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1 INTRODUCTION

1 Introduction

Organic electronics based on polymer films are attractive alternatives for inorganic
devices due to their easy and cheap processing via solution deposition methods and the
possibility to use flexible substrates.!"! As a result, the low cost production on larger areas by
the roll-to-roll-processing (R2R) on foil substrates is enabled. Organic electronic devices
reveal a layered structure, whereby the active layer is sandwiched between the electrodes. The
active layer is typically a light emitting material in organic light emitting diodes (OLEDs)™*
or a light harvesting polymer/fullerene blend in organic photovoltaics (OPVs)."”! Favorable
techniques for the preparation of organic electronics are characterized by low processing costs
as well as low materials consumption. The sizes of the final devices, the processing speeds as
well as the possibility to use flexible substrates represent important factors as well."*! Whereas
lab scale methods are sufficient for fundamental studies, R2R processes are required for the
up-scaling of organic electronics production. Solution deposition techniques like spin-
coating,”" inkjet printing,!”* and doctor blading®'” were used for the fabrication of lab

(121 and knife-over-edge coating!''! are R2R processes.

devices, whereas screen printing
However, all patterning techniques require a continuous development in order to produce
efficient devices in a reproducible manner.

For a reproducible preparation of efficient devices, solution properties, like the solvent
and the concentration, which affect the rheological properties of the coating solution, need to
be controlled.”) However, the used coating process itself influences the final film

1. In particular, the processing time has a significant effect on the

characteristics as wel
obtained morphology. The drying time is determined by the boiling point of the used solvent
and the applied processing technique.!'*'*! Whereas spin-coating is seen as being a fast drying
method, doctor blading and inkjet printing are techniques where the film drying proceeds at a
longer time scale. Therefore, by choosing one of the latter preparation techniques one has to
take into account that the best working conditions that show a good film forming performance
in the spin-coating process cannot be adapted easily. In fact, the control over the obtained
morphology represents a complicated interaction between various parameters and can
certainly not be predicted.

Inkjet printing represents a solution deposition technique that is characterized by its
non-contact, material-efficient and reproducible processing.'®!”! Basic drying principles of

inkjet printed features are understood and fundamental correlations between processing

properties and film characteristics can be drawn.!'! It is, however, a long way to gain a full
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understanding of the complete drying process, since the process conditions as well as the ink
properties correlate in a complex relation with the final device properties.'” For inkjet
printing, all solute parameters have a significant influence on the preparation of the printed
patterns, which makes the ink development crucial. Important factors include the contact
angle, ink viscosity and surface tension as well as the nozzle diameter. Via inkjet printing
features with a thickness of several tens of nanometers up to multiple tens of micrometers can
be produced in a reproducible manner."® By using multiple print heads, a high speed
production of thin films can be performed. Therefore, inkjet printing can be used as a R2R
coating technique.*” However, for the application of inkjet printing in a commercial available
device, there are many challenges to overcome, which is the reason why inkjet printing is up
to now mainly used in scientific research environment.

For a detailed understanding of the preparation techniques as well as to evaluate
whether inkjet printing has the potential for producing efficient devices, the drying processes
and resulting film morphologies need to be well understood.

This thesis provides an overview of methodical investigations of ink characteristics,
printing conditions and final film properties. The combinatorial screening of different

functional polymers enables the elucidation of structure-property-relationships (Figure 1.1).

Ink Printing Film Device
characteristics conditions properties characteristics

Correlationships

* compounds * dot spacing « film thickness * device properties
* solvent system * film size « film roughness » efficiencies

= concentration * printing velocity * optical properties * stability

Figure 1.1 Schematic representation of the evaluation of correlations between ink
characteristics, printing conditions, film properties and device characteristics.
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Following the introduction, Chapter 2 discusses the advantages and drawbacks of the
inkjet printing process in comparison to other solution-based film formation techniques. In
particular, the possibility to integrate inkjet printing into a combinatorial screening workflow
evolves inkjet printing to a distinguished tool for a fast screening of new materials for organic
electronics applications.

In Chapter 3, fluid characteristics like surface tension and viscosity of m-conjugated
polymer inks are investigated, since these parameters reveal a crucial effect to the
applicability of materials in the inkjet printing process. The influence of processing
conditions, such as the dot spacing, concentration, printing velocity and film size, on the
quality of inkjet printed films is discussed in Chapter 4. A complex interaction between these
parameters reveals important correlations between processing conditions and final film
properties. As most important factor, the boiling point of the applied solvent system shows a
significant effect towards the thin-film optimization. Chapter 5 discusses a systematic
investigation of the drying behavior of inkjet printed films by the use of a variety of low and
high boiling main and co-solvents. Furthermore, an overview of most important parameters,
which affect the thin-film formation, is provided.

Finally, the optical and morphological properties of optimized inkjet printed films of
functional polymers are investigated with regard to their respective application in organic
electronic devices. A m-conjugated polymer library is screened for its potential use in organic
photovoltaics (Chapter 6), whereas inkjet printed films of red, green and blue emitting n-
conjugated and metallo-polymers are employed in organic light emitting diodes (Chapter 7).
Finally, radical polymers were investigated with regard to the development of organic

batteries (Chapter 8).
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2 COMBINATORIAL SCREENING VIA INKJET PRINTING

2 Combinatorial screening via inkjet printing

Parts of this chapter have been published: 1) A. Teichler, J. Perelaer, U. S. Schubert, J. Mater. Chem.
C2013, 7, 1910-1925.

Inkjet printing has been used as an on-demand, digital patterning as well as film
forming technique in several printed electronics applications, including organic thin film
transistors (OTFTs),*'**! organic light emitting diodes (OLEDs)*?* and organic
photovoltaics (OPVs)."*’! For the development of organic electronics, raw materials like
indium-tin-oxide (ITO) should be replaced by organic materials, such as m-conjugated
polymers, in order to realize a more cost-effective production.” An important characteristic
of polymers is their solubility in various organic solvents, which enables the use of simple

[4]

processing conditions, ie. at atmospheric pressure conditions.”” A variety of coating

techniques, e.g. spin-coating’®”’! and doctor blading,”® or printing processes, like screen

121 and inkjet printing,'***) have been applied in the field of organic electronics.

printing

With regard to device preparation, research is mainly focused on spin-coating. The
main reason is that spin-coating is characterized by an easy material handling and fast
processing. However, this technique shows a high materials loss during processing!® and is
not able to pattern a substrate selectively.'” Inkjet printing, in contrast, is able to pattern in an
automated as well as digital manner and shows many advantages, including a non-contact,
highly reproducible and combinatorial processing, wherein different materials or ink
compositions can be screened while consuming only little amounts of materials..’*" Besides
many benefits, inkjet printing also has disadvantages, for example, its complex drying
behavior, which makes a prediction of final film properties difficult. To form a complete
picture of the advantages and drawbacks of the inkjet printing method as well as to elucidate
potential developments of this process, an overview of properties and challenges is depicted
in Figure 2.1.

An attractive issue when using inkjet printing is its little demand on materials and low
waste production during processing.”'! Since inkjet printing is an additive technique, there are
no limitations for the used substrates; flexible substrates can be applied besides rigid, planar

[32]

surfaces. Furthermore, inkjet printing can be used in a combinatorial workflow to

7,33]

characterize thin-film properties.! This approach significantly accelerates materials

research.

11



2 COMBINATRORIAL SCREENING VIA INKJET PRINTING

Characteristics

* no need of masks

* additive technique

« variable film thickness
* high material efficiency

| « variable printing speed §

« little waste

Possibilities

* low cost production

* combinatorial screening
« material characterization
= many materials usable
* R2R compatible
* patterning

Requirements
* printable solvents

* materials: mg-scale
« ink properties (viscosity,
surface tension)
* substrates: any

Challenges
* nozzle clogging
* wetting behavior

* film homogeneity

« film sizes

Figure 2.1 Schematic representation of characteristics, requirements, possibilities and
challenges of the inkjet printing process.

However, the solute properties, i.e. solvent, viscosity and surface tension, are critical
parameters for the applicability of a material in the inkjet printing process.!"® Depending on
the chosen inkjet printer system, there is a specific range of useable surface tensions and
viscosities. Besides the ink’s rather small working window, a second challenge of the inkjet
printing process is the ink’s wetting behavior on the substrate. For a thin film preparation, a
good wetting behavior and, hence, a low contact angle of the ink on the substrate is preferred.
Despite that film size and thickness can be easily varied by changing the number of deposited
droplets, the drying control of different film sizes is very complicated. Applying solute and
printing parameters, which were found to be the optimized values for small films, does not
automatically result in a good film formation for increased film sizes.

One of the main challenges in the inkjet printing process is to gain control over the
resulting film homogeneity during drying. The drying kinetics as well as the fluid flow within
a drying droplet are at this moment not fully understood. Processes taking place in a drying
droplet/film are very complex, as the coffee-drop effect and the Marangoni flow are

331 The coffee-drop effect!'™ describes the

considered to be both important factors.!
accumulation of solute material at the rim of a drying droplet and is a result of an

inhomogeneous evaporation of the solvent and of a pinned contact line.”® A frequently used

12



2 COMBINATORIAL SCREENING VIA INKJET PRINTING

solution to the coffee-drop effect is to print from a solvent mixture, in which the main solvent
has a lower boiling point than the co-solvent.®”! Typically, the minor component of the
solvent mixture is added in a few tens of volume percentages.”® During the drying of the
printed feature, i.e. droplet, line or film, the low-boiling solvent evaporates first at the contact
line, which induces an outward flow of the solvent carrying solute towards the edge. The
addition of a high-boiling solvent strongly reduces the evaporation of the solvent at the edges,
since the amount of high-boiling solvent is here locally higher than that of the low-boiling
solvent. At the same time, a surface tension gradient is induced in the printed feature that
leads to an inward flow of material — the Marangoni flow.”® A resulting circulation of the
material results in a homogeneous material distribution upon drying. Figure 2.2 shows the
improvement of film formation by increasing the content of the high boiling solvent ortho-
dichlorobenzene (0-DCB) from 1 vol.% to 10 vol.% in the solvent system toluene/o-DCB for

inkjet printed poly(phenylene-ethynylene)-alt-(polyphenylene-vinylene) (PPE-PPV) films.*!

0.45

Figure 2.2 Optical profiler images of PPE-PPV films inkjet printed from the solvent system
toluene/o-DCB in the ratios 90/10 (a), 95/5 (b), and 99/1 (¢) (¢ =4 mg/mL).

For a lab scale technique that provides fundamental understanding, a combinatorial
screening of materials and parameters is crucial to assure reproducibility as well as reliability.
Not only process-depending parameters like the dot spacing need to be optimized but also the
solvent/solute parameters like the used solvent(s) and concentration.[*”! Several studies report

411 golvent system,m blend ratio,[42] dot

the optimization of single parameters: concentration,
spacing,” and substrate temperature,** but in most cases, a combinatorial screening was not
performed, which leave possible synergies between the parameters undiscovered.
Consequently, the results are difficult to compare. Therefore, a large number of crucial
parameters needs to be evaluated in a systematical screening in order to identify optimal
conditions for the used film preparation technique.

A screening workflow was developed that included the ink preparation with a

pipetting robot, the thin-film library preparation by using inkjet printing and the

13



2 COMBINATRORIAL SCREENING VIA INKJET PRINTING

characterization of the compound libraries by using high-throughput analytical tools,
including UV/Vis plate readers (Figure 2.3).") Hereby, a complete combinatorial screening of
solute properties and their impact on the thin-film properties of the inkjet printed films was
introduced. Subsequently, structure-property relationships were evaluated, which lead to

optimized processing conditions for the used polymer/fullerene combinations.

new compounds

R

N«’/ )
X =C (PCPDTBT), Si (PSBTBT) "

/_\-H-H
T

solution preparation with a

' \ S itrations pipetting robot

E ) ‘. - 2 e

F N

| o

g \ \\L—J

£ \l |
*— "

screening of the film properties [FESaes

Figure 2.3 Schematic representation of a combinatorial screening workflow including inkjet
printing for the preparation of thin polymer film libraries.

By incorporating inkjet printing into a combinatorial workflow, a significant step can
be realized towards a fast screening of important materials properties for applications like
OLEDs and OPVs. A systematic investigation of inkjet printed thin-film libraries was
demonstrated for PPE-PPV libraries with variations in the polymer side groups, which led to
significant changes in the optical properties.** For OPVs combinatorial inkjet printing led to
optimized solar cells with power conversion efficiencies up to 2.9%.!'**

Inkjet printing can bridge the gap between polymer synthesis and solid-state property
evaluation, since the technique opens the way to an automatic preparation of thin-film
libraries of polymers, blends and composites with a systematic variation of parameters, such
as chemical composition or thickness. When novel compounds are to be processed via inkjet

printing, an optimization of film properties needs to be performed for each material.[**¢!
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3 Fluid characteristics of m-conjugated polymer inks

Parts of this chapter have been published/will be published: 2) A. Teichler, J. Perelaer, U. S. Schubert,
Macromol. Chem. Phys. 2013, 214, 547-555. 3) A. Teichler, J. Perelaer, F. Kretschmer, M. D. Hager,
U. S. Schubert, Macromol. Chem. Phys. 2013, 214, 664-672. 4) A. Teichler, Z. Shu, A. Wild, C.
Bader, J. Nowotny, G. Kirchner, S. Harkema, J. Perelaer, U. S. Schubert, Eur. Polym. J. 2013,
DOI:10.1016/j.eurpolym;.2013.03.031.

Since the final film quality depends not only on the drying behavior of the solvents,
but also on a stable and reproducible droplet formation during the printing process, the fluid
characteristics are very important. Using inkjet printing as film formation method the polymer
ink needs to fulfill certain criteria. Besides surface tension and viscosity, the boiling point of
the solvent is an important issue for a reproducible droplet formation. All experiments in this
thesis are performed using an Autrodrop system from microdrop Technologies. Drop-on-
demand (DoD) piezo-based printheads are used that have an inner nozzle diameter of 70 um.
Using this setup, inks within a viscosity range of 0.4 to 20 mPas are processable. Typical drop
diameters generated by the used nozzle are, depending on the solvent, in the range between 60
and 70 um, which corresponds to drop volumes of 115 to 180 pL.

Since not every solution forms stable and accurate droplets by means of inkjet printing
the Z-number was developed, which is a characteristic fluid parameter that takes important
fluid properties into account. The Z-number predicts the printability of an ink and is,
therefore, important in order to evaluate the applicability of a solution in the inkjet printing

process using a specific nozzle diameter. The Z-number

_ (dpy)'”?
n

Z

is dependent on the nozzle diameter d, the density p, the surface tension y and the viscosity

5.7 1t was reported that limitations in printability occur if the Z-number is either lower than 2
or higher than 14,** whereas other groups found a reproducible printability using inks with Z-
numbers >60."") Limitations in printability are encountered for high viscosities (low Z-

numbers) and satellite formation (high Z-numbers).>”

The influence of fluid properties is demonstrated by three examples using different m-
conjugated polymers. The first section shows a systematical investigation of solvent systems
characterized by different surface tensions, viscosities as well as boiling points. Secondly, the

influence of different monomer contents in a terpolymer library on fluid properties and

15



3 FLUID CHARACTERISTICS OF II-CONJUGATED POLYMER INKS

printability is discussed. Finally, it is demonstrated that similar ink characteristics result in
comparable droplet formations although different n-conjugated polymers are used.

As a first example, the m-conjugated polymer poly(3-octylthiophene) 1 (P30T,
Scheme 3.1), which belongs to the currently most applied polymer class (polythiophenes) in

[51,52]

the field of organic electronics, was used to investigate a variation of solute properties.

CgHy7

/A

S n

Scheme 3.1 Schematic representation of the m-conjugated polymer P30T 1
(M; = 34,000 g/mol, regioregularity (RR) >98.5%).

Various solvent systems were used that have on the one hand a systematically
increased difference in the boiling point and on the other hand comparable boiling points but
different viscosities and surface tensions. By following this approach, a systematic evaluation
of correlations between ink characteristics and printability were revealed. The boiling points
of the used solvents need to be high enough to ensure a stable droplet formation over a longer
time period. Too low boiling points lead to a faster evaporation at the nozzle tip, which causes
nozzle clogging. Three solvents were selected as main solvents that covered a broad range of
boiling points (bp): toluene (bp 110 °C), p-xylene (bp 138 °C) and 1,3,5-trimethylbenzene
(1,3,5-TMB, bp 165 °C). Non-chlorinated aromatic solvents with boiling points between
136 °C and 293 °C were selected as co-solvents, which resulted in a boiling point difference
between main and co-solvent solvent of at least 18 K (Table 3.1).

