 requires

significantly higher melt temperatures during processing in contrast to PA6, all further
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experiments are merely conducted at polymer melt temperatures during processing of
280 °C. Higher processing temperatures would be rarely possible due to the thermal
stability of the additives. The chemical structures and the polymer crystallization and
melting temperatures as function of additive concentrations are compared in Figure 128.

The values for neat PA66 are plotted as unfilled squares.
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Figure 128. Crystallization and melting temperatures of PA66 comprising Colorant Black 500, Safranine O,
Neutral Red and Tetrabutylammonium PFe as function of the additive concentration. The blank squares
represent the crystallization and melting temperature of neat PA66. DSC heating and cooling rate: 10 K/min.
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All compounds showed good anti-nucleation abilities in PA66. Colorant Black 500 and
Neutral Red decreased the polymer crystallization temperature of PA66 by 5 °C even at low
concentrations of 0.1 wt%. Colorant Black 500 reached its maximum at 1.5 wt% with a
decrease of the polymer crystallization temperature by 6 °C, whereas Neutral Red revealed
a significant higher influence on the crystallization behavior of PA66 and reduced the
polymer crystallization temperature by 10 °C at an additive concentration of 2.0 wt%.
Safranine O and Tetrabutylammonium PFs showed quite similar effects. Here, with
increasing additive concentrations an enhanced anti-nucleation ability was observed.
Safranine O was capable of reducing the polymer crystallization temperature by 8 °C at an
additive concentration of 2.0 wt%, whereas the ammonium salt reached its maximum at
1.5 wt% with a decrease of the polymer crystallization temperature by 6 °C. Moreover, all
additives showed no significant influence on the polymer melting temperature of PA66.

In conclusion, all investigated compounds anti-nucleated PA66 effectively without affecting

the polymer melting temperature.
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5.8 Summary

Nigrosine is the only commercially applied anti-nucleating agent for polyamides although
the existence of anti-nucleation is known since the early 70s. The aim of this chapter was
to investigate the phenomenon of anti-nucleation and to develop structure-property
relations and a possible mechanism explaining this almost unknown effect. The major
challenge was to develop anti-nucleating agents which decrease the polymer crystallization
temperature without affecting the melting temperature of the polymer, and hence retain
other polymer properties. Based on the structure elements of the commercially applied
anti-nucleating agent Nigrosine, several approaches were perused systematically to
develop new anti-nucleating agents.

First, Nigrosine was investigated in detail as reference material. Here, a significant effect of
the polymer processing temperatures on the additive performance was observed. By
increasing the processing temperatures, a reduction of the PA6 crystallization temperature
by 18 °C from 187 °C to 169°C was observed.

Second, the influence of salts as lithium chloride (LiCl) and various organic ammonium salts
on the crystallization temperature of PA6 was examined. The investigations showed that
LiCl is capable of anti-nucleating PAG6 slightly by 3 °C at concentrations below 0.25 wt% with
almost unchanged PAG6 properties. However, higher concentrations led to a loss of several
polymer properties, such as a reduced melting temperature or degree of crystallinity.
Additionally, fourteen organic ammonium salts were investigated and showed a slight
decrease of the polymer crystallization temperature of PA6 by up to 4 °C from 187 °C to
183 °C without affecting the polymer melting temperature.

To combine the basic structural elements of Nigrosine, sixteen azine dyes were investigated
with respect to their anti-nucleation ability in PA6. Here, the polymer crystallization
temperature was decreased by up to 8 °C from 187 °C to 179 °C at 1.5 wt% with the azine
dyes Giemsa Stain and Toluidine Blue. Among the investigated azine dyes, Neutral Red
represents a particular efficient anti-nucleating agent. A reduction of the polymer
crystallization temperature by 21 °C from 187 °C to 166 °C was achieved at additive
concentrations of 2.0 wt% without affecting other polymer properties. It was also
demonstrated that the processing temperature strongly affected the anti-nucleation

performance of the additive. Neutral Red as well as Nigrosine revealed dissolution
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problems during melt processing. Therefore, a new approach was developed to enhance
the additive performance even at low processing temperatures. This approach was based
on an additive system consisting of an anti-nucleating agent and lithium chloride as co-
additive. It was demonstrated that small amounts of LiCl increased the solubility of Neutral
Red in the polymer melt especially at low processing temperatures. The polymer
crystallization temperature dropped by 10 °C from 180 °C (PA6 + 1.5 wt% Neutral Red) to
170 °C (PA6 + 1.5 wt% Neutral Red + 0.25 wt% LiCl) at a processing temperature of 245 °C.
Hence, this approach was transferred to the commercially applied Nigrosine. Here, a
decrease of the polymer crystallization temperature from 175 °C (PA6 + 1.0 wt% Nigrosine)
to 166 °C (PA6 + 1.0 wt% Nigrosine + 0.25 wt% LiCl) was achieved.

In addition, water absorption experiments and tensile tests of additivated PA6 were
conducted. The most efficient additives, namely Nigrosine, Neutral Red and Neutral
Red/LiCl, were investigated at additive concentrations of 1.5 wt% and 0.25 wt% LiCl,
respectively. The water absorption experiments revealed no significant differences
between neat PA6 and PA6 comprising the polymer additives. The mechanical properties
for PA6 comprising Nigrosine revealed slightly improved properties, such as a small
increase of the elongation at break from 499% to 648%. However, the elastic modulus for
PA6 comprising Neutral Red decreased from 633 MPa to 539 MPa.

Furthermore, the most efficient anti-nucleating agents found in this thesis for PA6 were
tested also with respect to their anti-nucleation ability in PA66. Neutral Red showed the
best results and reduced the crystallization temperature of PA66 by 10 °C from 231 °C to

221 °C at an additive concentration of 2.0 wt%.

In summary, several new anti-nucleation agents were found and an approach to
significantly enhance the commercially applied Nigrosine was developed. By investigations
of different compounds, namely Nigrosine, inorganic and organic salts, and azine dyes,
structure-property relations could be established concerning the anti-nucleation
performance in PA6: Predominantly planar and rigid structures bearing units capable of
interacting with the hydrogen bonds of polyamides, such as amino or ionic groups, are the
most efficient anti-nucleation agents. These results are indicative for interactions between

the anti-nucleating agents and the polymer chains which lead to a retarded polymer
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crystallization. Mostly, these compounds do not sacrifice other polymer properties such as

polymer melting temperature and degree of crystallinity.
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6 Summary

The application of additives to enhance processability and end properties of a polymer is
an important field in plastics technology and industry. The macroscopic properties of a
semi-crystalline polymer strongly depend on the crystal structure and morphology which
can be controlled by additives. On the one hand, nucleating agents increase the polymer
crystallization temperature. On the other hand, anti-nucleating agents decrease the
polymer crystallization temperature and retard the polymer crystallization.

Process and product requirements can be improved and adapted for specific applications
by the control of the crystallization behavior. Nucleating agents, for example, reduce cycle
times during melt processing, increase the mechanical properties and can improve the
optical properties of polymers. In contrast, anti-nucleating agents evoke good fluidity and
molding precision during injection molding and are able to improve the surface gloss and
texture of injection molded products. Ideally, anti-nucleating agents do not influence other
polymer properties, such as melting temperature or degree of crystallinity.

In this thesis nucleating and anti-nucleating agents were used to influence the

crystallization behavior and the macroscopic properties of semi-crystalline polyamides.

In the first part of this thesis, the influence of different processing conditions on the
properties of polyamide 6 (PA6) was examined. The investigations revealed no significant
influence on the polymer properties such as melting and crystallization temperature,
degree of crystallinity, glass transition temperature and crystal modification under the
applied processing conditions. These values were then used as reference to study the

influence of additives on polyamides.

The second part of this thesis deals with the nucleation and clarification of polyamide 6.
Different processing techniques require different processing temperatures. Therefore, the
thermal stability of a bisurea derivative and the nucleation and clarification efficiency in
PA6 at elevated melt temperatures during processing were investigated. It was observed
that increasing processing temperatures induced an increase of the haze value linearly
from below 20% at 245 °C to 50% at 283 °C. GC-MS investigations revealed thermal

degradation of the bisurea additive at temperatures above 245 °C. Based on these
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investigations, processing temperatures around 245 °C turned out to be best to clarify PA6
without an increase of the haze value.

Additionally, for the first time, the influence of a nucleating agent on the spherulitic
morphology of PA6 was observed at the nanoscale by scanning electron microscopy of thin
films.

Furthermore, a new class of clarifying agents for polyamides was developed. The concept
and structural motif of bisurea compounds was transferred to a related class of
bisthioureas. Four bisthiourea derivatives were synthesized, characterized and
investigated with regard to their nucleation and clarification ability in PA6. Nucleation
efficiencies up to 70% at concentrations of 1.5 wt% were achieved. Additionally, an
enhancement of the optical properties (haze and clarity) was achieved by all investigated
compounds. For example, 1,1'-(trans-1,4-cyclohexane)bis(3-tert-butylthiourea) at a
concentration of 1.5 wt% gained a reduction of the haze value from 98% to 45% for a
1.1 mm thick sample. Furthermore, morphology investigations showed a significant
decrease of the spherulite size and the initial y-modification transferred to the a-form for
PA6 comprising the bisthiourea additives. Mechanical investigations revealed an increase
of the elastic modulus from 633 MPa to 717 MPa for PA6 comprising 1,1'-(trans-1,4-

cyclohexane)bis(3-tert-butylthiourea).

The third part of the thesis addresses the anti-nucleation of polyamide 6. Based on the
structure elements of the commercially applied anti-nucleating agent Nigrosine (Colorant
Black 500), such as amino or ionic groups, several approaches were persued to develop
new anti-nucleating agents.

First, Nigrosine was investigated in detail as reference material. Here, a significant effect
of the polymer processing temperatures on the additive performance was observed. By
increasing the processing temperatures, a reduction of the PA6 crystallization temperature
by 18 °C from 187 °C to 169°C was observed.

Second, the influence of salts as lithium chloride (LiCl) and various organic ammonium salts
on the crystallization temperature of PA6 was examined. The investigations showed that
LiCl is capable of anti-nucleating PA6 slightly by 3 °C at concentrations below 0.25 wt% with
almost unchanged PAG6 properties. However, higher concentrations led to a loss of several

polymer properties, such as a reduced melting temperature or degree of crystallinity.
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Additionally, fourteen organic ammonium salts were investigated and showed a slight
decrease of the polymer crystallization temperature of PA6 by up to 4 °C from 187 °C to
183 °C without affecting the polymer melting temperature.

To combine the basic structural elements of Nigrosine, sixteen azine dyes were
investigated with respect to their anti-nucleation ability in PA6. Here, the polymer
crystallization temperature was decreased by up to 8 °C from 187 °C to 179 °C at 1.5 wt%
with the azine dyes Giemsa Stain and Toluidine Blue. Among the investigated azine dyes,
Neutral Red represents a particular efficient anti-nucleating agent. A reduction of the
polymer crystallization temperature by 21 °Cfrom 187 °Cto 166 °C was achieved at additive
concentrations of 2.0 wt% without affecting other polymer properties. It was also
demonstrated that the processing temperature strongly affected the anti-nucleation
performance of the additive. Neutral Red as well as Nigrosine revealed dissolution
problems during melt processing. Therefore, a new approach was developed to enhance
the additive performance even at low processing temperatures. This approach was based
on an additive system consisting of an anti-nucleating agent and lithium chloride as co-
additive. It was demonstrated that small amounts of LiCl increased the solubility of Neutral
Red in the polymer melt especially at low processing temperatures. The polymer
crystallization temperature dropped by 10 °C from 180 °C (PA6 + 1.5 wt% Neutral Red) to
170 °C (PA6 + 1.5 wt% Neutral Red + 0.25 wt% LiCl) at a processing temperature of 245 °C.
Hence, this approach was transferred to the commercially applied Nigrosine. Here, a
decrease of the polymer crystallization temperature from 175 °C (PA6 + 1.0 wt% Nigrosine)
to 166 °C (PA6 + 1.0 wt% Nigrosine + 0.25 wt% LiCl) was achieved.