To obtain insights in the effect of ink properties to the printing quality, surface
tensions, densities and viscosities of all P30T inks were measured and the corresponding Z-
numbers were calculated (see Table 3.1). The surface tensions and viscosities were measured
to be in a range of 18 to 26 mN/m and 0.747 to 1.011 mPas, respectively, and are in an inkjet
printable regime. The viscosity is mainly determined by the main solvent and was therefore
found to increase in the following order: toluene < p-xylene < 1,3,5-TMB. The corresponding

Z-number decreases with increased viscosity and was found to be between 53 and 36.

16



3 FLUID CHARACTERISTICS OF II-CONJUGATED POLYMER INKS

Table 3.1 Ink characteristics of 1 (4 mg/mL) in solvent systems with different boiling points.

Solvent system (90/10) p(l);i(:lltll[I:’gC] [mlz/m] [g/cpm3] [mlllas] nufl-ber
toluene/ethylbenzene 110/136 25.5 0.868 0.752 52.3
toluene/o-xylene 110/144 25.6 0.869 0.785 50.3
toluene/iso-propylbenzene 110/153 22.4 0.867 0.769 479
toluene/propylbenzene 110/159 25.0 0.867 0.760 51.3
toluene/1,3,5-TMB 110/165 259 0.867 0.747 53.1
toluene/1,2,4-TMB 110/170 249 0.868 0.757 51.4
toluene/1,2,3-TMB 110/176 25.4 0.877 0.771 51.2
toluene/butylbenzene 110/183 23.1 0.867 0.788 47.5
toluene/pentylbenzene 110/205 253 0.867 0.790 49.6
toluene/hexylbenzene 110/226 25.5 0.867 0.845 46.6
toluene/octylbenzene 110/261 22.5 0.867 0.839 44.0
toluene/nonylbenzene 110/282 25.8 0.864 0.849 46.5
toluene/decylbenzene 110/293 25.9 0.866 0.851 46.6
p-xylene/propylbenzene 138/159 25.4 0.863 0.849 45.4
p-xylene/1,3,5-TMB 138/165 23.7 0.862 0.800 47.7
p-xylene/1,2,4-TMB 138/170 235 0.863 0.838 43.7
p-xylene/1,2,3-TMB 138/176 25.5 0.866 0.832 45.4
p-xylene/butylbenzene 138/183 23.4 0.862 0.842 43.6
p-xylene/pentylbenzene 138/205 25.5 0.862 0.902 45.5
p-xylene/hexylbenzene 138/226 25.7 0.862 0.894 44.0
p-xylene/octylbenzene 138/261 25.9 0.862 0.912 43.3
p-xylene/nonylbenzene 138/282 259 0.862 0.920 43.0
p-xylene/decylbenzene 138/293 25.6 0.862 0.917 42.9
1,3,5-TMB/butylbenzene 165/183 21.3 0.865 0.933 38.9
1,3,5-TMB/pentylbenzene 165/205 21.6 0.865 0.948 38.1
1,3,5-TMB/hexylbenzene 165/226 24.8 0.865 0.981 39.5
1,3,5-TMB/octylbenzene 165/261 25.1 0.865 0.996 39.1
1,3,5-TMB/nonylbenzene 165/282 25.6 0.865 1.011 38.9
1,3,5-TMB/decylbenzene 165/293 25.8 0.865 0.998 39.6
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3 FLUID CHARACTERISTICS OF II-CONJUGATED POLYMER INKS

In this study no printing limitations based on different Z-numbers were identified.
Although satellite droplets were observed for inks with a high Z-number, an in-flight merging
of the satellite droplet with the main droplet was revealed for all tested inks. Additionally, no
nozzle clogging was obtained, indicating that the boiling points were high enough to ensure a
stable droplet formation over a longer time period by applying similar printing conditions of

60 to 70 V and 30 to 35 us for pulse voltage and pulse length, respectively.

Secondly, to evaluate correlations between polymer structures, molar masses and
printability a polymer library consisting of eight terpolymers with systematically varied
composition was investigated. The low bandgap polymer library poly(diketopyrrolopyrrole-
co-benzothiadiazole-co-fluorene) (P(DPP-co-BTD-co-F)) is characterized by systematically
varying contents of the DPP and BTD moieties, while keeping the fluorene content constant
(Figure 3.1). The resulting polymer compositions of polymers 2 to 9 and their corresponding

molecular characteristics are summarized in Table 3.2.

CH,CH(CH5)(C4Hy)

/
(C4H)(CoH5)HCH,C

Figure 3.1 Schematic representation of the terpolymers P(DPP-co-BTD-co-F) 2 to 9. For a
detailed composition see Table 3.2.

Trends in surface tensions, viscosities, densities and Z-numbers were investigated, but
no relationships between the different parameters could be identified (Table 3.2). The
expected trend of increasing viscosity with increasing molar mass was not observed for this
polymer library, because there are too many parameters of influence, such as a changing
polymer composition combined with changes in rigidity of the chains and the variations in the
molar mass. As not every single parameter can be addressed separately it is difficult to reveal
such correlations. At this point, it can be concluded that the DPP unit affects the ink viscosity
significantly, whereas the effect of the BTD seems to be less significant; a continuous
increase of the ink’s viscosity was observed with increasing DPP content in the polymer when

a composition of DPP/BTD/F 50/50/100 is exceeded. In contrast, an increasing BTD content
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3 FLUID CHARACTERISTICS OF II-CONJUGATED POLYMER INKS

shows no clear dependence on the polymer composition. Instead, the molar mass seems to
influence the ink viscosity at low DPP contents, since polymer 2, which has the lowest M,,
exhibits a significant low viscosity. As a conclusion, correlations between polymer
composition and ink properties are too complex to elucidate for the current investigated

polymer library.

Table 3.2 Composition, molar mass and fluid properties of terpolymers P(DPP-co-BTD-co-F)
2 to 9 in toluene/o-DCB 90/10 (5 mg/mL).

M, My Y p n Z-
brp BID K [g/mol] [g/mol] PDI [mN/m] [g/cm3 | [mPas] number

2 0 100 100 8,400 18,000 2.12 33.0 0.910 0.698 65.7
3 40 60 100 37,000 93,000 2.52 29.7 0911 0.942 46.2
4 50 50 100 37,000 81,000 2.20 34.5 0.910 0.966 48.5
5 60 40 100 19,000 44,000 2.35 334 0911 0.852 54.2
6 70 30 100 25,000 54,000 2.18 34.6 0911 0.916 51.3
7 80 20 100 25,000 56,000 2.24 33.8 0911 0.942 49.3
8 90 10 100 31,000 68,000 2.22 32.5 0911 1.013 44.9
9 100 0 100 26,000 56,000 2.15 34.6 0.910 1.058 44 .4

As a third example, three different conjugated polymers poly(fluorene-phenylene) PFP
10, poly(phenylene-vinylene) PPV 11 and poly(phenylene-vinylene)-poly(phenylene-
ethynylene) PPE-PPV 12, (Figure 3.2), which can be employed as emissive materials for

OLED devices, were investigated.

O N OCsHs; OCgHy7
Vi ‘ ‘ F

CisH370 CgH7,0

12

Figure 3.2 Schematic representation of PFP 10, PPV 11 and PPE-PPV 12.

The polymers reveal tuned polymeric structures and different molar masses. For all
three polymers the same solvent system (toluene/o-DCB 90/10) and a concentration of
4 mg/mL was used. The surface tensions and densities were similar for all inks (Table 3.3).
The viscosities of the three different polymer solutions differ slightly from each other, which
follows the trend of the molar mass of the polymers: polymer 11 (0.70 mPas) < polymer 12
(0.72 mPas) < polymer 10 (0.76 mPas). These results are in agreement with the finding of De
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3 FLUID CHARACTERISTICS OF II-CONJUGATED POLYMER INKS

Gans et al., who studied the effect of different molar masses of polystyrene to the ink

viscosity.’” The Z-numbers were calculated to be between 18 and 20. Again, no satellite

formation was observed and, thus, the inks were stable to be inkjet printed using the same

printing settings (75 V, 35 ps).

Table 3.3 Polymer and ink properties of 10, 11 and 12 in the solvent system toluene/o-DCB

(4 mg/mL).
M, Mv  ppp Y P n Z-
[g/mol] [g/mol] [mN/m] [g/cm3] [mPas] number
10 14,200 29,700  2.09 31.1 0.915 0.76 18.6
11 5,100 9,500 1.86 31.1 0.916 0.70 20.2
12 8,600 33,970  3.95 31.2 0.917 0.72 19.6

As a conclusion of this section, all tested soluble m-conjugated polymers revealed a

stable and reproducible droplet formation by using solvent systems that are applicable for

organic electronics. Although high Z-numbers were observed, droplet formation without

satellite formation was achieved. At this point no limitations for a reproducible droplet

formation were observed concerning the fluid characteristics.
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4 INFLUENCE OF PROCESS CONDITIONS TO THE QUALITY OF INKJET PRINTED FILMS

4 Influence of process conditions to the quality of inkjet printed
films

Parts of this chapter have been published/will be published: 3) A. Teichler, J. Perelaer, F. Kretschmer,
M. D. Hager, U. S. Schubert, Macromol. Chem. Phys. 2013, 214, 664-672. 4) A. Teichler, Z. Shu, A.
Wild, C. Bader, J. Nowotny, G. Kirchner, S. Harkema, J. Perelaer, U. S. Schubert, Eur. Polym. J.
2013, DOI:10.1016/j.eurpolym;.2013.03.031.

In order to gain insights into the interaction of different printing and drying properties,
each processing parameter needs to be addressed separately. To reveal relationships between
all parameters, a systematical investigation is required, which can be realized by using a
screening approach by means of 2-dimensional film libraries. The dot spacing, which is the
center-to-center distance of two adjacent droplets, has a crucial effect on the film formation.
Low dot spacings result in the deposition of more material and also cause a longer film
drying. On the other hand, too high dot spacings prevent an efficient coalescence of the
deposited droplets and lead to the formation of lines or even single droplets. Due to the good
wetting of the applied polymer inks used here (contact angles <10° on glass substrates), an
efficient merging of the droplets on the substrate occurs, resulting in a continuous film
formation. As a consequence, it was possible to apply a wide range of dot spacings (80 to
220 um).

Since all other investigated parameters are also dependent on the applied dot spacing,
a 2-dimensional screening was performed. The effect of the dot spacing can therefore be

found in the different parts that discuss the thin-film optimization experiments.

As a second processing parameter, the concentration of the polymer in the ink reveals
not only a significant influence on the final film thickness, but also on the film quality. To
study the effect of the concentration polymer 4 was investigated using different ink
concentrations (3 mg/mL, 5 mg/mL and 7 mg/mL) and three solvent systems (chlorobenzene
(CB)/ortho-dichlorobenzene (0-DCB), o-xylene/o-DCB and toluene/o-DCB, all in a ratio of
90/10, respectively). The solvents were carefully chosen to match the applicability in the

7331 Table 4.1 summarizes the obtained film

inkjet printing process as well as in OPVs.!
thicknesses and surface roughnesses for the best obtained film homogeneity using the

respective inks.
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4 INFLUENCE OF PROCESS CONDITIONS TO THE QUALITY OF INKJET PRINTED FILMS

Table 4.1 Film properties of 4 inkjet printed from different solvent systems using altered
concentrations.

Solvent system c Dot spacing Film thickness  Surface roughness
(90/10) [mg/mL] [pm] [nm] [nm] [Yo]

CB/o-DCB 3 160 40 7 18

5 140 120 30 25

7 140 190 40 21

o-xylene/o-DCB 3 180 30 23 77
5 180 40 10 25

7 160 170 18 11

toluene/o-DCB 3 160 65 8 12
5 140 155 13 8
7 120 215 14 7

Printing from CB/o-DCB and o-xylene/o-DCB leads to an inhomogeneous film
formation for all concentrations. The solvent system toluene/o-DCB represents the most
suitable solvent to produce films of polymer 4 with an adequate homogeneity (surface
roughness <10%) using a concentration of 5 mg/mL (Figure 4.1). A lower concentration
(3 mg/mL) does not result in homogenous films, indicated by the significant line formation
even at smaller dot spacings. Inkjet printed films applying a concentration of 7 mg/mL
revealed a high homogeneity but too high film thicknesses for the application in organic
electronics. A film thickness between 100 and 200 nm for the active layer is required.”"
Therefore, a concentration of 5 mg/mL is applicable due to the achieved layer thicknesses of

155 nm, whereas 215 nm thick films were obtained for the concentration of 7 mg/mL.
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Figure 4.1 Optical profiler images of inkjet printed films of polymer 4 using the solvent
system toluene/o-DCB in a ratio of 90/10 and a concentration of 3 mg/mL (a), 5 mg/mL (b)
and 7 mg/mL (c).
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A challenge of single nozzle inkjet printing is the variation of film sizes. In particular,
the variation of the film size is not trivial since the drying behavior strongly depends on the
amount of applied material and the drying time. For the inkjet printing process, the deposited
material starts drying already during the printing of the entire film. Since the films were
produced by printing lines next to each other, which subsequently merge into a continuous
feature, the length of a line and, as a consequence, the time until the next line is printed, is
crucial to control the film formation properties.

Figure 4.2 combines the investigation of two challenges, film thickness and film size
requirements, for polymer 3, printed from toluene/o-DCB. Film sizes of 5 mm x 5 mm and
20 mm x 20 mm as well as toluene/o-DCB ratios of 90/10 (Figure 4.2a) and 70/30 (Figure

4.2b) were investigated, respectively.
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4 INFLUENCE OF PROCESS CONDITIONS TO THE QUALITY OF INKJET PRINTED FILMS

For toluene/o-DCB 90/10 and a film size of 5 mm x 5 mm a dot spacing of 100 pm is
favorable (film thickness 250 nm) due to a decrease in film quality for higher drop-to-drop
distances (Figure 4.2a, left). For larger film sizes, the control over the film quality is more
demanding (Figure 4.2a, right). One reason is the increased drying time of each printed line
before the adjacent line is printed. As described before, the film quality is thereby dependent
on the size of the film as well as the solvent’s boiling point. For a film size of
20 mm x 20 mm line formation occurs during drying at high dot spacings. For low dot

spacings an increased uniformity (100 um) but a too high film thickness (350 nm) was
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Figure 4.2 Optical profiler images of inkjet printed films of polymer 3 (3 mg/mL) using the
solvent system toluene/o-DCB in ratios of 90/10 (a) and 70/30 (b) by volume in a film size of
5 mm x 5 mm (left) and 20 mm x 20 mm (right).
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If an aimed application of the inkjet printed layers requires a lower film thickness than
the film thickness found for an optimal film formation, different approaches can be used to
reduce the layer thickness: 1) increasing the dot spacing, i1) decreasing the ink concentration
and 1iii) increasing the amount of the high boiling solvent. The first two points lead to a
reduction of the deposited material and, hence, result in a lower film thickness. The third
option introduces a longer drying of the deposited material, which leads to a more

homogeneous drying of the printed films.
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4 INFLUENCE OF PROCESS CONDITIONS TO THE QUALITY OF INKJET PRINTED FILMS

Using a co-solvent content of 30 vol.% for the solvent system toluene/o-DCB (Figure
4.2b) a film thickness of 130 nm was obtained for a film size of 5 mm % 5 mm and a thickness
of 100 nm for 20 mm X 20 mm for dot spacings of 140 pm, respectively. In contrast, by using
a solvent ratio of 50/50 the drying of the film is very slow, leading to a multiple ring-like
drying pattern. As a result, non-uniform films are observed for both film sizes. Additional
investigations for a film size of 10 mm X% 10 mm confirm that an increase of the co-solvent
content to a ratio of 70/30 improves the film quality at lower film thicknesses (170 nm).

It can be concluded that for an increased film size an increased content of the high
boiling solvent leads to an improved control over the film formation. It is noticeable that not
only thinner films can be prepared but also an improved film formation is observed. Hence,
the approach of increasing the boiling point of the applied solvent represents a good

alternative to reveal thinner as well as larger thin films with a homogeneous film formation.

In order to improve the drying pattern, an increase of the printing velocity could
reduce the observed line formation when large film sizes or low high boiling point contents
are used. Since a single printed drop dries within a few seconds a large printing velocity is
preferred. For a print head velocity of 1 mm/s the droplets show a good merging within the
line but adjacent lines are not able to coalesce (Figure 4.3a). In contrast, a printing velocity of
30 mm/s reveals an inaccurate droplet positioning due to a high air flow caused by the high
printing speed (Figure 4.3b). In order to ensure a fast but accurate printing, a velocity of

20 mm/s was found as an optimal printing speed (Figure 4.3c).
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Figure 4.3 Optical profiler images of inkjet printed films using toluene/o-DCB (90/10) and
printing velocities of 1 mm/s (a), 30 mm/s (b) and 20 mm/s (c).
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5 THIN-FILM OPTIMIZATION BY SELECTIVE MODIFICATION OF THE SOLVENT SYSTEM

5 Thin-film optimization by selective modification of the solvent

system

Parts of this chapter have been published: 2) A. Teichler, J. Perelaer, U. S. Schubert, Macromol.
Chem. Phys. 2013, 214, 547-555.