In addition, water absorption experiments and tensile tests of additivated PA6 were
conducted. The most efficient additives, namely Nigrosine, Neutral Red and Neutral
Red/LiCl, were investigated at additive concentrations of 1.5 wt% and 0.25 wt% LiCl,
respectively. The water absorption experiments revealed no significant differences
between neat PA6 and PA6 comprising the polymer additives. The mechanical properties
for PA6 comprising Nigrosine revealed slightly improved properties, such as a small
increase of the elongation at break from 499% to 648%. However, the elastic modulus for

PA6 comprising Neutral Red decreased from 633 MPa to 539 MPa.
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Furthermore, the most efficient anti-nucleating agents found in this thesis for PA6 were
tested also with respect to their anti-nucleation ability in PA66. Neutral Red showed the
best results and reduced the crystallization temperature of PA66 by 10 °C from 231 °C to
221 °C at an additive concentration of 2.0 wt%.

In summary, several new anti-nucleation agents were found and an approach to
significantly enhance the commercially applied Nigrosine was developed. By investigations
of different compounds, namely Nigrosine, inorganic and organic salts, and azine dyes,
structure-property relations could be established concerning the anti-nucleation
performance in PA6: Predominantly planar and rigid structures bearing units capable of
interacting with the hydrogen bonds of polyamides, such as amino or ionic groups, are the
most efficient anti-nucleation agents. These results are indicative for interactions between
the anti-nucleating agents and the polymer chains which lead to a retarded polymer
crystallization. Mostly, these compounds do not sacrifice other polymer properties such as

polymer melting temperature and degree of crystallinity.
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7 Zusammenfassung

Der Einsatz von Additiven zur Verbesserung der Prozessierbarkeit und der
Endeigenschaften eines Polymers stellt ein wichtiges Forschungsgebiet der
Kunststoffindustrie dar. Die makroskopischen Eigenschaften eines teilkristallinen Polymers
werden von der Kristallstruktur sowie der Morphologie bestimmt und kénnen durch
Additive kontrolliert werden. So konnen zum Beispiel Nukleierungsmittel die
Kristallisationstemperatur eines Polymers erhéhen, wohingegen Anti-Nukleierungsmittel
die Kristallisationstemperatur herabsetzen indem sie den Kristallisationsprozess verzégern.
Prozess- und Produktanforderungen fir spezielle Anwendungen koénnen durch die
Kontrolle des Kristallisationsverhaltens verbessert und angepasst werden.
Nukleierungsmittel zum Bespiel verkiirzen die Zykluszeiten im Spritzguss, verbessern die
mechanischen Eigenschaften und kénnen in manchen Fallen die optischen Eigenschaften
eines Polymers verbessern. Anti-Nukleierungsmittel hingegen erhéhen den
Oberflachenglanz spritzgegossener Produkte, flihren zu verbesserten FlieBeigenschaften
der Polymerschmelze und konnen somit die Formgenauigkeit im Spritzguss steigern. Im
Idealfall fihrt der Einsatz von Anti-Nukleierungsmitteln zu keiner Verschlechterung
weiterer Eigenschaften des Polymers, wie z.B. einer Senkung der Schmelztemperatur oder
des Kristallisationsgrads.

In dieser Arbeit wurden sowohl Nukleierungsmittel als auch Anti-Nukleierungsmittel zur
Beeinflussung des Kristallisationsverhaltens und der makroskopischen Eigenschaften von

teilkristallinen Polyamiden untersucht.

Im ersten Teil dieser Arbeit wurde der Einfluss verschiedener Verarbeitungsbedingungen
auf die Eigenschaften von reinem Polyamid 6 (PA6) untersucht. Die Untersuchungen
zeigten unter den angewendeten Prozessbedingungen keinen signifikanten Einfluss auf die
Polymereigenschaften, wie Schmelz- und Kristallisationstemperatur, Kristallisationsgrad,
Glastbergangstemperatur und Kristallmodifikation. Die ermittelten Werte dienten als

Referenz fiir die nachfolgenden Untersuchungen des Einflusses von Additiven auf PAG.

Der zweite Teil der Arbeit umfasst die Nukleierung und Klarmodifikation von Polyamid 6.
Da unterschiedliche Verarbeitungsprozesse unterschiedliche Verarbeitungstemperaturen

erfordern, wurden die thermische Stabilitdt eines Bisharnstoffderivats, dessen
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Nukleierungseffizienz in PA6 sowie der Einfluss auf die optischen Eigenschaften (Haze und
Clarity) von PA6 unter erhohten Verarbeitungstemperaturen untersucht. Es konnte
beobachtet werden, dass mit der Erhdhung der Schmelzetemperaturen wahrend der
Polymerverarbeitung eine Zunahme des Haze-Wertes von unter 20% bei 245 °C auf 50%
bei 283 °C einhergeht. GC-MS Untersuchungen zeigten thermischen Abbau des
Bisharnstoffs bei Temperaturen tber 245 °C. Basierend auf diesen Erkenntnissen haben
sich Verarbeitungstemperaturen um 245 °C als ideal erwiesen um den Haze-Wert von PA6
moglichst gering zu halten.

Des Weiteren konnte erstmals der Einfluss eines Nukleierungsmittels auf die
Sphéarolithmorphologie von PA6 im Nanometerbereich mittels Rasterelektronen-
mikroskopie an diinnen PA6-Filmen gezeigt werden.

Dariber hinaus wurde eine neue Klasse an Klarmodifizierern fiir Polyamide entwickelt.
Hierfir wurden das Konzept und der strukturelle Aufbau der Bisharnstoffe auf die
verwandte Klasse der Bisthioharnstoffe Gbertragen. Vier Bisthioharnstoffderivate wurden
synthetisiert, charakterisiert und hinsichtlich der Nukleierung und Klarmodifizierung von
PA6 untersucht. Hierbei konnten Nukleierungseffizienzen von bis zu 70% bei einer
Additivkonzentration von 1,5 Gew.-% erreicht werden. Zudem konnten die optischen
Eigenschaften (Haze und Clarity) von PA6 durch alle Bisthioharnstoffe verbessert werden.
Mit 1,1'-(trans-1,4-cyclohexane)bis(3-tert-butylthiourea) zum Beispiel ist es gelungen den
Haze einer 1,1 mm dicken Probe von 98% auf 45% bei einer Additivkonzentration von
1,5 Gew.-% zu senken. Des Weiteren wurde eine signifikante Reduktion der
Spharolithgroe festgestellt und alle eingesetzten Bisthioharnstoffe nukleierten die a-Form
von PAG6. AulRerdem konnte am Beispiel von PA6 und 1,1'-(trans-1,4-cyclohexane)bis(3-tert-
butylthiourea) ein Anstieg des E-Moduls von 633 MPa auf 717 MPa mittels statistischer

Zugprifung gezeigt werden.