A systematic investigation of the effect of the solvent’s boiling point to the film
quality was investigated for polymer 1, using solvents with systematically varied boiling
points (Table 5.1). In order to evaluate relationships between ink properties and film
homogeneity, the inks were printed and surface topographies as well as surface roughnesses
were measured by using interferometry techniques. The film thicknesses and surface
roughnesses R, for the main solvents toluene, p-xylene and 1,3,5-TMB are summarized in
Table 5.1.

A significant influence of the co-solvent’s boiling point to the resulting film
homogeneity was observed. For toluene as a main solvent it was found that a co-solvent with
a low boiling point, like ethylbenzene (bp 136 °C), is not suitable for a smooth film formation
(surface roughness R, 96.2%). The small boiling point difference between the two solvents
caused the deposited material to dry too quickly, which resulted in non-homogeneous films
(Figure 5.1a). When using this solvent system and a wide range of dot spacings, i.e. with a
varied amount of deposited material, no continuous films were formed. Instead, individual
lines were observed for all dot spacings, suggesting that the characteristic line-by-line
deposition of inkjet printing takes too long to create a continuous film.

When using a solvent system with a higher boiling co-solvent, for example
pentylbenzene (bp 205 °C), continuous films with improved film formation qualities were
observed with a surface roughness R, of 24% of the film thickness (Figure 5.1b). A dot
spacing of 130 um represents the optimum amount of deposited material (Figure 5.1b,
middle); a lower dot spacing (80 um) leads to irregularities due to too much deposited ink
(Figure 5.1b, left), whereas higher dot spacings (180 um) lead to the formation of lines and to

an increased surface roughness (Figure 5.1b, right).
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Table 5.1 Film properties of 1 inkjet printed from solvent systems with different boiling
points (4 mg/mL).

Boiling point  Film thickness Surface roughness R,

Solvent system (90/10) °C] (nm] [nm] [%]
toluene/ethylbenzene 110/136 105 101 96.2
toluene/o-xylene 110/144 85 81 95.3
toluene/iso-propylbenzene 110/153 70 58 82.9
toluene/propylbenzene 110/159 80 51 63.8
toluene/1,3,5-TMB 110/165 80 55 68.8
toluene/1,2,4-TMB 110/170 75 35 46.7
toluene/1,2,3-TMB 110/176 75 31 41.3
toluene/butylbenzene 110/183 70 23 32.9
toluene/pentylbenzene 110/205 75 18 24.0
toluene/hexylbenzene 110/226 70 25 35.7
toluene/octylbenzene 110/261 65 28 43.1
toluene/nonylbenzene 110/282 60 32 533
toluene/decylbenzene 110/293 55 24 43.6
p-xylene/propylbenzene 138/159 100 78 78.0
p-xylene/1,3,5-TMB 138/165 100 62 62.0
p-xylene/1,2,4-TMB 138/170 90 59 65.6
p-xylene/1,2,3-TMB 138/176 85 24 28.2
p-xylene/butylbenzene 138/183 100 24 24.0
p-xylene/pentylbenzene 138/205 95 12 12.6
p-xylene/hexylbenzene 138/226 80 10 12.5
p-xylene/octylbenzene 138/261 70 15 21.4
p-xylene/nonylbenzene 138/282 80 19 23.8
p-xylene/decylbenzene 138/293 80 23 28.8
1,3,5-TMB/butylbenzene 165/183 90 36 40.0
1,3,5-TMB/pentylbenzene 165/205 90 17 18.9
1,3,5-TMB/hexylbenzene 165/226 90 12 13.3
1,3,5-TMB/octylbenzene 165/261 85 5 5.9

1,3,5-TMB/nonylbenzene 165/282 90 9 10.0
1,3,5-TMB/decylbenzene 165/293 80 8 10.0
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Figure 5.1 Optical profiler images of inkjet printed films of polymer 1 (4 mg/mL) using
toluene as main solvent and as co-solvent ethylbenzene (a), pentylbenzene (b) and
octylbenzene (¢) in a ratio of 90/10.

261°C

With a further increase of the co-solvent’s boiling point the surface roughness
increases using a co-solvent with a boiling point >226 °C (Figure 5.1c, Table 5.1). In this
case, the drying takes too long and the material forms an irregular film surface, which is due
to multiple drying steps that lead to a ring-like pattern or to the formation of lines (Figure

5.1¢).

In order to confirm the results found for toluene, two other main solvents, p-xylene
and 1,3,5-TMB, were investigated. For p-xylene the co-solvent hexylbenzene with a boiling
point of 226 °C was found to result in the best film quality with a surface roughness R, of
10 nm (12.5%, Table 5.1). For 1,3,5-TMB the co-solvent octylbenzene (bp 261 °C) revealed
best film formation properties with a surface roughness R, of 5 nm (6%, Table 5.1). For lower

or higher boiling point solvents, increased surface roughnesses were again observed.
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When comparing the three main solvents, it was found that the boiling point difference
between the main and the co-solvent has a crucial effect on the film formation quality. Figure
5.2 shows that an optimal boiling point difference between main and co-solvent exists, which
ensures the lowest surface roughness. As found here, the most favorable boiling point
difference is between 90 and 100 °C. In addition, Figure 5.2 reveals that an increased boiling
point of the main solvent (toluene < p-xylene < 1,3,5-TMB) results in lower surface
roughnesses even if there is only a smaller difference in boiling point between the main
solvent and the co-solvent. Therefore, a higher boiling main solvent tolerates a broader range
of boiling point differences for a good film formation. In this study the solvent system 1,3,5-
trimethylbenzene/octylbenzene represents the best solvent system with an optimal film

formation and the smallest roughness for 1 (R, =5 nm).
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Figure 5.2 Surface roughness R, vs. boiling point difference between main and co-solvent for
inkjet printed films of polymer 1 (4 mg/mL). The ratio main/co-solvent is 90/10 v/v.

To identify the potential of the newly found solvent system, the solvent systems
toluene/ortho-dichlorobenzene (0-DCB) and chlorobenzene/o-DCB, which are frequently
used in other reports, were investigated.”*! Both solvent systems revealed a surface
roughness R, of >25 nm and a decreased film homogeneity in comparison to the solvent
system 1,3,5-TMB/octylbenzene. Hence, the latter solvent system represents a significant

improvement for a smooth film formation by means of inkjet printing.
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To proof, if the new solvent system is also suitable for other classes of mn-conjugated
polymers, the P(DPP-co-BTD-co-F) 4 and the PPV 11 were tested concerning their film
formation characteristics using 1,3,5-TMB/octylbenzene as solvent system. The investigations
showed that the solvent system is suitable to reach surface roughnesses R, of 6 nm and 8§ nm
for 4 and 11, respectively. It is therefore believed that for the applicability of a certain solvent
system in the inkjet printing process, the solubility of the polymer is the most critical issue.

All polymers revealed a good solubility, due to side-chains attached to the polymer backbone.

As a conclusion, it was shown that the choice of solvent system is crucial to reveal
homogeneous layers as well as applicable film thicknesses. Both film properties can be tuned
by the solvent’s boiling points as well as the solvent system ratio. A good alternative to
change the concentration of an ink in order to reveal thinner as well as more homogeneous
films is the approach of increasing the boiling point of the ink by:

1) the choice of the main solvent;
i1) the choice of the co-solvent;

iii)  the main solvent/co-solvent ratio.

The optimization of inkjet printed thin films is dependent on a variety of parameters
that need to be screened systematically. Factors of influence are mainly determined by the
drying speed and the amount of deposited material. To tune the quality of inkjet printed films,
the solvent/solvent system, concentration, dot spacing and substrate temperature need to be
chosen carefully. Figure 5.3 depicts an overview of the most important parameters, which
reveal an influence to the quality of inkjet printed films. The optical profiler images show
how each parameter affects the film formation. In order to optimize the thin-film formation, a
balance needs to be found between the influences of each parameter. However, other
parameters like the surface tension and the viscosity of the solvent system do not show a
significant effect to the observed film formation properties in the investigated range.

Since the parameters affect each other and cannot be studied individually the findings
here stress the importance of a combinatorial screening of film properties for varying ink
characteristics. Moreover, optimal processing parameters cannot be easily predicted by a
simple investigation of selected ink properties; a systematic investigation of materials,
processing conditions as well as resulting film properties is required. By using inkjet printing,

this process can be performed in a fast and simple manner with small amounts of materials.
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Figure 5.3 Overview of the most important parameters that influence the quality of inkjet
printed films, including optimization pathways for a homogeneous film formation.
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6 Screening of m-conjugated polymers for organic photovoltaics

Parts of this chapter have been published/will be published: 3) A. Teichler, J. Perelaer, F. Kretschmer,
M. D. Hager, U. S. Schubert, Macromol. Chem. Phys. 2013, 214, 664-672. 5) A. Teichler, S. Holzer, J.
Nowotny, J. Perelaer, S. Hoeppener, F. Kretschmer, C. Bader, M. D. Hager, U. S. Schubert, ACS
Comb. Sci., accepted.

A well investigated polymer for OPV applications is poly(3-hexylthiophene) (P3HT).
Currently, power conversion efficiencies of up to 5% have been reported using this
polymer.!"*! However, polythiophenes are limited in their photon harvesting properties since
their absorption does not match the maximum photon flux of the solar spectrum.”*! Improved
photon harvesting characteristics are obtained by donor-acceptor polymers that consist of
multiple building units that match different absorption regions of the solar spectrum.”® Well-
known building units for such polymers are, for example, diketopyrrolopyrrole (DPP),
benzothiadiazole (BTD) and fluorene (F). The beneficial properties, including the narrow

71 900d photovoltaic properties of BTDP® and easy tailoring

bandgap of the DPP moiety,
characteristics of F,*” can be combined into a single donor-acceptor polymer. Such polymers
reveal a low bandgap and favorable optical properties such as a broad absorption up to
750 nm.[*”

A polymer library that consists of a new polymer class, poly(diketopyrrolopyrrole-co-
benzothiadiazole-co-fluorene) (P(DPP-co-BTD-co-F)), with varying amounts of the DPP and
BTD moieties, was investigated systematically using inkjet printing. The effect of polymer
composition, different solvents and solvent systems to the optical properties of inkjet printed
films was studied.

Figure 6.1 represents the chemical structure of the P(DPP-co-BTD-co-F) library
including their composition. A detailed representation of the polymer characteristics (M,
PDI) can be found in Table 3.2. Furthermore, an image of an inkjet printed polymer library is
depicted, wherein the polymer composition and the effect of the applied dot spacing were

screened on a single substrate.
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Figure 6.1 Overview of the composition of the P(DPP-co-BTD-co-F) library. Image of the
inkjet printed polymers 2-9 in dependence of the dot spacing.

In Chapter 4 the film formation of this polymer library was presented for polymer 4.
However, not only the homogeneity of the printed films determine the quality of the final
organic devices, but also the optical properties of the films. First of all, the effect of the three
different solvent systems toluene/o-DCB, CB/o-DCB and o-xylene/o-DCB (with a solvent
ratio of 90/10) to the absorption and emission characteristics of inkjet printed films of
polymer 4 was investigated (Figure 6.2). It can be seen that the use of the solvent system
toluene/o-DCB results in the best properties: the intensity of the absorption bands at 530 nm
and 660 nm for toluene/o-DCB is significantly increased (compared to the short wavelength
absorption at 350 nm) in comparison to the other two solvent systems. In particular, an
increased absorption at higher wavelengths is preferred for the application in OPVs.!®!! The
emission band at 694 nm is observed for all three solvent systems. The shoulder at 750 nm,
which represents an indication for interactions between the polymer chains, is independent on
the choice of solvent system. The absorption and emission spectra shown in Figure 6.2a
represent the optical characteristics of inkjet printed films by using an identical dot spacing
(140 um), which results for all three solvent systems in different film thicknesses: 155 nm for
toluene/o-DCB, 120 nm for CB/o-DCB and 100 nm for o-xylene/o-DCB. For the first two

solvent systems, the applied dot spacing represents the best film formation, whereas for the
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latter one, an optimal film formation could not be revealed at any dot spacing due to a strong
agglomeration, i.e. the films have a higher surface roughness. The absorption of a =-
conjugated polymer is dependent on the dot spacing, i.e. film thickness (Figure 6.2b). For
polymer 4 an increase in intensity with decreasing dot spacing is revealed and the absorption
peaks at 600 nm and 660 nm are more pronounced. Therefore, the optimal processing
conditions, such as the dot spacing and the solvent system, reveal an influence on the optical

properties of m-conjugated polymer films.
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Figure 6.2 Optical properties of polymer 4 by using different solvent systems (a) as well as
different dot spacings (b).

Since the drying time of a wet m-conjugated polymer film strongly influences the
absorption behavior of the dried film, the influence of the toluene/o-DCB ratio was
investigated for polymer 3 (Figure 6.3). A higher 0-DCB content, which leads to a longer
drying time, revealed only a slight increase of the absorption intensity at 540 nm and 660 nm
for the ratios 70/30 and 50/50. The emission characteristics are equal for the three solvent

ratios. Therefore, the change of the solvent system ratio has only a minor influence.
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Figure 6.3 Optical properties of inkjet printed films of polymer 3 by using different solvent
ratios.
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The absorption and emission characteristics of all eight P(DPP-co-BTD-co-F)
polymers 2 to 9 in solution and as inkjet printed films are depicted in Figure 6.4 and
summarized in Table 6.1. Polymer 2, which exhibits only the building units F and BTD, has
in solution two absorption peaks at 350 nm and 510 nm. By incorporating a DPP unit, the
polymer absorption exhibits two more peaks at approximately 590 nm and 640 nm. With
increased DPP content the intensity of the absorption peak at 640 nm increases and red-shifts
to 655 nm. At the same time, since the BTD-content is decreasing, the absorption peak at
around 510 nm decreases. As a result of the red-shifted absorption with increasing DPP-
content, the optical bandgap of the polymers decreases from 2.12 eV for polymer 2 to 1.80 eV
for polymer 9. In the inkjet printed films, the polymers show a clear red-shift in absorption
(~9 to 18 nm) in comparison to their solutions, which is attributed to a further planarization of
the polymer backbone in the films.'*! As a result, the optical bandgaps of the polymers in the
films are reduced: from 1.98 eV for 2 to 1.70 eV for 9. As for the absorption, the emission of
the polymer library depends on the polymer composition. Polymer 2 reveals a single emission
peak at 640 nm in solution, which is shifted to 662 nm in the film. With increasing DPP
content the main emission peak with a high wavelength-shoulder is located at 660 nm,
shifting to 676 nm. In the film, the emission is clearly red-shifted by 20 to 36 nm and the

intensity of the higher wavelength shoulder is increased with increasing DPP content.
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Figure 6.4 Absorption (a,c) and emission (b,d) spectra of polymers 2 to 9 in solution (a,b)
and as inkjet printed films (¢,d).
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Table 6.1 Absorption and emission characteristics of polymers 2-9 in solution and as inkjet
printed films.

Aabs, sol. APL, sol. Eg 5o Aabs, film APL, film Eq fim
Polymer | “fuml  [om] [Vl | [nm]  [om] [eV]
2 507 639 2.12 525 662 1.98
3 637 662 1.82 650 682 1.78
4 643 667 1.82 656 694 1.80
5 647 670 1.81 659 698 1.75
6 651 675 1.81 660 700 1.75
7 652 676 1.81 666 700 1.74
8 653 676 1.81 667 702 1.70
9 655 676 1.80 668 704 1.68

A straight forward approach to increase the absorption range of an inkjet printed
polymer film is blending of two polymers with different absorption behaviors. Improved

performances of organic solar cell devices have been reported in literature by using a ternary

[63.,64] [65]

active layer of polymer/polymer/fullerene or polymer/small molecule/fullerene.
Thereby, the fullerene derivatives act as electron acceptor and the polymer as electron donor.

In order to optimize the absorption of the active layer materials, the blend system
consisting of poly(3-octylthiophene) (P30T) 1 and P(DPP-co-F) 9 was investigated according
to film formation and optical behavior.

Figure 6.5a shows the absorption spectra for the mixtures of 1 and 9 in solution. The
peak at around 450 nm is assigned to 1 and the peaks at 376 nm, 430 nm, 608 nm and 660 nm
to 9, respectively. After inkjet printing (Figure 6.5b), the UV-Vis spectra show a significant
broadening in the region of 650 to 750 nm, by adding a small fraction of 9, leading to an
overall absorption range between 350 nm and 750 nm. The absorption peaks of the film are in
comparison to the solution behavior more structured as well as red-shifted. The blend ratio 1/9
60/40 shows the broadest and most intense absorption of the investigated blends. Hence, this
ratio was used for further investigations.

The absorption spectrum of 1 in the solid state is characterized by polythiophene
interchain interactions that lead to a more ordered phase of the polymer and, hence, to a lower
bandgap. It is worth notable that the specific P30T interchain interaction in the solid state
(550 nm, 610 nm) is still observed when mixed with 9. Thus, it can be assumed that the

addition of 9 does not interrupt the formation of highly ordered thiophene crystals.
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Figure 6.5 Absorption spectra of binary 1/9 mixture in solution (a) and as inkjet printed films
(b). Absorption (¢) and normalized emission intensity (d) of inkjet printed films of the ternary
blends (1/9)/PCBM with a 1/9 ratio of 60/40.

Ternary blends were prepared from the 1/9 60/40 mixtures by adding mono(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]Cs; (PCBM) as electron-accepting unit, which is
commonly used in active layers of organic solar cells.” The polymer blend/PCBM ratios of
1/1, 1/2, 1/3 and 1/4 were inkjet printed and investigated according to their film formation
behavior and optical properties. The absorption spectra of the polymer blend 1/9 60/40 in the
mixture with different amounts of PCBM are shown in Figure 6.5c. The intensity of the
absorption peak at 320 nm is increasing with higher PCBM contents. The polymer absorption
peaks reveal a slight blue shift upon addition of PCBM.

A quick indication of effective mixing and charge separation within the active layer
can be given by measuring the photoluminescence quenching of the ternary blends. A high
quenching of the emission was found for all investigated (1/9)/PCBM blends. The maximum
quenching was observed for a ratio of (1/9)/PCBM (40/60)/300 (Figure 6.5d), indicating an

appropriate charge transfer in the blend film.
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However, the morphology affects the charge transport through the active layer
significantly and is crucial for an evaluation of applicable polymer/fullerene blends or active

51 For this purpose, atomic force microscopy (AFM)

layer preparation conditions for OPVs.
measurements were performed on selected blends. For the binary polymer/fullerene blends
1/PCBM 1/1 (Figure 6.6a,d) and 9/PCBM 1/3 (Figure 6.6b,e) smooth film surfaces with a
surface roughness R, of 1 nm are obtained. The inkjet printed film of 9/PCBM shows a good
phase separation, which is reported to be a suitable active layer morphology.[66]

1/PCBM films prepared by inkjet printing from CB/o-DCB revealed fibrillar domains
of P30T that represent a highly ordered self-organization of the chains (Figure 6.6d). The
morphology observed for the as-printed film is comparative to spin-coated films after
annealing or additive addition.*®” Post-processing annealing methods, like thermal or
solvent annealing, in order to reorganize the polythiophene chains into the preferred fibrillar
structure, which result in improved charge transport properties are reported in literature. As
shown here, P30T reveals self-organized domains in the blend with PCBM already in the as-
inkjet printed films prepared at room temperature. The reason for the differences in film
formation characteristics can be explained by the use of different film preparation techniques.
When using conditions that cause a slow film drying, e.g. by inkjet printing, the
polythiophene chains are able to form highly ordered structures during drying of the film. In
contrast, when the drying proceeds too fast, e.g. by using spin-coating, the formation of the
thermodynamically preferred crystalline polythiophene phases cannot take place.

AFM measurements of the ternary blend (1/9)/PCBM (60/40)/300 (Figure 6.6c¢,f)
reveal a smooth (surface roughness R, 1 nm) and well mixed layer morphology. The typical
main chain crystals of the P30T, which are observed in the binary 1/PCBM blend, were not
observed in the ternary blend films. This is in agreement with the findings of the absorption
spectra of the (1/9)/PCBM blend, where only weak signals, which correspond to the P3OT
interchain interactions, were found. In contrast, the band structure of 1 was observed in the
absorption spectra of the binary blend 1/9 60/40. Hence interchain interactions of 1 should
also occur in 1/9 blends. As a result, the interruption of the self-organization of P3OT is only
observed in the ternary blend film. Although improved absorption characteristics of the
ternary blend films are observed, morphological investigations reveal an un-preferred P30T
morphology in comparison to the binary 1/PCBM mixture. To answer the question whether
the successful mixing of two polymers with PCBM in a ternary blend reveals an enhanced
solar cell performance, solar cell characteristics need to be measured, which is planned for the

near future.
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Figure 6.6 AFM height (top) and phase (bottom) images of inkjet printed films of 1/PCBM
1/1 (a,d), 9/PCBM 1/3 (b,e), and (1/9)/PCBM (60/40)/300 (c.f).

Since not only optical film characteristics but also morphological properties are
important for an evaluation of promising donor/acceptor blends for solar cells, the
combinatorial screening workflow presented here can only limit the amount of samples to be
tested, but cannot provide a selection of one best donor/acceptor combination. Since
morphological investigations represent a serious bottleneck for a fast and efficient screening
procedure, the combinatorial screening workflow is of high importance, since it reduces the

amount of samples significantly.
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7 Inkjet printing towards organic light emitting diodes

Parts of this chapter have been published/will be published: 4) A. Teichler, Z. Shu, A. Wild, C. Bader,
J. Nowotny, G. Kirchner, S. Harkema, J. Perelacr, U. S. Schubert, Eur. Polym. J. 2013,
DOI:10.1016/j.eurpolymj.2013.03.031. 6) A. Wild, A. Teichler, C.-L. Ho, X.-Z. Wang, H. Zhan, F.
Schliitter, A. Winter, M. D. Hager, W.-Y. Wong, U. S. Schubert, J. Mater. Chem. C 2013, 1, 1812-
1822. 7) A. Wild, A. Teichler, C. v. d. Ehe, A. Winter, M. D. Hager, B. Yao, B. Zhang, Z. Xie, W.-Y.
Wong, U. S. Schubert, Macromol. Chem. Phys. 2013, DOI:10.1002/macp.201300003.

Besides the control of the optical properties of inkjet printed thin films by the
processing conditions, another strategy is to tailor the chemistry of the polymers. The
electroluminescence emission color of m-conjugated polymers is mainly determined by the
chromophore, which is defined by the chemical structure as well as the conjugation length of

7] The introduction of donor-acceptor dyes favors the formation of the

the polymer backbone.
energetically less stable quinoid structure, which leads to a lower energy absorption and
emission maxima. Moreover, to fine-tune the emission color, the conjugation length of the
polymer can be varied by ortho or meta connection of the monomeric units, enabling a
hypsochromic shift of the emission wavelength. In general, the tunable band gap allows the
synthesis of T-conjugated polymers with customized optical properties.!®

By the chemical tailoring, three m-conjugated polymers with red, green and blue
(RGB) emission colors are prepared for OLED applications. Different polymer structures
were utilized, including a poly(fluorene-phenylene) 10, a poly(phenylene-vinylene) (PPV) 11
and a poly(phenylene-ethynylene)-poly(phenylene-vinylene) (PPE-PPV) 12 copolymer

(Figure 7.1).

Figure 7.1 Schematic representation of the chemical structures of polymers 10, 11 and 12 as
well as photograph of the polymer inks (excited at 366 nm).
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For the fabrication of emissive layers for OLED devices by inkjet printing, the
polymers 10, 11 and 12 were dissolved in the solvent system toluene/ortho-dichlorobenzene
(0-DCB) with varying concentrations. A film thickness of approximately 80 nm is required to
achieve good light emitting efficiencies.|®” Different ink concentrations (3 to 8 mg/mL) were
tested for their film formation behavior, resulting film thickness as well as film roughness for
polymer 12. A concentration of 4 mg/mL was observed as optimal ink parameter since the
surface roughness shows a local minimum of 10 nm at a film thickness of 80 nm. The optimal
ink parameters found for polymer 12 were successfully applied to the polymers 10 and 11,
since all inks have similar fluid properties and, as a result, equal printing characteristics.
Figure 7.2 shows optical profiler images of optimized inkjet printed films of the polymers 10,
11 and 12 revealing a homogeneous film formation. For the polymers 10 and 11 a dot spacing
of 120 pm yielded a film thickness of approximately 72 nm and 80 nm, respectively.
Indicated by the cross-sections, the homogeneity of the inkjet printed films of 10 and 11 is

improved compared to polymer 12.
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Figure 7.2 Optical profiler images (left) and corresponding cross-sections (right) of thin films
inkjet printed from optimized ink and printing conditions (4 mg/mL, toluene/o-DCB 90/10):
polymer 10 (a), polymer 11 (b) and polymer 12 (¢).
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As a result, the optimized ink properties found for 12 can be easily transferred to the
other two polymers, yielding a high control over film formation even for different polymer
classes. One reason for this observation might be the high solubility of all three polymers in
the solvent system, which ensures a good printability and a stable droplet formation.

The absorption and emission spectra of the solutions and inkjet printed thin films of all
three polymers are shown in Figure 7.3 and the optical properties are summarized in Table
7.1. A printed film of polymer 10 shows two absorption peaks at 370 nm and 383 nm
revealing an optical bandgap of 3.04 eV. Photoluminescence is observed in the blue region at
413 nm with a shoulder at around 435 nm. Compared to the solution, the film exhibits two
main absorption peaks, indicating that solid state aggregation occurs.’”” Polymer 11 absorbs
in the solid state at 416 nm and emits at 504 nm with a shoulder at 536 nm. As a result,
polymer 11 has a bandgap of 2.61 eV and an emission in the green region. For polymer 12, an
absorption wavelength at 470 nm and emission wavelengths at 560 nm and 578 nm were
observed revealing an orange-red emitting polymer with a bandgap of 2.35 eV. A pronounced
shoulder at higher wavelengths could be observed in the absorption spectra of the solid state,
indicating that aggregation formation occurs during film drying. Whereas polymer 12 has in
solution a single main emission peak with a small shoulder, two emission peaks are observed
in the solid state. All three polymers reveal in the solid state a red-shifted absorption in
comparison to solution, which is more pronounced in the PPE-PPV-based polymer 12 than in

the fluorene-based polymer 10.1""
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Figure 7.3 Absorption and emission of polymers 10, 11 and 12 in solution (a) and as inkjet
printed films (b) prepared from toluene/o-DCB 90/10 (4 mg/mL).
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Table 7.1 Absorption and emission characteristics of polymers 10, 11 and 12 in solution and
as inkjet printed films.

Aabs,sot  Eg,so1  ApL, sol o Aabs, film  Eg, film APL, film Film thickness
[nm] [eV] [nm] | [nm]  [eV] [nm] [nm]
10 372 3.08 417  0.71 | 370,383 3.05 413,435(s) 72
11 408 2.77 452  0.80 416 2.58 504, 536 (s) 80
12 455 2.40 519  0.48 470 2.28 560, 578 80

OLEDs with a size of 1 mm x I mm were prepared by using the optimized printing
conditions found for each polymer. Figure 7.4a shows the output spectra of the red and green
OLED device including the optical appearance of the film homogeneity during electrical
excitation. The OLED of polymer 11 shows electroluminescence at 505 nm with a shoulder at
530 nm, which is comparable with the photoluminescence characteristics of the polymer. The
OLED of polymer 12 reveals a broad output spectrum with a maximum intensity at 585 nm.
Both polymer OLEDs show a relative good homogeneity during electrical excitation. In
contrast, the OLEDs of polymer 10 display no light output since the polymer layer is short cut
upon an increased voltage. The J-V curves of the OLEDs of polymer 11 and 12 reveal that
light is emitted at relative high voltages (> 10 V), whereas polymer 11 requires less electrical

consumption than the OLED of polymer 12 (Figure 7.4b).
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Figure 7.4 Output spectra and photographs of the (I mm % 1 mm) OLED devices using a
driving current and voltage of 5 mA and 19.8 V for polymer 11 and 5 mA and 32.1 V for
polymer 12 (a). J-V curves of the OLED devices (1 mm % 1 mm) (b) and photograph of a
20 mm x 30 mm OLED of polymer 11 (¢).

When printing the OLEDs with a size of 20 mm x 30 mm, a limitation of inkjet
printing is encountered using a single nozzle print head. As the films are prepared by a line-
by-line deposition, the size of an inkjet printed film is crucial for the drying process, since the

lines start to dry before printing of the entire film is completed. The resulting film formation
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of polymer 11 (Figure 7.4c) reveals a clear line formation, leading to a decreased film
homogeneity and emission quality. A multi-nozzle print head would decrease the preparation

time and, as a consequence, improve the film quality.

Besides RGB, white organic light emitting materials are of interest both in the
scientific and industrial communities, due to their great potential in lighting applications and
as back-lights in liquid-crystal displays. Usually, the white light results from a simultaneous
emission of red, green and blue chromophores or of two complementary colors, e.g. orange
and blue.”"! A library of Zn" bisterpyridine coordination polymers with a central dye moiety,
surrounded by thiophene donors was assembled in order to tune emission colors towards
white light emitting layers. A large number of donor-based n-conjugated bisterpyridines was
published until now, however, the reported absorption and emission maxima are most often in
the region of Aus = 400 nm and App = 450 to 470 nm, respectively.[m In contrast to metal-free
conjugated polymers, there are only a few examples of donor-acceptor-based bisterpyridines
reaching emission maxima of App > 550 nm.””! For OLED devices, however, materials
emitting in the red region (Ag ~ 650 nm) are required as well.

The systematic modification of the dye and the conjugation length in the Zn"
bisterpyridine coordination polymers enabled the tuning of the absorption and emission
maxima. The green-emitting polymer 13 (Ap. = 503 nm) and the red-emitting polymer 14
(ApL = 606 nm), both based on a 2,1,3-benzothiadiazole system, and the blue-emitting
quinoxaline-containing bisterpyridine 15 (App = 424 nm) were utilized in the inkjet printing

process (Scheme 7.1).

13 n=0
14 n=1,R=H 15

Scheme 7.1 Schematic representation of the chemical structures of Zn" bisterpyridine
polymers.

In order to avoid the preparation of different mixtures of the three polymers for the
tuning of film emission color, the single colors were printed separately on top of each other.
This printing procedure represents a material-efficient as well as variable approach.’* The
assembly of statistical copolymers and thereby a homogeneous film formation was ensured by

printing a solvent layer after the last layer. The kinetic lability of the Zn" bisterpyridine

45



7 INKJET PRINTING TOWARDS ORGANIC LIGHT EMITTING DIODES

complex (t;2 < 0.1 min) in solution state allows, thereby, the reorganization and formation of
statistical copolymers within the printed films. The combinatorial, two-dimensional variation
of multiple parameters revealed that a solvent system of DMF/acetophenone (90/10), a
concentration of 5 mg/mL and a substrate temperature of 50 °C represented suitable settings
to print bisterpyridine Zn" coordination polymers..’” Using these parameters, homogeneous
films of the pure blue, green and red polymers were printed.

The amount of deposited material in the inkjet printing process can be easily varied by
the dot spacing. The films of pure polymers were printed with a dot spacing of 90 pum,
resulting in the most homogeneous film formation and a film thickness of approximately
300 nm. All other compound ratios could be realized by adjusting the dot spacing
accordingly. To enable an efficient process, the printing sequence was maintained, starting
from blue followed by green, red, and a subsequent layer of pure solvent. Figure 7.5 depicts
typical optical profiler images of the work flow for the printing of a film consisting of layers
of 15 (blue) and 14 (red) in a ratio of 80/20. After printing the bottom layer (blue, dot spacing
100 pum), the red layer was printed with a dot spacing of 200 um. Due to this high dot
spacing, the resulting film quality is very low (Figure 7.5b). However, after an additional

layer of pure solvent (dot spacing 90 um), a homogeneous film was obtained (Figure 7.5¢).

Omm 1 2 3 4 5 [ Omm 1 2 3 4 5 &

Figure 7.5 Optical profiler images after printing of (a) 15 (dot spacing 100 um), (b) 14 (dot
spacing 200 pm) and (¢) solvent (dot spacing 90 um) on top of each other.

Figure 7.6b shows a picture of the inkjet printed films, excited at Aex = 365 nm,
corresponding to the mixing triangle depicted in Figure 7.6a. The corners of this triangle
represent the pure polymers 13 (G, F12), 14 (R, A7) and 15 (B, A12), whereas the borders are
mixtures of two polymers. The six films in the middle are composed of all three polymers.
The polymer ratio was varied in 20% steps. The emission spectra of the BGR films (Figure
7.6¢) reveal tunable emission colors of the inkjet printed films. The CIE coordinates of each
column of the mixing triangle follow a line, enabling the estimation of the color of unknown

mixtures (Figure 7.6d).
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Figure 7.6 Mixing triangle (a), picture of the inkjet printed films (6 mm % 6 mm each,
Aex = 365 nm) (b), emission spectra of the inkjet printed films of BGR (¢) and the position of
the photoluminescence in the CIE space (d).