Der dritte Teil der Arbeit befasst sich mit der Anti-Nukleierung von Polyamid 6. Basierend
auf den Strukturelementen des kommerziell eingesetzten Anti-Nukleierungsmittels
Nigrosine (Colorant Black 500), wie Amino-oder ionische Gruppen, wurden mehrere
Ansdtze verfolgt um neue Anti-Nukleierungsmittel zu entwickeln.

Zu Beginn wurde Nigrosin als Referenz ausfiihrlich untersucht. Hierbei konnte ein

signifikanter Einfluss der Verarbeitungstemperaturen beziglich der Anti-Nukleierung
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beobachtet werden. Durch eine Erhohung der Schmelzetemperatur wahrend der
Verarbeitung konnte eine Reduktion der Polymerkristallisationstemperatur um 18 °C von
187 °C auf 169 °C erreicht werden.

Weiterhin wurde der Einfluss von Lithiumchlorid (LiCl) und verschiedenen organischen
Ammoniumsalzen auf das Kristallisationsverhalten von PA6 getestet. Die Untersuchungen
zeigten, dass durch LiCl-Konzentrationen unter 0,25 Gew.-% die Kristallisationstemperatur
von PA6 um bis zu 3 °C gesenkt werden kann ohne weitere Polymereigenschaften
signifikant zu beeinflussen. Héhere Konzentrationen fiihrten jedoch zur Verschlechterung
mehrerer Polymereigenschaften, wie z.B. eine Verringerung der Schmelztemperatur oder
des Kristallisationsgrades. Des Weiteren wurden vierzehn organische Ammoniumsalze
untersucht. Hierbei konnte eine Reduktion der Polymerkristallisationstemperatur um bis
zu 4 °C von 187 °C auf 183 °C erzielt werden ohne weitere Polymereigenschaften zu
beeinflussen.

Um die elementaren Strukturbausteine von Nigrosin zu verbinden, wurden sechzehn
Azinfarbstoffe bezlglich ihres anti-nukleierenden Effekts in PA6 untersucht. Durch die
Verbindungen Giemsa Stain und Toluidine Blue konnte eine Verringerung der
Kristallisationstemperatur von PA6 um 8 °C von 187 °C auf 179 °C bei einer
Additivkonzentration von 1,5 Gew.-% erreicht werden. Unter den untersuchten
Azinfarbstoffen stellt Neutral Rot ein besonders effizientes Anti-Nukleierungsmittel dar.
Durch die Zugabe von Neutral Rot konnte eine Verringerung der Kristallisationstemperatur
von PA6 um 21 °C von 187 °C auf 166 °C mit einer Additivkonzentration von 2,0 Gew.-%
erzielt werden ohne weitere Polymereigenschaften zu beeinflussen. Weiterhin wurde
gezeigt, dass die Verarbeitungstemperaturen die Anti-Nukleierung von PA6 durch Neutral
Rot stark beeinflussen. Neutral Rot, wie auch Nigrosin, offenbarten Loslichkeitsprobleme
wahrend der Polymerverarbeitung, was eine vollstindige Ausschopfung des
Additivpotentials verhinderte. Aus diesem Grund wurde eine neue Methode entwickelt um
die Additive auch bei niedrigen Verabreitungstemperaturen zu verbessern. Dieser Ansatz
basiert auf einem Additivsystem bestehend aus einem Anti-Nukleierungsmittel und
Lithiumchlorid als Co-Additiv. Es konnte gezeigt werden, dass kleine Mengen LiCl die
Loslichkeit von Neutral Rot in der Polymerschmelze, besonders bei niedrigen

Verarbeitungstemperaturen, deutlich erhéhen. Durch den Einsatz von 0,25 Gew.-% LiCl als
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Co-Additiv bei einer Neutral Rot-Konzentration von 1,5 Gew.-% wurde die
Kristallisationstemperatur von PA6 um 10 °C von 180 °C (PA6 + 1,5 Gew.-% Neutral Rot) auf
170°C (PA6 + 1,5 Gew.-% Neutral Rot + 0,25 Gew.-% LiCl), bei einer
Verarbeitungstemperatur von 245 °C, reduziert. Infolgedessen wurde diese Methode fir
das kommerziell eingesetzte Nigrosin getestet. Hierbei konnte durch 0,25 Gew.-% LiCl als
Co-Additiv und einer Nigrosin-Konzentration von 1,0 Gew.-% eine Verringerung der
Kristallisationstemperatur von PA6 von 175 °C (PA6 + 1,0 Gew.-% Nigrosin) auf 166 °C (PA6
+ 1,0 Gew.-% Nigrosin + 0,25 Gew.-% LiCl) erreicht werden.

Weiterhin wurden die Wasseraufnahme und die mechanischen Eigenschaften von
additiviertem PA6 untersucht. Die effizientesten Additive, Nigrosine, Neutral Rot und das
Additivsystem Neutral Rot/LiCl, wurden bei Konzentrationen von 1,5 Gew.-% bzw.
0,25 Gew.-% LiCl in PA6 untersucht. Die Wasseraufnahme der einzelnen
Zusammensetzungen zeigte keine signifikante Abweichung im Vergleich zu reinem PAG6. Die
mechanischen Eigenschaften fiir das System PA6/Nigrosin zeigten sich leicht verbessert im
Vergleich zu reinem PA6. Hier konnte ein Anstieg der Bruchdehnung von 499% auf 648%
beobachtet werden. Der E-Modul fiir das System PA6/Neutral Rot nahm von 633 MPa auf
539 MPa ab.

Die effizientesten Anti-Nukleierungsmittel fiir PA6 wurden im Verlauf dieser Arbeit auch
auf ihre anti-nukleierende Wirkung in Polyamid 66 analysiert. Hierbei erzielte Neutral Rot
die besten Ergebnisse und verringerte die Kristallisationstemperatur um 10 °C von 231 °C

auf 221 °C bei einer Additivkonzentration von 2,0 Gew.-%.