In order to prove, if homogeneous copolymers are formed, the film BGR 20/40/40 was
prepared, while using a different printing order. Additionally, the emission spectra of these
films were compared with metallo-copolymer ones of the same composition, which were
prepared beforehand and printed at once (Figure 7.7a). For that reason, i) the ink of the
homopolymers 15, 13 and 14 (20/40/40) were mixed in a closed vial and i1) a copolymer with
the respective monomer ratio was prepared analogous to the homopolymers. The emission
spectra are only slightly influenced by the printing order and also the films of the premixed
homo- and the copolymer displays similar emission behavior (Figure 7.7a). Since, inkjet
printing reveals a reproducibility value of 96 to 99% a minor variation between the emission
spectra needs to be tolerated.”®! Thereby, the concept of metallo-copolymerization by inkjet

printing was proven.
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Figure 7.7 Emission spectra of the film C10 printed in different order in comparison to

premixed polymer (film, Ax = 365 nm) (a). Emission spectrum (b) and picture (¢) of the
inkjet printed film of BGR 80/10/10 (Aex = 365 nm).

Finally, the possibility to assemble a white emitting film was investigated. According
to the CIE graph depicted in Figure 7.6d, the aimed white color is located between the films
A12 (100/0/0) and B11 (60/20/20). Therefore, a film using a polymer ratio of 80/10/10 was
printed. The respective emission spectrum (Aex = 365 nm) shows a broad emission over the
visible region with a maximum in the blue (ApL = 452 nm) and the orange/red (Ap. = 608 nm)
region (Figure 7.7b,c). The resulting CIE coordinates of x = 0.311 and y = 0.307 confirm the

white color perception.

Further investigations regarding improved processability of Zn' bisterpyridine
coordination polymers via solvent-based film preparation techniques at room temperature
triggered the introduction of polymeric side chains (poly(styrene) or poly(methacrylate)). As a
result, improved solubility in a variety of organic solvents could be observed, which leads to
an enhanced control over the film formation. Homogeneous films of the metallo-polymers
with a surface roughness < 10 nm could be produced via inkjet printing by using the solvent

system CB/oDCB 90/10.
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8 Inkjet printing of organic electrodes for radical batteries

Parts of this chapter have been published/will be published: 8) T. Janoschka, A. Teichler, A. Krieg, M
D. Hager, U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem. 2012, 50, 1395. 9) T. Janoschka, A.
Teichler, B. Haupler, T. Jahnert, M. D. Hager, U. S. Schubert, Adv. Energy Mater. 2013, DOI
10.1002/aenm.201300036.

For mobile applications, batteries need to be lightweight, flexible, thin and easily to be
produced. In this context, printing technology paves the way for the cost efficient
manufacturing of flexible batteries. While most batteries rely on metal based electrode
materials, which often show unwanted environmental issues, the rapidly evolving class of
organic radical batteries (ORB) employs organic polymers as active electrode material.l’®””!

ORB make use of an environmentally favorable polymer that carries redoxactive stable

radicals, such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), Scheme 8.1.
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Scheme 8.1 Schematic representation of the reversible redox reaction of a TEMPO radical
(top). Schematic representation of the synthesis of radical polymer poly(2,2,6,6-tetramethyl-
piperidinyloxy-4-yl methacrylate) (PTMA), oxidation, and subsequent thermal crosslinking
with a multifunctional epoxide (bottom).

(78] and doctor

Simple, solution-based processing techniques like spin-coating
blading!” are generally employed for the fabrication of ORB electrodes. The disadvantages
of such techniques are their tendency to waste much of the material as well as the inflexibility
in shape and size of the electrode layout. Advanced processing techniques such as inkjet
printing can greatly improve the manufacturing of organic radical battery electrodes.

For the electrode design, the polymer needs to be highly soluble in solvents, which are

suitable for the inkjet printing process. On the other hand, the polymer has to be insoluble in
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the electrolyte solution (e.g., organic carbonates) employed in the assembled device.
Electroactive radical polymers are processable via inkjet printing, if the requirement in good
solubility, i.e., a low molar mass is given. In order to avoid the solubility of the polymer film
in the electrolyte solution, the inkjet printed film needs to be crosslinked afterwards.
Therefore, a simple crosslinking approach was applied.

The TEMPO radical based polymer poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl
methacrylate) (PTMA), is commonly prepared from the monomer 2,2,6,6-tetramethyl-
piperidin-4-yl methacrylate by free radical polymerization and subsequent oxidation of amine
bearing pre-polymer in order to form the redoxactive TEMPO radical polymer. If the
oxidation step by hydrogen peroxide®™ is incomplete a co-polymer is obtained (Scheme 8.1).
The amino moieties, which are not oxidized to the nitroxide radicals, can therefore be used for
further functionalization or crosslinking. Multifunctional epoxides (Scheme 8.1) were chosen
as crosslinking agent. Since the polymer shows good thermal stability (7, = 160 °C), the
crosslinking could easily be initiated by thermal treatment.

For ORB-electrodes, the ink has to contain besides the electroactive polymer a
conductive additive as well. Additives, such as graphite!®'! are commonly used in literature.
For inkjet printing, these materials proved to be unsuitable, as they cause clogging of the
printing nozzle (inner diameter 70 um). Carbon nanopowder, a material of much lower
particle size (< 50 nm), was found to be suitable in the inkjet printing process.

PTMA is well soluble in many solvents, including dichloromethane, toluene, N,N-di-
methylformamid (DMF), o-DCB, and N-methyl-2-pyrrolidone (NMP). Several combinations
of these solvents were tested, whereas DMF was found to be most suitable, because it not
only dissolves PTMA but also forms stable dispersions of the carbon nanopowder. Since
inkjet printing from a single solvent causes the preferential accumulation of the ink material at
the rim of a dried film, a co-solvent (NMP) in a content of 10 vol.% was added to the ink. As
a result, the material is homogeneously distributed all over the film. Besides the active
polymer and the conductive additive the crosslinking agent is the most important component
of the ink. To ensure a high degree of crosslinking tetraphenylolethane glycidyl ether was
chosen, as it can react with up to four amine units. As films inkjet printed from the described
ink caused the formation of brittle films, which peel off in the electrolyte solution, a
plasticizer (ethylenecarbonate (EC)) was used. Upon addition of EC to the prescribed ink in

an amount of 5 vol.%, a homogeneous and stable film was formed.
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In order to study the stability of the inkjet printed electrodes, half-cells were built and
charged/discharged repeatedly. The experiments were carried out in a temperature controlled
cell at 30 °C employing a three electrode setup (Ag/AgCl reference electrode, platinum
counter electrode, printed working electrode).

Inks that did not contain a crosslinking agent revealed a fast decrease in charge storage
capacity. After only two cycles no active polymer was left. The stability of the electrode was
enhanced by crosslinking the electrode using the optimized procedure described above. About
75% of the initial capacity was retained after 150 charging/discharging cycles (Figure 8.1).
The decline can be attributed to a slow degradation of the electrode due to active polymer
being washed out of the polymer composite. Increasing the amount of epoxide-crosslinker as
well as using PTMA with up to 40% of free amine groups (60% oxidized to form TEMPO)
did not result in a significantly improved stability. As the carbon nanopowder appears to be
hindering the crosslinking process, epoxidized carbon nanopowder was prepared by reacting
the powder with m-chloroperoxybenzoic acid.®” The epoxidized carbon can react with the
free amine groups of the PTMA polymer and act as crosslinking agent itself, covalently
linking the active polymer to the insoluble conductive additive. Thereby an increased cycling
stability was achieved (Figure 8.1). After a slight increase of the charge storage capacity
within the first cycles due to wetting/activation of the electrode the initial capacity was

retained even after 150 cycles.
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Figure 8.1 Charging/discharging curves of inkjet printed electrode (a). Optical profiler image

- -200

of an inkjet printed electrode (b).

In summary, a reactive inkjet printing strategy for the manufacturing of printed
electrodes used in organic radical batteries was developed. This technique might be of interest
for the manufacturing of patterned, flexible organic radical batteries used in battery-powered

smart cards.
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9 Summary

In order to evaluate the potential of inkjet printing as film preparation technique,
which can be employed for active layer materials in organic electronic devices, a detailed
understanding of this preparation technique is required. Drying processes and the resulting
film morphologies need to be well understood. This thesis provides an overview of
methodical investigations of ink characteristics, printing conditions and final film properties.
In particular, the possibility to integrate inkjet printing into a combinatorial screening
workflow evolves inkjet printing to a notable method for an efficient screening of new
materials for organic electronics applications like organic photovoltaics (OPVs), organic light

emitting diodes (OLEDs) and organic radical batteries (ORBs, Figure 9.1).
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Figure 9.1 Overview of the content of the chapters presented in this thesis.

Fluid characteristics like surface tension, viscosity and contact angle of m-conjugated
polymer inks are investigated, since these parameters reveal a crucial effect on the
applicability of materials in the inkjet printing process. In the investigated concentration range

(3 to 8 mg/mL) no limitations for a reproducible droplet formation were observed for the 7-
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conjugated polymers concerning the mentioned fluid characteristics. In contrast, the
processing conditions reveal a superior influence on the quality of inkjet printed films. Factors
of influence are mainly determined by the drying speed and the amount of deposited material.
To tune the quality of inkjet printed films the solvent/solvent system, concentration, dot
spacing and substrate temperature need to be chosen carefully. Optimal parameter values
range between 120 to 160 um for the dot spacing, 4 to 5 mg/mL for the concentration and
20 mm/s for the printing velocity, respectively. A critical parameter for the application of a
single nozzle print head is the film size. Uniform films could be easily prepared in dimensions
up to 8 mm x 8 mm. Using larger film sizes a line formation is observed, which is an
indication for a too fast drying before the entire film is printed. For an increased film size, a
higher content of the high boiling solvent leads to an improved control over the film
formation. Using solvent ratios of toluene/ortho-dichlorobenzene 70/30 instead of 90/10
resulted not only in thinner films, but also in lower surface roughnesses. As most important
factor, the boiling point of the applied solvent system shows a significant effect towards the
thin-film optimization. The choice of the solvent system is crucial to reveal homogeneous
layers as well as applicable film thicknesses. Both film properties can be tuned by the
solvent’s boiling points as well as the solvent system ratio. Optimal solvent parameters are the
following:

1) boiling point (bp) of the main solvent: 110 °C <bp < 170 °C;

11) boiling point of the co-solvent, i.e. difference between main and co-solvent: 90

to 100 °C;

1i1) main solvent/co-solvent ratio: 90/10 to 70/30.

With the obtained overview of film drying characteristics functional polymers were
screened with regard to their potential application in organic electronic devices. The optical
and morphological properties of a m-conjugated terpolymer library are screened, whereas
optimal processing conditions resulted in films with a broad absorption behavior between 350
and 750 nm as well as a well-segregated nano-morphology. By applying the combinatorial
screening workflow optimal compound combinations either for polymer/fullerene or
polymer/polymer/fullerene blends were revealed, which need to be tested for every single
polymer. As a consequence, best processing conditions as well as materials were discovered
for an application in OPVs. Using this approach, the immense number of potential polymers

and processing parameter could be reduced in a material- and time-efficient manner.
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Following a similar strategy, red, green and blue emitting polymers were employed in
OLEDs in order to test the potential of single materials or the assembly of a white emitting
layer. Finally, polymers containing organic radical moieties were investigated with regard to
the development of environmentally friendly electrode materials for ORBs. A reactive inkjet

printing approach was developed in order to produce stable electrode films.

The overview of film-quality-influencing parameters using inkjet printing provided in
this work leads to an improved understanding of the effect of single ink or processing
parameters to the final film properties and stress the importance of a combinatorial screening
approach. As a result, inkjet printing can bridge the gap between polymer synthesis and solid-
state property evaluation, since the technique opens the way to an automatic preparation of
thin-film libraries of polymers, blends and composites with a systematic variation of
parameters, such as chemical composition or thickness. Up to now, it was not possible to
build high-efficient organic electronic devices from the optimized materials and the developed
processing conditions due to the limited applicability of film sizes using a single-nozzle print
head. Therefore, future challenges include the transfer of the gained knowledge to other inkjet
printing systems and materials, in order to apply inkjet printing in an industry-relevant roll-to-

roll process.
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10 ZUSAMMENFASSUNG

10 Zusammenfassung

Um das Potential des Tintenstrahldrucks als Filmpréparationsmethode zu beurteilen,
welche fiir den Schichtaufbau von aktiven Polymeren in der organischen Elektronik zur
Anwendung kommt, ist ein detailliertes Verstindnis dieser Filmpriaparationsmethode
notwendig. Trocknungsprozesse und die resultierenden Filmmorphologien miissen verstanden
werden. Die vorliegende Arbeit bietet einen Uberblick iiber systematische Untersuchungen
und Beziehungen von Tinteneigenschaften, Prozessbedingungen und Filmcharakteristika.
Durch den Einsatz des Tintenstrahldrucks in einen kombinatorischen Arbeitsablauf verfiigt
diese Methode tiber entscheidende Vorteile gegeniiber anderen Filmpréparationsmethoden
hinsichtlich effizienten Priifens neuer Materialien fiir die organische Elektronik, wie
organische Solarzellen, organische Leuchtdioden und organische Radikalbatterien (Abbildung

10.1).
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Abbildung 10.1 Uberblick iiber die Inhalte der Kapitel dieser Arbeit.

57



10 ZUSAMMENFASSUNG

Die Eigenschaften der Polymertinten wie Oberflichenspannungen, Viskosititen und
Kontaktwinkel wurden untersucht, da diese Parameter die Eignung von Materialien fiir das
Tintenstrahldrucken entscheidend bestimmen. Im untersuchten Konzentrationsbereich (3 bis
8 mg/mL) wurden keine Einschrinkungen in der Verarbeitbarkeit der untersuchten -
konjugierten Polymere aufgrund instabiler Tropfenbildung beobachtet. Anders als die
Tinteneigenschaften zeigten die Prozessparameter einen entscheidenden Einfluss auf die
Qualitédt der gedruckten Schichten. Einflussfaktoren sind hauptsédchlich einhergehend mit der
Trocknungsgeschwindigkeit der gedruckten Filme sowie die Menge an aufgebrachtem
Material. Um die Homogenitdt der hergestellten Schichten zu verbessern miissen das Lo-
sungsmittel/Losungsmittelsystem, die Konzentration, der Tropfenabstand sowie die Substrat-
temperatur systematisch ausgewéhlt werden. Optimale Werte der Verarbeitungsparameter
liegen zwischen 120 und 160 pum fiir den Tropfenabstand, 4 bis 5 mg/mL fiir die
Konzentration und 20 mm/s fiir die Druckgeschwindigkeit. Ein kritischer Prozessparameter
fiir die Anwendung der Polymertinten unter Verwendung eines Ein-Diisen-Druckkopfes ist
die Filmgrofe. Homogene Schichten konnten problemlos bis zu einer GroéBe von
8 mm x 8 mm hergestellt werden. Jedoch wurde bei groeren Filmabmessungen
Linienbildung beobachtet, welche charakteristisch fiir ein zu schnelles Trocknen des
gedruckten Materials ist. Fir groBere Filme fiithrt eine Erhohung des Gehaltes an
hochsiedendem Losungsmittel im Losungsmittelgemisch zu einer Verldngerung der
Trocknungszeit und damit zur Verbesserung der Schichthomogenitidt. Bei der Nutzung eines
Losungsmittelverhdltnisses von 70/30 anstelle von 90/10 fiir das System Toluol/ortho-
Dichlorbenzol konnte eine hohere Kontrolle iiber den Trocknungsprozess der gedruckten
Schichten erreicht werden. Nicht nur die Oberflichenrauigkeit konnte verringert werden,
sondern auch diinnere Schichten konnten durch die Anwendung hohere Tropfenabstinde
hergestellt werden. Wichtigster Einflussfaktor fiir die Kontrolle und Optimierung der
Filmbildung mittels Tintenstrahldruckens ist somit der Verdampfungspunkt des Ldsungs-
mittels. Die Wahl des Losungsmittels bestimmt sowohl die Homogenitét als auch die Dicke
der Schichten und stellt somit das wichtigste Kriterium fir die Anwendung der Filme in
organischen Elektronikbauteilen dar. Der Verdampfungspunkt der Tinte kann im
Druckprozess kontrolliert werden durch:

- Verdampfungspunkt (Kp) des Hauptlosungsmittels: 110 °C <Kp <170 °C;
- Verdampfungspunkt des Co-Losungsmittels, i.e. Differenz zwischen Haupt- und Co-

Losungsmittel: 90 bis 100 °C;

- Verhiltnis zwischen Haupt- und Co-Losungsmittel: 90/10 bis 70/30.
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Mit dem erhaltenen Wissen iiber wichtige Einflussfaktoren fiir eine homogene
Filmpraparation konnten funktionelle Polymere hinsichtlich ihrer potentiellen Anwendung in
organischen Elektronikbauteilen untersucht werden. Die optischen als auch morphologischen
Eigenschaften einer n-konjugierten Terpolymerbibliothek wurden erforscht. Optimale
Prozessbedingungen resultierten dabei in Schichten hoher Homogenitdt mit einem breiten
Absorptionsspektrum zwischen 350 und 750 nm. Durch die Herstellung und Untersuchung
der Schichten konnten mittels des kombinatorischen Arbeitsablaufes auch bindre
Polymer/Fulleren sowie terndre Polymer/Polymer/Fulleren Mischungen hinsichtlich ihrer
filmbildenden Eigenschaften und ihres Absorptionsverhaltens untersucht werden. Somit
konnten mittels Tintenstrahldruckens verbesserte Prozessbedingungen fiir organische
Solarzellen sowie neue potentielle Materialien systematisch und effizient untersucht sowie
evaluiert werden. Mit Hilfe dieser Methode wurden ebenfalls rot-, blau- und griin-
emittierende Polymere fiir die Anwendung in organischen Leuchtdioden hinsichtlich ihrer
Verwendung als Einzelmaterial oder als weiBlicht-emittierende Schicht untersucht.
Letztendlich wurden Polymere, die organische Radikaleinheiten tragen, im Druckprozess
angewendet und somit ihre Prozessierbarkeit als umweltfreundliche Elektroden fiir organische
Radikalbatterien bewiesen. Stabile Elektroden konnten so durch reaktives Tintenstrahldrucken

hergestellt werden.

Diese Arbeit bietet einen Uberblick iiber die wesentlichen Parameter, die die
Filmbildung mittels des Tintenstrahldrucks beeinflussen. Somit kann der Einfluss
verschiedener Tinten- als auch Prozesseigenschaften auf die resultierenden Filmeigenschaften
besser verstanden und auf neue Materialien angewendet werden. Zudem wird der Vorteil
eines kombinatorischen Arbeitsprozesses durch zeit- und materialeffizientes Arbeiten
deutlich. Die Herstellung von Dinnschicht-Bibliotheken von Polymeren und Mischungen
mittels  systematischer Variation von chemischen Material- oder resultierenden
Filmeigenschaften schlie3t die Liicke zwischen Polymersynthese und der Untersuchung der
Schichteigenschaften. Leider war es bisher nicht moglich, hocheffiziente organische
Elektronikbauteile unter Verwendung der optimierten Material- sowie Prozesseigenschaften
herzustellen, da die genutzten Instrumente mit nur einer Diise nur fiir kleine Filmdimensionen
anwendbar ist. Deshalb miissen sich zukiinftige Untersuchungen auf die Anwendung des
erworbenen Wissens iiber den Druckprozess auf industrierelevante Rolle-zu-Rolle-Methoden

beziehen.
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Inkjet printing of organic electronics — comparison of
deposition techniques and state-of-the-art
developments

Anke Teichler,?*¢ Jolke Perelaer®®® and Ulrich S. Schubert*@°°

Inkjet printing represents a solution dispensing technique that is characterized by its non-contact, material-
efficient and reproducible processing. This critical review discusses the use of inkjet printing for organic
electronics with a focus on the applicability as well as the drying behavior. The nascent inkjet printing
technique is compared to commonly used solution deposition methods, like spin-coating and doctor
blading. Basic drying principles of inkjet printed features are understood and fundamental correlations
between processing properties and film characteristics can be drawn. It is, however, a long way to gain
a full understanding of the complete drying process, since the process conditions as well as the ink
properties correlate in a complex relation with the final device properties. Nevertheless, inkjet printing
has the potential to evolve as one of the most promising film preparation techniques in the future and
has already been applied successfully in combinatorial screening workflows and for the preparation of

www.rsc.org/MaterialsC organic solar cell devices.

1 Introduction

For the preparation of conventional inorganic electronics,
vacuum and photolithography techniques are used for a roll-to-
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roll (R2R) processing, which are cost-intensive and rather rigid
processing methods. The introduction of a digital, non-contact
and mask-less solution processing technique at R2R velocity
would significantly reduce the total costs for the production of
(organic) electronic devices.* In the field of organic electronics,
applicable fabrication processes benefit from the solubility of
the organic conductors, e.g. conjugated polymers or small
molecules, in organic solvents.> An enhanced solubility of the
conjugated polymers is obtained by attaching side chains to the
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polymer backbone. This enables a cost-effective processing via
solution deposition methods, although the molecular pack-
aging of the polymers may be affected by the addition of bulky
side chains.®* On account of this, the chemical tailoring of
polymers shows an influence on the polymer characteristics,
including charge carrier mobilities as well as morphological
and optical properties of the processed films.* In addition, the
application of various processing conditions can influence the
film characteristics, including the thickness, the homogeneity
and the optical behavior. Therefore, each preparation method
requires an optimization of the processing parameters with the
focus on the application of the processed layers.

The efforts and challenges of optimizing the applied solution
deposition techniques to be addressed in the field of organic
electronics are of particular interest for organic photovoltaics
(OPVs). This research area shows the potential of specific film
formation techniques for an efficient and reliable processing.
On the other hand, however, also challenges arise that need to
be solved, including the drying mechanisms and film formation
characteristics. Since not only surface characteristics of the
deposited films can be tuned by different applied solution and
processing conditions, but also an optimized nano-morphology
of the active layer is of importance; OPVs represent the signifi-
cance of optimized preparation settings. Organic solar cells can
be classified by their active layer architecture as layered or bulk
heterojunction solar cells, where the donor (e.g. polymer) and
acceptor (e.g. fullerene derivative) materials are either deposited
as separate layers or from a mixture as one layer, respectively.®
The latter architecture is favored due to an improved charge
generation assigned to an increased contact area when the
donor and acceptor materials are mixed. For the preparation of
bulk heterojunction organic solar cells the nano-morphology,
which is strongly dependent on different applied processing
methods and conditions, is crucial. As a consequence, the
discussion on the drying properties and the thin film optimi-
zation is represented here using the example of OPVs.

Krebs pointed out that for further developments of organic
solar cells it is necessary to evaluate besides the efficiency
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values, also the long-term device stability as well as the pro-
cessing techniques.® All three aspects need to be assessed in
order to develop organic solar cells that can compete on the
current photovoltaic market (Fig. 1). In recent research, high-
efficiency values have surpassed each other, and currently the
highest reported efficiency for a single layer bulk heterojunction
solar cell is 7.4%” and for a tandem solar cell 8.6%.* Recently,
Heliatek reported an efficiency of 10.7%? for its organic tandem
solar cell, confirming that OPVs can reach efficiencies >10%"
for single layer solar cells and >15%" for tandem cells. The
advancement of efficiency over recent years was realized by
improving the properties of photoactive materials, like benzo-
dithiophene,” as well as by the development of new material
geometries, like  poly(3-hexylthiophen-2,5-diyl)  (P3HT)
nanowires."

The second factor, i.e. the importance of a long-term stability
of the organic solar cells, has not been frequently addressed by
researchers; only a few reports discuss the stability of complete
devices over a longer time period™ and the classification of
conjugated polymers according to their degradation rate.™

For the third factor, i.e. the device preparation techniques,
research is mainly focused on spin-coating, while a few groups
use other solution deposition methods, like inkjet printing or
doctor blading. The main reason is that spin-coating is char-
acterized by an easy handling and fast processing. However,
spin-coating is not able to be used in an automated fabrication
and cannot pattern a substrate selectively. Inkjet printing is, in
contrast to spin-coating, able to pattern in an automated and
variability manner.*® Inkjet printing and doctor blading reveal a
complex drying behavior of the printed features. Inkjet printing,
however, shows many advantages, like a non-contact, mask-less
and combinatorial processing, wherein hundreds of different
materials — or better ink compositions - can be screened, while
consuming little amounts of materials as well as generating
a low amount of waste. Inkjet printing has been used as an

Fig. 1 Schematic representation of the three key factors that need to be opti-
mized for a competitive development of organic solar cells for commercial
applications. Reprinted from F. C. Krebs, Fabrication and processing of polymer
solar cells: a review of printing and coating techniques, Sol. Energy Mater. Sol.
Cells, 93, 394-412, Copyright 2012, with permission from Elsevier.®
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on-demand, digital patterning as well as film forming technique
in several printed electronics applications, including organic
thin film transistors (OTFTs),'*"” organic light emitting diodes
(OLEDs)'™" and organic photovoltaics (OPVs).2*** Inkjet
printing was also used for applying light emitting quantum
dots,?* silver electrodes' and chemical sensors.?®

Besides spin-coating and inkjet printing, solution deposition
techniques, like doctor blading* and screen printing,* were
also used for the fabrication of OPVs. However, all patterning
techniques require a continuous development in order to
produce efficient devices in a reproducible R2R manner.

This contribution is divided into five sections. After an
introduction, various common solution processing techniques,
including spin-coating, doctor blading and screen printing, will
be discussed regarding their film formation characteristics. In
the next section, advantages and challenges of the inkjet
printing process will be discussed, with the focus on the
application of inkjet printed layers for organic solar cells. The
fourth section presents a direct comparison and a critical
classification of film preparation conditions and final film
properties for spin-coating, doctor blading and inkjet printing.
It is discussed that a comparison of these processing techniques
in terms of applied solvents or processing temperatures cannot
(vet) be done. Instead, inkjet printing requires different pro-
cessing conditions to yield optimal layer properties. For the
evaluation of the quality and resulting device efficiencies little
research is reported so far in the field of inkjet printing.
Therefore, a critical overview about challenges and possibilities
that will arise with the use of inkjet printing is given in the fifth
section, which evaluates inkjet printing as one of the prospec-
tive applied solution deposition techniques for organic
electronics.

2 Common solution processing techniques

Favorable techniques are characterized by low processing costs
as well as low materials consumption, but there is a clear
difference between lab scale methods and R2R processes. For
both types of processing the sizes of the final devices, the pro-
cessing speeds as well as the possibility to use flexible
substrates represent important factors. Whereas lab scale
methods are sufficient for fundamental studies, R2R processes
are required for the up-scaling of OPVs production.

In order to address advantages and disadvantages of inkjet
printing for the preparation of organic solar cells and to gain an
overview of the challenges and possibilities of this technique,
other solution deposition processes are also discussed here. A
selection of techniques will be highlighted that are frequently
reported in the current literature. Moreover, a detailed discus-
sion on the drying behavior and the film formation character-
istics will be presented. A detailed technical summary of a few
preparation methods with the main focus on R2R processes was
recently presented by Krebs.*

In the research area of organic photovoltaics the interaction
between working principles and processing conditions is not
yet fully understood. Despite the many published studies that
show improvements and new developments, the fundamental
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correlations between processing conditions and the utilized
polymers for organic solar cells are not elucidated. Once a good
process is found for a donor-acceptor, i.e. a polymer-fullerene
blend, it does not automatically imply that it will also work for
other donor-acceptor combinations in a similar way, or some-
times at all. Every polymer (class) requires therefore a special
processing and post-production treatment to perform well as a
donor material. The reason why several methods are currently
discussed in the literature is based on the fact that different
active layer materials require different processing methods and
conditions for an optimized device performance. A selection of
these processing techniques that are used as lab-scale processes
for fundamental studies, including spin-coating, doctor blading
and screen printing, will be described in the following sections
and compared to inkjet printing.

2.1 Spin-coating

Spin-coating is an often discussed processing technique in the
open literature. The reasons can be found in the ease of
handling, reproducibility and applicability of a wide variety of
materials. First of all, the process of spin-coating is character-
ized by a high simplicity and by the easy deposition of the solute
material onto a rotating substrate (Fig. 2). This technique
reveals homogeneous films in a very reproducible way with little
investments for the equipment. However, a significant disad-
vantage is the one-by-one operation of this technique. Only one
substrate can be coated at a time and it needs to be changed
manually when moving to the next substrate. Therefore, a fast
and automated processing is not possible with this technique,
which is the reason why spin-coating is not applicable for a R2R
processing. Secondly, most of the applied material (>90%) is
wasted due to the ejection of solution from the substrate during
rotation.”” Although only a little amount of material is required
for the preparation of a spin-coated film, the high waste
consumption is a clear drawback of this technique.®

During spin-coating centrifugal forces induce a strong
sheering of the coating solution. Due to a radial flow most of the
material is ejected and the film becomes thinner until equilib-
rium is reached, which is determined by the spin speed and the
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Fig.2 Schematic representation of the film preparation technique spin-coating.
Reprinted from F. C. Krebs, Fabrication and processing of polymer solar cells: a
review of printing and coating techniques, Sol. Energy Mater. Sol. Cells, 93, 394—
412, Copyright 2012, with permission from Elsevier.®
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increase in solution viscosity. The final film thickness, which
can be adjusted by the solute concentration and the applied
spin speed, is reached when the solvent is evaporated.>® The
film thickness increases with increasing concentration as well
as with decreasing spin speed. It was found that solvents with a
higher vapor pressure result in thicker films than solvents with
lower volatilities, while using the same concentration for the
coating solution.””

When applying spin-coated polymer films in electronic
devices, relationships between coating parameters and the final
device characteristics can be evaluated. For spin-coated films
these correlations are well understood for organic field-effect
transistors (OFETs), organic light emitting diodes (OLEDs) and
organic photovoltaics (OPVs).

The morphology of a spin-coated layer is, besides the pro-
cessing conditions, dependent on the solvent. It is known that
polymers in solution tend to aggregate above a certain
concentration and that this behavior is strongly influenced by
the polymer class. For example, at concentrations below 0.4%
the polymer poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) shows no aggregation, while it is highly
aggregated at concentrations >1%.”® It was discussed by Shi
et al. that the morphology of MEH-PPV films can be varied in the
region between these two concentrations for loose aggregation
(CLA) by changing the spin speed. By using low concentrations
the loose polymer chains tend to stretch due to the effective
radial flow, resulting in films that show absorption at higher
wavelengths due to an improved packing of the polymer chains
and enhanced conjugation. In contrast, when coating from
highly concentrated solutions, the radial flow is not strong
enough to break the polymer aggregates, which results in a
coiled polymer chain with a reduced conjugation and, as a
consequence, absorption at lower wavelengths is observed.?®
Subsequently, the optical and electronic properties can be
tuned by preparing thin films from solutions having the
prescribed intermediate concentration, which is also depen-
dent on the molar mass of the polymer and the solvent.

Furthermore, by screening thin film properties of spin-
coated polymer layers it was found that the emission color of
spin-coated films depends on the drying time. At lower spin
speeds and, thus, with a longer drying time, the polymer coils
are entangled and the formation of interchain species is
preferred, which leads to a red-shift as well as to additional
aggregation peaks at higher wavelengths in the emission
spectra.”®

For the investigation of field-effect mobilities of conjugated
polymers, e.g. of P3HT, in spin-coated films, it was discussed
that the boiling point of the processing solvent represents
another critical processing parameter due to the resulting
drying time of the processed films.** Whereas low-boiling
solvents lead to a drying within seconds, high-boiling solvents
increased the drying time to a few minutes, which was found to
be sufficient for the self-organization of the polymer into the
thermodynamically favored structure and for improved elec-
trical properties. As a result, the microstructure of P3HT can be
controlled by the choice of solvent, as high-boiling solvents lead
to a higher degree of P3HT crystallization. A comparison

This journal is © The Royal Society of Chemistry 2013
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between spin-coated and drop-cast films was performed by
Larsen and coworkers using the same processing solvent.”
Drop-casting resulted in higher charge carrier mobilities than
spin-coating, which was caused by the longer drying times for
drop-cast films. Hence, film morphologies as well as electrical
properties can be tuned by different drying speeds originating
from the preparation method itself.

In addition, DeLongchamp et al. investigated the orientation
of P3HT chains as a function of the spin speed. The authors
discussed the relationship between the obtained crystal struc-
ture and the drying speed at varied spin velocities. With
increased spin speed, the orientation of P3HT changes from
edge-on to plane-on orientations (Fig. 3).** Therefore, not only
the crystallinity of P3HT is affected by the drying speed, but also
the orientation distribution of the polymer chains.*

For the preparation of solution-processed active layers in
OPVs, spin-coating is currently the most frequently reported
technique in the literature to obtain thin and homogeneous
films with a well segregated film morphology. It was found for
spin-coating of P3HT/[6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) mixtures that slower drying results in improved solar
cell performances due to an increased hole-mobility of the
P3HT polymer.>® Therefore, a higher boiling solvent, for
example ortho-dichlorobenzene (0DCB), is preferred over lower
boiling solvents, like chloroform. This approach revealed
balanced charge carrier mobilities for PZHT and PCBM, leading
to a more optimized charge transport in the solar cell. Li et al.
investigated OPV performances of spin-coated P3HT/PCBM
films as a function of the drying time. Improved solar cell
characteristics were found when the films were dried very slowly
(~20 minutes) and, as a result, the external quantum efficiency
(EQE) is 65%, whereas a fast evaporation of the solvent
(~20 seconds) revealed an EQE of only 19%, resulting in power
conversion efficiencies (PCEs) of 3.5% and 1.4%, respectively
(Fig. 4).** The authors discussed that P3HT is highly ordered
due to the slow drying, showing enhanced optical as well as
charge carrier mobilities, which leads to a balanced charge
transport in the active layer.