Im Rahmen dieser Arbeit wurde eine Vielzahl neuer Anti-Nukleierungsmittel gefunden und
eine Methode zur signifikanten Verbesserung des kommerziell eingesetzten Nigrosins
entwickelt. Durch die systematischen Untersuchungen verschiedener Verbindungen, wie
Nigrosin, anorganischen und organischen Salzen sowie Azinfarbstoffen, konnten Struktur-
Eigenschaftsbeziehungen hinsichtlich des Anti-Nukleierungspotentials in PA6 festgestellt
werden. Die Forschungsarbeiten haben gezeigt, dass vorwiegend planare und starre
Strukturen mit Substituenten, welche in der Lage sind mit den Wasserstoffbriicken der
Polyamidketten zu interagieren, die effizientesten Anti-Nukleierungsmittel darstellen.
Hierbei haben besonders Verbindungen mit Amino- oder ionische Gruppen die besten

Resultate erzielt. Diese Ergebnisse deuten darauf hin, dass Wechselwirkungen zwischen

198



Zusammenfassung

den Anti-Nukleierungsmitteln und den Polymerketten auftreten was zu einem verzogertem
Kristallisationsprozess des Polymers fuhrt. Weitestgehend werden durch diese
Verbindungen keine weiteren Eigenschaften des Polymers, wie z.B. eine Verringerung der

Schmelztemperatur oder des Kristallisationsgrad, beeinflusst.
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8 Experimental part
8.1 Materials and equipment

Polymers

In the frame of this work the influence of additives on the crystallization behavior of semi-
crystalline polyamides was studied. All polymer resins were provided by BASF SE and
contained no further additives. The polymer granulates were pulverized in a freezer mill
(Retsch ZM100, Schieritz & Hauenstein AG) prior to use through a 1 mm sieve. The following

polymers were investigated:

= Polyamide 6 (PA6), Ultramid® B27 E; a low-viscosity grade for compounding and the
production of monofilaments.
= Polyamide 66 (PA66), Ultramid® A27 E 01; a low-viscosity grade for compounding

and the production of monofilaments and bristles.

Chemicals and solvents
All chemicals (except the bisurea) were purchased from Sigma Aldrich and used without

further purification.

1,1'-(trans-1,4-cyclohexylene)bis(3-tert-butylurea)

(synthesized by Richter, Chair MCI, University of Bayreuth)

1,4,5,8-Naphthalenetetracarboxylic dianhydride
4,7-Dimethyl-1,10-phenanthroline (98%)
Acid Black 2

Acridine (97%)

Azure A Chloride (dye content, 80%)
Anthracene (97%)

Bathocuproine (96%)

Darrow Red (dye content, > 65%)

Ethyl isothiocyanate (97%)

Giemsa Stain

Induline

Isopropyl isothiocyanate (97%)
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Potassium hexafluorophosphate (98%)

Lithium chloride (anhydrous, 99%)

Methylene Blue (dye content, > 82%)

Methylene Violet 3RAX (dye content, 90%)

Methyl isothiocyanate (97%)
N,N-Dimethylmethyleneiminium chloride (> 95%)
Neutral Red (dye content, > 58%)

Nile Blue A (dye content, > 75%)

Nile Blue Chloride (dye content, > 85%)

Phenazine (98%)

Pyronin B (dye content, > 30%)

Pyronin Y (dye content, > 50%)

Safranine O (dye content, > 85%)

Solvent Black 5

Solvent Black 7 / Colorant Black 500
Tetrahydrofurane (anhydrous, > 99.9%)

tert-Butyl isothiocyanate (99%)
Tetrabutylammonium bromide (> 98%)
Tetrabutylammonium chloride (= 97%)
Tetrabutylammonium hexafluorophosphate (> 99%)
Tetrabutylammonium iodide (= 98%)
Tetrabutylammonium tetraphenylborate (= 99%)
Tetraethylammonium chloride (= 99%)
Tetraethylammonium hexafluorophosphate (= 99%)
Tetraethylammonium iodide (> 98%)
Tetrahexylammonium hexafluorophosphate (> 97%)
Tetramethylammonium chloride (= 99%)
Tetramethylammonium hexafluorophosphate (= 98%)
Tetramethylammonium iodide (99%)
Tetrapropylammonium hexafluorophosphate

Tetrapropylammonium tetrafluoroborate (= 98%)
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Toluidine Blue O (dye content, 80%)

trans-1,4-diaminocyclohexane (= 98%)

Equipment
H-NMR-spectroscopy

Compounding

DMTA
DSC

GC-MS

Haze-Meter

Injection molding

Mass spectrometry
Melting Point System
Microtome

Polarized light microscopy

Powder mill

SEM

Tensile testing

TGA

Tumble mixer

WAXS

Bruker Avance 300 (300 MHz)

Co-rotating twin-screw compounder
DSM Xplore 15 mL

Rheometric Scientific DMTA IV

Perkin Elmer Diamond DSC with autosampler;
Standard heating and cooling rates of 10 K/min

Agilent 5977A MSD with Gerstel autosampler

BYK Gardener Haze Gard plus
Calibration by clarity and haze standard

Micro-injection molding machine
DSM Xplore 12 mL

Finnigan Mat 112S (70 eV)
Mettler Toledo MP90
Leica RM 2255 rotary microtome

Nikon, DIAPHOT 300 (microscope)
Mettler, FP82HT (hot stage)
Nikon, DMX1200 (digital camera)

Schieritz & Hauenstein AG,
Retsch ZM100, freezer mill

Zeiss 1530 FESEM
Cressington Sputter Coater 208HR

Instron 5565 universal tester

Mettler Toledo TGA/SDTAS851e;
Standard heating and cooling rates of 10 K/min

Heidolph Reax 2

Bruker D8 Advance
CuKq radiation (A = 1.54 A)
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8.2 Methods and procedures

The main focus of this work is on the investigation of polymer crystallization, polymer
morphology and the improvement of the macroscopic properties influenced by various
polymer additives.

The basic molecular characterizations were carried out by standard techniques such as *H-
NMR- and mass spectrometry, gas chromatography—mass spectrometry,
thermogravimetric analysis and differential thermal analysis. In order to evaluate the effect
of different polymer additives on the thermal behavior and morphology of polyamides,
efficient and reliable methods and procedures were applied. Most of the procedures
presented in the following have already been established by coworkers from the Chair
Macromolecular Chemistry | for polyamides!*¥ and were adjusted to optimize the effect of
various additives. With these procedures it is possible to obtain significant information with
small amounts of material. The polymer crystallization and melting temperatures were
characterized by differential scanning calorimetry after microscale polymer processing. The
optical and mechanical properties were obtained from injection molded platelets and
tensile rods. The polymer morphology was investigated by means of polarized light
microscopy and electron microscopy.