Recently, Dang et al. studied the role of the used solvents for
spin-coating P3HT/PCBM blends. Six different solvents with
different boiling points, ranging from 61 to 214 °C, were
investigated (see Fig. 5a).** A red-shifted and strongly structured
absorption of the P3HT/PCBM layer was observed with
increasing boiling point of the processing solvent, which is
consistent with earlier reports.*® Although a rough film surface

Film surface
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Fig. 3 Schematic representation of edge-on (perpendicular) and plane-on
(parallel) orientation of P3HT onto a substrate. Reprinted with permission from Y.
Shi, J. Liu and Y. Yang, J. Appl. Phys., 2000, 87, 4254-4263. Copyright 2012,
American Institute of Physics.2®
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Fig.4 External quantum efficiencies of P3HT/PCBM films produced by slow and
fast drying processes. Reprinted with permission from Macmillan Publishers Ltd:
Nature Materials, G. Li, V. Shrotriya, J. S. Huang, Y. Yao, T. Moriarty, K. Emery and Y.
Yang, Nat. Mater., 2005, 4, 864-868, Copyright 2012.34

is observed when using solvents with a boiling point above
150 °C, a clear phase separation was observed, which led to
increased solar cell efficiencies (Fig. 5b). This study shows that
within a used processing method, the choice of the applied
solvent has a significant effect on the resulting film absorption
and morphology. Layer properties must therefore be optimized
by the correct choice of solvent as well as the processing
conditions.

Another approach for improving the morphology of an active
layer is to use a post-processing treatment. The crystalline
polymer P3HT showed enhanced chain packaging after thermal
annealing of the prepared film. Treat et al. reported highly
efficient OPVs built from P3HT/PCBM due to an increased
P3HT-crystallinty and improved photoconversion efficiencies
upon thermal treatment.** For amorphous polymers it was
recently reported that improved morphologies and efficiencies
were obtained by adding a small amount of 1,8-octanedithiol,
which has a relatively high boiling point as well as a selective
solubility for polymers and fullerenes.*”
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2.2 Doctor blading

As a second lab-scale technique, doctor blading is used for the
preparation of the active layer for organic solar cells. With this
method, a well-defined film thickness can be obtained by
moving a sharp plate at a fixed distance over the substrate to be
coated (Fig. 6). A disadvantage of this contact deposition tech-
nique is the large amount of waste that remains on the sharp
plate after processing. Doctor blading is similar to spin-coating,
in terms of cost-effectiveness and complexity, but is much
slower in terms of processing.’

For doctor blading, as well as for inkjet printing, which will
be discussed in a later section, the wetting behavior of the
coating solution is an important factor. For a good wetting,
which results in a good film formation, the surface tension of
the coating solution needs to be lower than the substrate
surface energy.*® The homogeneity of bladed films depends on
the solute concentration and the coating speed.*® Wang et al.
identified three different stages during the drying of a doctor
bladed film. After a fast evaporation step of the solvent, until a
solute content of approximately 50%, a rapid crystallization
takes place, followed by a slow evaporation and a slow
crystallization.*

Schmidt-Hansberg and coworkers investigated the optical
properties of P3HT/PCBM films prepared by doctor blading
from oDCB as a function of the drying speed. The authors
reported that a more featured and red-shifted absorption is
obtained upon a slow drying process.** At reduced coating
temperatures, a slow drying was observed for doctor bladed
P3HT/PCBM films prepared from chlorobenzene, which resul-
ted in a preferred morphology due to slower crystallization
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Fig. 6 Schematic representation of the doctor blading process.
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(a) Chemical structure and boiling points of the different solvents investigated for P3HT/PCBM spin-coated films. (b) Power conversion efficiencies of solar cells

prepared from the six different solvents as prepared (open symbols) and annealed (closed symbols). Reprinted from M. T. Dang et al., Polymeric solar cells based on
P3HT:PCBM: role of the casting solvent, Sol. Energy Mater. Sol., 95, 3408-3418, Copyright 2012, with permission from Elsevier.>
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kinetics. Despite a longer drying time, the obtained films
revealed a rough film surface. At increased temperatures, a
stronger phase separation was observed attended by a
decreasing surface roughness.”* Subsequently, improved solar
cell performances were achieved by decreasing the substrate
temperature, which resulted in a PCE of 2.1% at 15 °C.*' Other
research groups, however, obtained different results; for the
same polymer/fullerene system, but with different solvents,
including toluene and tetralin, an optimum substrate temper-
ature of 60 °C was found to reveal a high efficiency. Toluene and
tetralin resulted in a PCE of 3.8%** and 3.3%,* respectively.
Both solvents, toluene (bp 110 °C) and tetralin (bp 205 °C), have
a significant difference in their boiling points that cause
different drying speeds of the bladed films.

Therefore, it can be concluded that an optimum layer
morphology is not only dependent on the drying speed, but also
on the used solvents as well as the resulting rheological prop-
erties. These findings indicate that a prediction of best pro-
cessing parameters cannot be given at this point, and further
investigations are required to understand the influence of the
processing conditions for this particular coating technique.

Knife-over-edge coating is the R2R equivalent to doctor
blading, where the knife is stationary and the substrate is
moving during coating. By using this technique, smooth films
were obtained in a reasonable production time by transferring
the know-how obtained from doctor blading to this process.®

2.3 Screen printing

As a third technique, screen printing has been reported for the
preparation of the active layers for solar cells. This technique
forces the ink through a screen by applying pressure with a
squeegee (Fig. 7)** and results in the formation of homogeneous
films. However, large film thicknesses and long drying times are
observed. This method is highly R2R compatible by using a
rotational screen printer, but additional costs arise, for
example, when changing the printing layout, which requires a
unique screen and needs to be changed every time the layout
changes. The inks entail a high viscosity and more waste is
produced during processing; the material remains on the
screen and the squeegee after processing.

Krebs et al. showed that the R2R production of flexible
organic solar cells is possible by screen printing.* Using this
technique, the devices were able to be prepared in large scale as
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Fig. 7 Schematic representation of the film preparation technique screen
printing. Reprinted from F. C. Krebs, Fabrication and processing of polymer solar
cells: a review of printing and coating techniques, Sol. Energy Mater. Sol., 93, 394—
412, Copyright 2012, with permission from Elsevier.®
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well as under ambient conditions. Furthermore, the exclusion
of the expensive indium-tin-oxide (ITO) ensured the demon-
stration of a cost-effective and green processing.> A major
drawback of this technique is the lack of possibilities for
morphology as well as film thickness optimization, which
results in low OPV efficiencies.

3 Inkjet printing - control of features
morphology

For a detailed understanding of the preparation techniques as
well as to evaluate whether inkjet printing has the potential for
producing high-efficiency solar cells, the drying processes and
resulting film morphologies need to be well understood. This
will be further discussed in this section for inkjet printed
droplets, lines and films. The requirements and characteristics
of the droplet generation as well as the impact of the droplets on
the substrate were reviewed elsewhere.***¢ Here, the focus will
be on drying processes and the resulting film properties.

3.1 Inkjet printing characteristics

Inkjet printing represents an accurate and reproducible film
preparation technique, which relies on the formation of indi-
vidual droplets that are ejected from a nozzle. The subsequent
drop coalescence at the substrate depends on the dot spacing,
which is defined as the center-to-center distance between two
adjacent droplets, and forms the final printing patterns (Fig. 8).
The ejected sub-nanoliter droplets have a diameter approxi-
mately equal to the size of the nozzle orifice and can be slightly
adjusted by the operating conditions.*

Inkjet printing has not yet attracted as much interest as spin-
coating for the preparation of OPVs, which can be ascribed to a
more complex film preparation and drying process. For inkjet
printing, all solute parameters have a significant influence on
the preparation of the printed patterns, which makes the ink
development crucial. Important factors include the ink viscosity
and surface tension as well as the nozzle diameter. Compared to
other solution processing techniques, inkjet printing is char-
acterized by high material efficiency; only small amounts of
materials are required and only a little waste is produced. Inkjet
printing allows an instant change of the printing pattern by the
printer software. Therefore, no masks or lithography steps are
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Fig. 8 Schematic representation of variations in dot spacing, indicated by the
arrow: (a) single droplets when the dot spacing in the x- and y-direction is larger
than the droplet diameter on the substrate, (b) horizontal lines when the dot
spacing in the x-direction is reduced and (c) vertical lines for a reduced dot spacing
in the y-direction. Continuous films (d) are formed when in both x- and y-direc-
tions the dot spacings are smaller than the droplet diameter on the substrate.
Reprinted with permission from ref. 50.
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required, which decreases the processing costs significantly.
Depending on the number of operating nozzles (1 to 128 for lab
scale inkjet printers) the printing speed can be varied. By means
of inkjet printing, features with a thickness of several tens of
nanometers up to multiple tens of micrometers can be
produced in a reproducible manner.*** When using multiple
nozzles and print heads, a high speed production of thin films
can be performed. However, up to now, no reports are available
in the open literature that discuss inkjet printing as a R2R
coating technique.

For a lab scale technique, which provides fundamental
knowledge, a combinatorial screening of materials and param-
eters is crucial to assure reproducibility as well as reliability. A
large number of printing parameters influences the morphology
and homogeneity of active layers, and it is not possible to
investigate each single parameter individually and in a decent
amount of time.** Not only process-depending parameters, like
the dot spacing for inkjet printing, need to be optimized, butalso
the solvent/solute parameters, like the used solvent(s) and
concentration. Several studies report the optimization of single
parameters: concentration,®® solvent system,* blend ratio,** dot
spacing,® and substrate temperature,” but in most cases a
combinatorial screening was not performed, which leaves
possible synergies between the parameters undiscovered.
Consequently, the results are difficult to compare. Therefore, a
large number of crucial parameters need to be evaluated in a
systematic screening in order to identify the optimal parameters
for the used film preparation technique.

Renz et al. showed a multiparametric optimization of spin-
coated P3HT/PCBM films by the variation of PCBM content,
spin time and annealing time.”® This study shows a compre-
hensive optimization of the mentioned parameters with respect
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to their morphological properties and, most importantly, solar
cell characteristics. With the subsequent investigation how
each variation of the parameters affects the solar cell results, a
screening is given, which is only limited by the non-automated
processing via spin-coating.

In contrast, inkjet printing allows a fast, easy and repro-
ducible screening of compound libraries, for example, of
conjugated polymers,* CdTe nanoparticles,”” as well as of
polymer/fullerene blends for OPVs.*® Teichler et al. presented a
screening workflow that included the ink preparation with a
pipetting robot, the thin-film library preparation by using inkjet
printing and the characterization of the produced compound
libraries by using high-throughput analytical tools, including
UV/vis plate readers (Fig. 9).° Hereby, a complete combinatorial
screening of solute properties and their influence on the thin-
film properties of the inkjet printed films was introduced.
Subsequently, structure-property relationships were evaluated
that lead to optimized processing conditions for the used
polymer/fullerene combinations as well as to the elucidation of
synergies that may exist between different parameters.

3.2 Drying processes

Not only the solution properties, like the solvent and the
concentration, have an effect on the rheological properties of
the coating solution, but also the used coating process itself has
an influence on the final film characteristics.> As concluded
from the previous section, the processing time has a significant
effect on the final morphology. The drying time is determined
by the boiling point of the used solvent and the applied pro-
cessing technique. Whereas spin-coating is seen as being a fast
drying method, doctor blading and inkjet printing are

new compounds

et |

solution preparation with a
pipetting robot

o]

inkjet printing of thin film libraries

Fig. 9 Schematic representation of a combinatorial screening workflow including inkjet printing for the preparation of thin polymer film libraries. Reprinted with

permission from ref. 20, Copyright 2012, Wiley-VCH Verlag GmbH & CoKGaA.
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techniques where the film drying proceeds at a longer time
scale. Therefore, by choosing one of the latter preparation
techniques, one has to take into account that the best working
conditions, like solvents and concentrations that show a good
film forming performance, cannot be adapted easily to another
processing technique. In fact, the control over the obtained
morphology represents a complicated interaction between
various parameters and cannot be predicted easily.

In the previous section, the importance of the drying speed
of the prepared films was discussed for spin-coating and doctor
blading. The drying speed is also crucial for a successful inkjet
printing procedure. Individual inkjet printed sub-nanoliter
droplets dry in a fraction of a second, while the drying speed of
an inkjet printed film strongly depends on the thickness of the
film and, hence, the number of placed droplets. In this case, the
drying of a film may take several minutes, which explains why
inkjet printing is characterized as a slow drying process in
contrast to spin-coating. The following section will discuss the
detailed analysis of the drying and solidification behavior of
different printing solutions and their influence on the
morphology of the final features.

Coffee drop effect. One of the main challenges in the inkjet
printing process is to gain control over the resulting film
homogeneity during drying. A complete understanding of
processes taking place in a drying droplet is very complex, and
the coffee drop effect and Marangoni flow are both considered
to be important factors. Therefore, a prediction of the resulting
film characteristics is at this point rather difficult and strongly
depends on the system as well as the features' size. The so-called
coffee-drop-effect, which describes the accumulation of solute
material at the rim of a drying droplet, is a result of an inho-
mogeneous evaporation of the solvent and of a pinned contact
line (Fig. 10a).®* Several mechanisms have been reported to
minimize the -coffee-drop-effect and mostly rely on the
controlled evaporation of the solvent.

First, coffee rings can be reduced by an increased vapor
pressure around the drying feature. Kajiya et al. showed that
an enhanced drying pattern was obtained by exposing the
drying droplet to an increased solvent vapor.®* Furthermore,

Fig. 10 Scanning electron microscopy images and surface profiles of aluminum
oxide droplets inkjet printed from (a) the single solvent water and (b) a solvent
mixture of water and dimethylformamide in the ratio of 90/10. Reprinted from V.
Oh et al., Inkjet printing of Al(2)O(3) dots, lines, and films: from uniform dots to
uniform films, Curr. Appl. Phys., 11, S359-S363, Copyright 2012, with permission
from Elsevier.®'
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Park et al. found that for this so-called solvent vapor, annealing
a high-boiling solvent with a high surface tension is required to
improve the rearrangement of the deposited material.*

As a second solution to the coffee-drop effect, a more feasible
approach is suggested by printing from a solvent mixture, in
which the main solvent has a lower boiling point and a higher
surface tension than the co-solvent.** Typically, the minor
component of the solvent mixture is added in a few tens of
volume percentages.®* During the drying of the printed feature,
i.e. a droplet, a line or a film, the low boiling solvent evaporates
first at the contact line, which leads to an outward flow of the
solvent carrying solute towards the edge. Therefore, the addition
of the high-boiling solvent strongly reduces the evaporation of
the solvent at the edges, since the amount of high-boiling solvent
is here locally higher than that of the low-boiling solvent. At the
same time, a surface tension gradient is induced in the printed
feature that leads to an inward flow of material - the so-called
Marangoni flow.* A resulting circulation of the material leads to
a homogeneous material distribution (Fig. 10b).

Finally, the drying speed of a printed feature can be
controlled by creating a temperature difference between the ink
and the surface. By increasing the substrate temperature from
25 to 60 °C for the inkjet printing of an aqueous poly(3,4-eth-
ylenedioxy-thiophene):polystyrenesulfonic acid (PEDOT:PSS)
ink, an improved drying pattern and a reduction of the droplet
width from 100 pm to 65 pm were observed by Zhou et al., which
were explained by the reduced time for a complete spreading.®®
It is believed that an increased substrate temperature stimu-
lates solvent evaporation, which reduces the in-flight droplet
diameter as well as the impact diameter at the substrate, and, as
a consequence, the spreading of the droplet.”” However, other
reports that used other materials revealed the appearance of
drying inhomogeneities when the substrate temperature was set
too high.***® Therefore, the substrate temperature needs to be
carefully screened for each ink and substrate combination in
order to form homogeneous surfaces.