In the following the applied techniques and conditions will be briefly summarized:

=  Compounding

= |njection molding

= Thermal analysis

= Nuclear magnetic resonance spectroscopy
=  Gas chromatography—mass spectrometry
= Polarized light microscopy

= Scanning electron microscopy

= QOptical characterization

= Wide angle X-ray diffraction

= Mechanical analysis

= Dynamic mechanic thermal analysis

= Water absorption experiments
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8.2.1 Compounding

To guarantee easy filling of the polymer to the micro-compounder and homogeneous
melting while compounding the polymer granulate was first pulverized with a freezer mill.
The obtained powder was dried at least for 24 h at 80 °C before compounding with a co-
rotating twin-screw compounder (DSM Xplore 15 mL) under nitrogen atmosphere. The
micro-compounder has three heating zones which can be controlled separately. The
heating zones were set to the desired melt temperatures of the polymer as listed below.
After a defined processing time, the melt was discharged and collected either as polymer
strand or transferred directly to the injection molding unit. The standard processing

parameters for PA6 and PA66 are listed in Table 32.

Table 32. Standard processing parameters for the investigated polymers and their measured melt
temperature.

Temperature Melt temperature Compounding Rotational
Polymer profile (T1-T2-T3) during processing time speed
[°C] [°Cl] [min] [rpm]
PA6 230-260-260 245 5 50
PA66 260-300-300 280 5 50

In the course of this thesis various compounding experiments for PA6 with varying
compounding parameters were conducted. Either the melt temperature during processing
or the processing time were varied. Table 33 summarizes the parameters for the extrusion
experiments with varying melt temperature and constant compounding time, while Table
34 summarizes the parameters for the extrusion experiments with constant melt

temperature during processing and varying compounding time.

Table 33. Processing parameters for the extrusion experiments with varying melt temperature during
processing and constant compounding time for PA6.

Temperature profile Melt temperature Compounding Rotational
(T1-T2-T3) [°C] during processing [°C] time [min] speed [rpm]
230-260-260 245
240-275-275 259

5 50
250-290-290 273
270-300-300 283

205



Experimental part

Table 34. Processing parameters for the extrusion experiments with varying processing time and constant
melt temperature during processing for PA6.

Temperature profile Melt temperature Processing Rotational speed
(T1-T>-Ts) [°C] during processing [°C] time [min] [rpm]

5
10
230-260-260 245 20 50
30
60

The additives were investigated in a concentration range from 2.0 wt% or 1.5 wt% to
0.1 wt%. In the following the calculation, preparation and initial weights are exemplarily
shown for a concentration series from 1.5 wt% to 0.1 wt%.

The different concentrations were prepared by diluting the initial additive concentration of
1.5 wt% with a mixture of the initial PA6/additive powder blend and neat PAG, yielding the
following dilution series: 1.3 wt%, 1.0 wt%, 0.8 wt%, 0.6 wt%, 0.4 wt%, 0.2 wt% and
0.1 wt%. The preparation steps and initial weights for a concentration series are shown in

Table 35 and are explained below.

Table 35. Initial weights and additive concentration for a concentration series in PA6.

Run Comment M owder mixture L8] M cat polymer 8] C.qaitive [Wt%]
1 cleaning 14.0 0.0 1.50
2 1st sample 8.6 0.0 1.50
3 1st dilution 6.8 1.8 1.30
4 2nd dilution 4.7 3.9 1.00
5 3rd dilution 3.9 4.7 0.80
6 4th dilution 2.7 5.9 0.60
7 5th dilution 1.6 7.0 0.40
8 6th dilution 0.5 8.1 0.20
9 7th dilution 0.2 8.4 0.10
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For the cleaning run and the first sample run a blend with a concentration of 1.5 wt%
additive was used. For the following runs the initial additive concentration was diluted by
neat PA6 and the initial powder blend to obtain the requested concentrations. With a dead
volume of 5.4 g the exact additive concentrations of the extrudates could be calculated
according to Richter et al.:[*4

With an initial additive concentration of 1.5 wt% and a dead volume of 5.4 g (for PA6 and
the compounder used for this work), the amount of additive within the dead volume is
0.081 g. To obtain an additive concentration of 1.3 wt%, 6.8 g of the initial powder mixture
with 1.5 wt% of additive and 1.8 g of neat PA6 are added. The amount of additive in 6.8 g
of the initial powder mixture is 0.102 g. Consequently, the total amount of additive within
the compounder in the first dilution run is 0.183 g. The exact additive concentration results

from the total amount of additive divided by the amount of polymer:

( 0.081g +0.102 g 0.183 g
54g+68g+18g 14 g

)-100%=( )-100%=1.31%

8.2.2 Injection molding

Injection molding platelets were produced using a DSM Xplore 12mL injection molding
machine to obtain specimen for the determination of optical properties, morphology
investigations, WAXS, and mechanical measurements. The injection molding unit was
directly filled with the discharged polymer melt from the twin-screw compounder.
Specimen with a diameter of 25 mm and a thickness of 1.1 mm were prepared under
nitrogen atmosphere using an injection mold with a thickness of 1.1 mm. Tensile rods with
a measuring section of 30 mm x5 mm x 2 mm were prepared in the same way. The standard

injection molding conditions for PA6 and PA66 are listed in Table 36.

Table 36. Standard injection molding parameters for PA6 and PA66.

Barrel Mold Injection Injection Holding
Polymer temperature temperature pressure time time
[°C] [°C] [bar] [sec] [sec]
PAG6 250 100 6 10 10
PA66 260 100 6 10 10
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8.2.3 Thermal analysis

Thermogravimetric analyses (TGA) of the additives were performed on a Mettler Toledo
TGA/SDTA851e under nitrogen atmosphere (60mL/min) at a heating rate of 10 K/min
between 30 °C and 700 °C. Melting temperatures of the additives were determined by
simultaneous differential thermal analysis (DTA).

Differential scanning calorimetry (DSC) measurements for the determination of the
polymer melting and crystallization temperatures were conducted on a Perkin-Elmer
Diamond DSC with autosampler under nitrogen (20 mL/min) at heating and cooling rates
of 10 K/min. Samples were taken either from the polymer strand or from the sprue of the
injection molding platelets. Two heating and cooling runs were performed. To erase the
thermal history, samples were held well above the equilibrium melting temperature for
5 min before each cooling run. Values for the polymer melting temperatures were
determined at the endothermic peak maximum of the second heating scan and values for
the polymer crystallization temperatures were determined at the exothermic peak

minimum of the second cooling scan.

Table 37. Starting and end temperatures for the DSC measurements of PA6 and PA66. For each sample two
heating and cooling scans were performed under nitrogen at 10 K/min. Samples were held at the end
temperature for 5 min before each cooling run.

Starting temperature End temperature
Polymer . .
Y [°C] [°C]
PAG6 30 250
PA66 30 280

8.2.3 Nuclear magnetic resonance spectroscopy
Spectra were recorded on a Bruker AC spectrometer (300 MHz) at room temperature using
CDCls or (CD3)2S0 as solvent and internal standard. Chemical shifts are reported in ppm

relative to residual protons in the deuterated solvent.

8.2.4 Gas chromatography—mass spectrometry

In order to identify impurities or degradation products within the investigated compounds
gas chromatography—mass spectrometry (Agilent 5977A MSD with Gerstel Autosampler)
was used. Therefore 4 -5 mg polymer strand was placed in a p-vial. This p-vial was inserted

to a glass capillary called “twister-desorption-liner” (TDU) and stored in the autosampler of
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the GC-MS machine. The TDU was heated to the requested temperature and held there for
5 min. After 5 min the TDU was purged with helium gas (1 mL/min) to transfer the degassed
substances to the gas chromatography column ((5%-Phenyl)-methylpolysiloxane column).
A chromatogram was recorded for 38 min. The eluant was analyzed by mass spectrometry
with a rate of seven mass spectra per second. Only one sample was used to measure at
different temperatures. For this purpose the sample was heated to the lowest required
measuring temperature, held there for 5 min and then cooled to room temperature. After
38 min, when the first measurement was finished, the sample was heated to the second
highest measuring temperature. This procedure was repeated for each temperature ending

with the highest measuring temperature.

8.2.5 Polarized light microscopy

Polarized light microscopy was applied to investigate the crystallization process of the
compounds, to screen promising additives quickly and to investigate the morphology of the
compounds more detailed. Therefore, three different types of experiments were
conducted and are explained below. All experiments were performed using an optical
microscope (Nikon, DIAPHOT 300) equipped with a hot stage (Mettler, FP82HT). Optical
micrographs were recorded by a Nikon ACT-1 software using a digital camera (Nikon,

DMX1200).

Additive screening method

In order to evaluate the anti-nucleation ability of a large number of compounds a fast
screening method was of great interest. In this work an additive screening process
established by Abraham et. al.[??! to identify suitable compounds for the use as nucleating
agents was applied to screen anti-nucleating agents. For this purpose samples were
prepared by melting a polymer pellet between two glass slides at 250 °C (PA6; PA66:
280 °C). Afterwards the sample was pressed for 2 minutes at 250 °C (PA6; PA66: 280 °C)
and quenched to room temperature. Up next the cover glass was removed and a small
amount of additive was positioned in the middle of the film. The whole setup was covered
again and inserted to the hot stage under a polarized optical microscope. The samples were
heated well above the melting temperature of the polymer for 5 min whereas the additives
partly dissolve and diffuse into the surrounding polymer melt. The setup was slowly cooled

at 10 K/min to monitor the crystallization processes of both the additives and the polymer.
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Crystallization of extruded compounds

In order to investigate the crystallization behavior of samples with homogenous distributed
additives, similar experiments as described for the additive screening method, were
conducted. Samples were prepared by melting a polymer pellet of the extruded and
additivated compounds between two glass slides at 250 °C (PA6; PA66: 280 °C). Afterwards,
the sample was pressed for 2 minutes at 250 °C (PA6; PA66: 280 °C) and quenched to room
temperature. The so obtained sample was inserted to the hot stage. The crystallization and
dissolution temperatures of the compounds were determined at the disappearance and
reappearance of birefringent structures (spherulites) at heating and cooling rates of
10 K/min. Besides dynamic DSC measurements, also isothermal DSC measurements were
conducted. The samples were heated rapidly to 250 °C, held there for 5 minutes and cooled
to the desired isothermal temperature with 20 K/min. The sample was held at this

temperature for the requested time and then cooled to room temperature.

Thin sections

In order to explore the morphology of injection molding samples by polarized light
microscopy, thin sections with a thickness of 10 um were cut (Leica RM 2255 rotary
microtome) parallel to the direction of injection (flow direction). These thin sections were
placed between two object slides and fastened with a tape and analyzed with a polarized

optical microscope.

8.2.6 Scanning electron microscopy

Samples for morphological studies were prepared by dissolving PA6 in formic acid with
subsequent dropcasting on a silicon waver. The waver was shortly placed on a hot stage at
250 °C and quenched to room temperature to obtain a homogenous film. For the
additivated film as little as possible of the additive was placed onto the molten film by a
pin and quenched to room temperature after 60 seconds. The dried samples were
sputtered with platinum (0.8 nm) by a Cressington Sputter Coater 208HR. Scanning electron

micrographs were recorded using a Zeiss 1530 FESEM (SEM imaging).
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8.2.7 Optical characterization
The optical properties were determined according to ASTM D-1003 on 1.1 mm thick
injection molded platelets with diameters of 25 mm using a Haze-Gard Plus instrument

(BYK Gardner GmbH, Germany). The average of at least three samples is reported.

8.2.8 Wide angle X-ray diffraction

WAXS measurements were conducted on 1.1 mm thick injection molding platelets with
diameters of 25 mm with a Bruker D8 Advance X-ray diffractometer using CuK, radiation
(A= 1.54 A). Data was recorded in the range of 5-40° (2 Theta) with a step size of 0.05° and

a step time of 10 sec.

8.2.9 Mechanical analysis

Tensile tests were conducted on conditioned (4 days, 70 °C, 62 %rh) specimen on an Instron
5565 universal tester with a camera (Instron 2663-821 Advanced Video Extensometer),
pneumatic clamps and a 1 kN load cell. Tensile rods with a measuring section of 30 mm x
5 mm x 2 mm were tested at an initial strain rate of 0.3 mm/s (up to 0.5% strain; video
measurement) and then increased to 50.0 mm/s. The reported moduli were calculated
from the initial slope between 0.15% and 0.35%. The average of at least four samples is

reported.

8.2.10 Dynamic mechanic thermal analysis

Glass transition temperatures were measured by dynamic mechanic thermal analysis
(DMTA) using a Rheometric Scientific DMTA IV. Measurements were performed in tension
geometry from — 20 °C to 140 °C with a heating rate of 2 K/min and a frequency of 1 Hz.
The specimen were punched out from an injection molding platelet and conditioned at
70 °C and 62 rh% for 4 days corresponding to DIN I1SO 527-2.1%% The sample dimensions
were 1.11 mm x 10.00 mm x 1.96 mm. The value for the glass transition temperature is

determined from the peak maximum of tan 6.

8.2.11 Water absorption experiments
Water absorption experiments were conducted on 1.1 mm thick injection molding platelets
with diameters of 25 mm. Samples were dried for 8 days at 80 °C under vacuum

atmosphere. The dried samples were weighed and then stored at 30 °C and 50 rh%. In the

211



Experimental part

following, samples were weighed every 24 h until no more increase in weight could be

determined.
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8.3 Synthesis and characterization of bisthiourea derivatives

Tetrahydrofuran (THF) was purified and dried prior to use according to standard
procedures. The starting materials were purchased Sigma Aldrich and used as received. H-
NMR spectra were recorded on a Bruker Avance 300 spectrometer. The chemical shifts are
reported in ppm (8). Mass spectra were recorded on a Finnigan Mat 112S instrument
(70 eV) with direct probe inlet at the central analytic laboratory of the University of
Bayreuth. All spectra were recorded at 298 K. The thermal properties were simultaneously
determined by means of combined thermogravimetric (TGA) and differential thermal
analysis (DTA) on a Mettler Toledo TGA/SDTA851e between 30 °C and 700 °C with a heating

rate of 10 K/min under nitrogen atmosphere.

General synthetic route to trans-1,4-cyclohexyl-bisthiourea derivatives

Trans-1,4-diaminocyclohexane was added in a flame-dried Schlenk flask and dissolved in
THF under argon atmosphere. The solution was cooled to 0 °C in an ice bath and the
corresponding isocyanate, diluted in THF, was added slowly under heavy stirring. The
reaction mixture was heated to reflux and, unless indicated otherwise, maintained at this
temperature for 12 h. After cooling the precipitated white solid was filtered off and dried

under vacuum for 2 h (70 °C, 100 mbar).

NH; 12h, reflux .
O™ a2 g Py
HZN\‘ THF N N

N
H H

Figure 129. Synthetic route to trans-1,4-cyclohexyl-bisthiourea derivatives starting from trans-1,4-
diaminocyclohexane.
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1,1'-(trans-1,4-cyclohexane)bis(3-tert-butylthiourea) 2a
Molecular formula: C16H32N4S2; M = 344.58 g/mol

Internal notebook number: HH21

Reaction batch:

1.14 g (10 mmol) trans-1,4-diaminocyclohexane

2.65 g (23 mmol) tert-butyl isothiocyanate

200 mL THF

Characterization:

IH-NMR (300 MHz, DMSO de): & [ppm] = 6.9-7.1 (m, 4H), 3.9 (m, 2H), 1.9 (m, 4H), 1.4
(s, 18H), 1.1 (m, 4H)

MS (70 eV), m/z (%): 344 (100); 213 (31); 155 (36); 138 (23); 133 (48); 96 (95); 77 (65); 57
(49); 41 (33)

Melting point: Tm = subl.

Temperature at 5 % weight loss: T-s wiy = 241 °C

1,1'-(trans-1,4-cyclohexane)bis(3-isopropylthiourea) 2b
Molecular formula: C1aH28N4S2; M = 316.53 g/mol

Internal notebook number: HH23

Reaction batch:

1.44 g (12.65 mmol) trans-1,4-diaminocyclohexane

2.56 g (25.30 mmol) isopropyl isothiocyanate

250 mLTHF

Characterization:

IH-NMR (300 MHz, DMSO dg): & [ppm] = 7.1 (m, 4H), 3.7-4.2 (m, 4H), 1.9 (m, 4H), 1.2
(m, 4H), 1.1 (s, 12H)

MS (70 eV), m/z (%): 316 (100); 214 (6); 199 (33); 180 (6); 155 (10); 119 (93); 96 (38); 81
(17); 58 (30); 44 (18)

Melting point: Tm = subl.

Temperature at 5 % weight loss: Ts wi% = 269 °C
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Experimental part

1,1'-(trans-1,4-cyclohexane)bis(3-ethylthiourea) 2c
Molecular formula: C12H24N4S2; M = 288.48 g/mol

Internal notebook number: HH24

Reaction batch:

1.58 g (13.88 mmol) trans-1,4-diaminocyclohexane

2.42 g (27.76 mmol) ethyl isothiocyanate

250 mL THF

Characterization:

'H-NMR (300 MHz, CDCl3): 6 [ppm] = 7.9 (m, 4H), 3.7 (m, 2H), 3.5 (m, 4H), 2.0 (m, 4H), 1.5
(m, 4H), 1.3 (m, 6H)

MS (70 eV), m/z (%): 288 (100); 184 (32); 155 (9); 150 (5); 105 (82); 96 (37); 81 (19); 60 (16);
45 (16)

Melting point: Tm = subl.

Temperature at 5 % weight loss: T-s wi% = 265 °C

1,1'-(trans-1,4-cyclohexane)bis(3-methylthiourea) 2d
Molecular formula: Ci1oH20N4S2; M = 260.42 g/mol

Internal notebook number: HH25

Reaction batch:

1.75 g (15.38 mmol) trans-1,4-diaminocyclohexane

2.25 g (30.76 mmol) methyl isothiocyanate

250 mL THF

Characterization:

1H-NMR (300 MHz, CDCl3/CFsCOOD): & [ppm] = 11.4 (m, 2H), 8.0 (m, 2H), 3.6 (m, 2H), 3.1
(m, 6H), 2.0 (m, 4H), 1.5 (m, 4H)

MS (70 eV), m/z (%): 260 (100); 193 (7); 170 (37); 152 (7); 137 (6); 129 (7); 91 (79); 81 (20);
74 (27); 57 (22); 24 (10)

Melting point: Tm = subl.

Temperature at 5 % weight loss: T-s wiy = 242 °C
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