Controlling line and film formation. When droplets are
inkjet printed close to each other, lines or films are formed
upon drop coalescence that show a more complex dependence
on the printing parameters. In the case of printing lines, the dot
spacing, or drop-to-drop distance, of the droplets results in
different line morphologies, as shown in Fig. 11. When the dot
spacing is chosen too small, bulging effects, as depicted in
Fig. 11a, will appear due to too much deposited material,
whereas a large dot spacing results in scalloped but continuous
lines (Fig. 11c) or individual droplets (Fig. 11d). Only when the
dot spacing is optimized are homogeneous and continuous
lines formed (Fig. 11b).**

However, the dot spacing is just one of the factors that
determine the quality of inkjet printed lines or films. In fact,
many parameters have an influence on the film formation,
including the solute concentration, the solvent as well as the
substrate temperature. All parameters require an optimization
for each polymer class to reveal homogeneous features.

Teichler et al. discussed the elucidation of optimized film
qualities by the preparation of a poly(phenylene-ethynylene)-
poly(phenylene-vinylene) (PPE-PPV) library. The best film
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Fig. 11 Morphologies of inkjet printed lines obtained by the variation of dot
spacing: (a) bulges, (b) homogeneous lines, (c) scalloped lines and (d) individual
droplets. Reprinted from Y. Oh et al., Inkjet printing of Al(2)O(3) dots, lines, and
films: from uniform dots to uniform films, Curr. Appl. Phys., 11, S359-5363,
Copyright 2012, with permission from Elsevier.8!

quality was observed for a concentration of 4 mg mL ™", a solvent
system of toluene/oDCB 90/10 and inkjet printing at ambient
conditions.** A faster drying, induced either by a reduction of the
high boiling solvent oDCB or by an increased substrate temper-
ature, led to a reduction of the film homogeneity. Furthermore,
an increase in the solute concentration does not show a positive
effect on the film quality. The report demonstrates that opti-
mized processing conditions can be revealed easily by using
inkjet printing. However, a simple prediction of the best printing
parameters has not been given so far.

At this point, it is worth mentioning that printing condi-
tions, which result in the best film homogeneity, are not auto-
matically the best printing parameters for a desired application.
For instance, inkjet printing performed from a specific solution
results in a homogeneous film with a typical film thickness, but
the properties of the inkjet printed features are strongly
dependent on the layer thickness. For example, a red-shifted
polymer emission as well as a change in the shape of the
emission peaks was found for thicker films, indicating more
pronounced inter-chain interactions.***® Furthermore, another
discrepancy arises when the obtained film thickness that shows
the best film quality is too thick for a desired application. In
particular, the active layers for solar cells should have a thick-
ness between 100 and 200 nm.> However, the approach to vary
the dot spacing to adjust for the required film thickness may not
result in homogeneous layers. Therefore, ink properties, like
the concentration, need to be changed and, consequently, a new
ink has to be developed, which again requires optimization of
the printing parameters. The elucidation of best layer as well as
application properties represents a complex interaction
between the solution and the printing characteristics that, in
addition, needs to be adjusted for the desired application of the
inkjet printed feature. Preferably, a combinatorial screening of
each parameter is then performed to identify synergies between
multiple parameters as well as to speed up the investigation.
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The importance of the solvent system used in the inkjet
printing process on the film properties of semi-crystalline TIPS-
pentacene was recently reported by Madec et al.”® The authors
found a significant change in morphology as well as a strong
increased hole-mobility due to an increased crystallinity simply
by adding 10% of a higher boiling solvent to the main solvent.
Furthermore, Chung et al. performed inkjet printing of TIPS-
pentacene from the high boiling solvent propylene glycol
methyl ether acetate (PEGMEA, bp 145 °C) and found charge
carrier mobilities similar to those for drop-casting, but signifi-
cantly higher than for spin-coating.” This result indicates that a
slower drying process reveals an improved material crystallinity.

Moreover, for the active layer of an organic solar cell the
solvent and the drying time play a critical role, since only a well-
segregated nano-morphology leads to a high PCE. Therefore, an
optimum drying time of the processed layers exists; too short
(long) drying times would lead to too little (much) segregated
morphologies. Aernouts and coworkers reported the prepara-
tion of P3HT/PCBM solar cells, where the active layer was inkjet
printed from a mixture of chlorobenzene and tetralin in a
volume ratio of 1 : 1. Different solute concentrations (1, 2 and
3 wt%) were investigated for their film formation properties. It
was found that an increased concentration led to a film
formation with a higher surface roughness. The authors did not
further study the processing or ink parameters. Hence, the
obtained power conversion efficiency of 1.4% represents the
performance of a not fully optimized inkjet printed device.

Another approach was presented by Lange et al.,”> who used a
solvent system consisting of relatively high boiling solvents
(chlorobenzene, trichlorobenzene) for the inkjet printing of
P3HT/PCBM layers. To stimulate solvent evaporation, the authors
used subsequent heating, which resulted in a reduced drying
time. Therefore, a fast drying of the films (<30 seconds) was
achieved, resulting in well-segregated morphologies and effi-
ciencies of 2.4%, which are similar to spin-coating (2.6%). Neo-
phytou et al. showed that heating during processing improved the
performance of P3HT/PCBM solar cells from 1.5% (substrate
temperature 34 °C) to 2.7% (substrate temperature 42 °C).**

Finally, Eom and coworkers added 1,8-octanedithiol to the
ink. This resulted in efficiencies of 3.7% due to a morphology
tuning by the ability of 1,8-octanedithiol for a selective solubility
of one of the active layer materials. In addition to the prepared
P3HT/PCBM layers, also the PEDOT:PSS layer was inkjet printed
for these devices.”

This section showed that by means of inkjet printing a
controlled and reproducible material deposition is possible.
Despite the fact that over recent years significant progress was
made to improve the understanding of the drying behavior of
inkjet printed features, further investigation on the effects of
processing conditions on layer properties is required.

4 Direct comparison of applied processes
and film characteristics

Many reports in the open literature discuss different processing
techniques in order to achieve optimized device properties and
efficiencies, but only a few reports allow a direct comparison
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between different coating techniques. From reports discussing,
for example, spin-coating or inkjet printing, a rough overview is
provided on challenges and possibilities for a single process,
while mainly the donor/acceptor system P3HT/PCBM is used. A
direct comparison of the methods, where the same operators as
well as the same characterization tools are used, is, however,
preferred. Following this approach, a better analogy of current
classifications as well as future developments can be drawn.
Wong and coworkers investigated the charge carrier mobil-
ities and related morphological properties of inkjet printed,
drop-cast and spin-coated P3HT films, prepared from a chlo-
robenzene solution (Fig. 12).*° The authors found a remarkable
difference in the resulting film properties depending on the
preparation method. The highest crystallinity was observed for
the inkjet printed films, whereas spin-coating resulted in the
lowest crystallinity. Low root-mean-square (rms)-roughnesses
for drop-cast and spin-coated films revealed an improved
contact to the underlying surface, in contrast to the rough inkjet
printed films. Hence, improved charge carrier mobilities were
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obtained only for spin-coated and drop-cast films. The study
shows a significant difference in the resulting morphologies
depending on the preparation method. Therefore, different
drying kinetics as well as processing properties significantly
affect the film formation and the nano-morphology. Further-
more, the study showed that an optimized degree of crystallinity
of P3HT results in high charge carrier mobilities as well as
smooth film surfaces. It was assumed by the authors that a too
long drying time of the relatively thick inkjet printed P3HT film
(1.7 pm) leads to a too high crystallinity, whereas a thinner
inkjet printed film may reveal improved film characteristics due
to a shorter drying time.

For the preparation of efficient P3BHT/PCBM organic solar
cells, Hoth et al. optimized the ink and processing properties for
the respective applied preparation technique. The authors
investigated polymer solar cells with inkjet printed and doctor
bladed active layers (Fig. 13).”* The processing conditions of
doctor bladed samples were transferred to the inkjet printing
process, but, unfortunately, this transfer of parameters was
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Fig. 12 Optical micrographs (a—c) and AFM images (d-i) of inkjet printed (a, d, g), drop-cast (b, e, h) and spin-coated (c, f, i) P3HT films prepared from chlorobenzene.
Reprinted with permission from L. Y. Wong, R. Q. Png, F. B. S. Silva, L. L. Chua, D. V. M. Repaka, Shi-Chen, X. Y. Gao, L. Ke, S. J. Chua, A. T. S. Wee and P. K. H. Ho, Langmuir,

2010, 26, 15494-15507. Copyright 2012 American Chemical Society.>®
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found to be much more complex. Whereas for doctor blading
highly regioregular (RR, 98%) P3HT showed the best perfor-
mances, the preparation of inkjet printed films from the same
solvent system was not possible in a simple manner due to a too
fast gelation of P3HT and, subsequently, an increase in solution
viscosity (Fig. 13a). For doctor blading the ink’s viscosity had no
significant influence on the processability, but inkjet printing
requires a low viscosity (<100 mPa s).”> Therefore, P3HT with a
lower RR, which shows a slower gelation time, was used for
inkjet printing and resulted in more homogeneous films
(Fig. 13b). Furthermore, the authors found a strong dependence
of the substrate temperature during processing on the film
homogeneity. For doctor blading a plate temperature of 60 °C

View Article Online
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showed the best results, while inkjet printing resulted in strong
inhomogeneities when printing above 40 °C. First printing trials
were performed with a single solvent (tetralin, bp 204 °C), which
revealed a long drying time of the prepared films and, as a
consequence, led to rough film surfaces as well as to a strong
demixing of P3HT and PCBM. The authors have therefore
developed a solvent system consisting of 68% ortho-dichloro-
benzene (bp 179 °C) and 32% mesitylene (bp 165 °C), which
revealed a reduced drying time as well as an improved film
formation. By using this solvent mixture the surface roughness
was lowered, the morphology was enhanced and the overall
solar cell results were improved (Fig. 13d). The solar cells with
an inkjet printed active layer of 96% RR P3HT/PCBM revealed
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Fig. 13 Atomic force microscopy images of (a) inkjet printed RR-98.5%-P3HT/PCBM films prepared from tetralin, (b) inkjet printed RR-93%-P3HT/PCBM films
prepared from tetralin, (c) doctor bladed RR-93%-P3HT/PCBM films prepared from tetralin, (d) inkjet printed RR-96%-P3HT/PCBM films prepared from oDCB/mesi-
tylene and (e) doctor bladed RR-96%-P3HT/PCBM films prepared from oDCB/mesitylene. Reprinted with permission from C. N. Hoth, P. Schilinsky, S. A. Choulis and C. J.
Brabec, Nano Lett., 2008, 8, 2806-2813. Copyright 2012 American Chemical Society.**

1920 | J. Mater. Chem. C, 2013, 1, 1910-1925

This journal is © The Royal Society of Chemistry 2013



Downloaded by Thuringer Universitats und Landesbibliothek Jana on 15/04/2013 15:45:30.

Published on 18 December 2012 on http://pubs.rsc.org | doi:10.1039/C2TC00255H

an efficiency of 3.5%, which was a little lower than the effi-
ciencies obtained with doctor bladed devices (4.1%, Fig. 13e).
The authors explained the small difference by a higher surface
roughness for the inkjet printed compared to the doctor bladed
devices.”

Jung et al. described the preparation of inkjet printed P3HT/
PCBM solar cells using a single solvent. The authors did not
mention problems that typically occur during printing from a
single solvent, i.e. the formation of a coffee drop and low overall
film homogeneity. The authors revealed relatively high effi-
ciencies of 3.8% when using chlorobenzene (bp 132 °C) and
3.6% for oDCB (bp 179 °C) by optimizing the dot spacing of the
deposited droplets. The lower values for the higher boiling
oDCB were attributed to a longer film drying time. In contrast,
the spin-coated reference devices yielded slightly higher device
efficiencies for the higher boiling 0DCB, but lower efficiencies
for the lower boiling chlorobenzene.”® This was attributed to the
discrepancy between the drying rate requirements for the
different deposition methods, as was described in a previous
section. The lower boiling point solvent chlorobenzene seems to
be more suitable for a slow drying process such as inkjet
printing, whereas the higher boiling point solvent oDCB leads
to improved results for spin-coated devices. Hence, both cases
may result in optimal overall drying rates, depending on the
processing techniques.

The results in this section confirm that a simple prediction
of the resulting film morphology is not possible by easily
switching the processing methods while using the same solute
as well as processing conditions. A summary of applied film
deposition techniques, processing techniques and device effi-
ciencies reached is provided in Table 1. Since this review is
focused on inkjet printing, data for spin-coating and doctor
blading are provided for the purpose of comparison. Note that
optimized PCE for spin-coated films exceeds 5%.”” The values

View Article Online

reported here represent only a direct comparison of processing
conditions and process. Each preparation method needs a
separate optimization for the applied solution as well as for the
desired application; whereas inkjet printing requires a faster
film drying for efficient solar cell performances, the spin-
coating process prefers a slow film drying.** Moreover, the
current literature focuses mainly on the donor-acceptor
combination P3HT/PCBM, while other systems may potentially
show different results.

5 Discussion

In the previous sections the drying characteristics and resulting
film properties of different film preparation methods were
discussed. It was shown that the control of the film morphology
depends on the used preparation technique. The characteristics
of organic semiconductor layers, e.g. charge carrier mobilities,
optical and morphological properties, significantly depend on
the molecular ordering of the polymer in the dried film, which
can be tuned as a function of the film forming process as well as
fabrication conditions. Whereas for spin-coating the correla-
tions between processing parameters and layer properties are
relatively well understood, there is much work to be done in
order to fully understand the general drying kinetics for the
inkjet printing process.

To form a complete picture of the advantages and drawbacks
of the inkjet printing method as well as to elucidate potential
developments of this process, an overview of properties and
challenges is summarized in Fig. 14.

An attractive issue when using inkjet printing is that only a
little amount of the materials is required and, due to a low waste
production, inkjet printing is characterized as a material-effi-
cient technique. Due to the fact that inkjet printing is an
additive technique, there is no limitation for the used

Table 1 PCE of P3HT/PCBM solar cells processed by different techniques and conditions

Processing technique RR P3HT [%] Solvent Processing temp. [°C] Thermal annealing PCE [%] Ref.
Spin-coating N/A Toluene RT — 0.3 35
Spin-coating N/A CB RT — 0.7 35
Spin-coating N/A oDCB RT — 0.8 35
Spin-coating N/A CB/trichlorobenzene RT 130 °C 2.6 72
Doctor blading N/A DCB 15 — 2.1 41
Doctor blading N/A DCB 40 — 0.9 41
Doctor blading N/A Toluene RT 140 °C/20 min 3.5 42
Doctor blading N/A Toluene 60 140 °C/20 min 3.8 42
Doctor blading 93 Tetralin 60 140 °C/10 min 3.3 43
Doctor blading 96 oDCB/mesitylene 68/32 40 140 °C/10 min 4.1 43
Doctor blading 96 oDCB/mesitylene 68/32 40 140 °C/10 min 4.1 43
Inkjet printing N/A CB/trichlorobenzene N/A 130 °C 2.4 72
Inkjet printing 95 oDCB 34°C 140 °C/15 min 1.5 21
Inkjet printing 95 oDCB 42 °C 140 °C/15 min 2.7 21
Inkjet printing N/A CB RT — 2.0 73
Inkjet printing N/A CB/oDCB 95/5 RT — 3.4 73
Inkjet printing 98.5 oDCB/mesitylene 68/32 40 140 °C/10 min 0.1 74
Inkjet printing 98.5 Tetralin 40 140 °C/10 min 0.7 74
Inkjet printing 93 Tetralin 40 140 °C/10 min 1.3 74
Inkjet printing 96 oDCB/mesitylene 68/32 40 140 °C/10 min 3.5 74
Inkjet printing N/A CB RT 90 °C/10 min 3.6 76
Inkjet printing N/A oDCB RT 90 °C/10 min 3.8 76

This journal is © The Royal Society of Chemistry 2013
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substrates, and flexible, curved substrates can be used besides
rigid, planar surfaces. Therefore, inkjet printing can be easily
applied for the fabrication of flexible devices. However, the
solute properties, i.e. solvent, viscosity and surface tension, are
more critical parameters for applicability in the inkjet printing
process, in contrast to spin-coating. Furthermore, inkjet
printing can be used in a combinatorial screening workflow to
characterize materials and thin-film properties. This approach
significantly accelerates the materials research.

Depending on the chosen inkjet printer system, there is a
specific window for a useable surface tension, viscosity and
density of the ink. Fromm predicted the successful printing of
an ink when the Z-number, which depends on the nozzle orifice
d, the surface tension v, the density p and the viscosity 7, is
greater than 2. Some studies report a printability only in the
range 2 < Z < 14, while other studies confirm printability of
fluids with Z > 60. In practice, however, the lower limit is
determined by the viscosity that dissipates the pressure pulse,*
whereas the upper limit represents the formation of satellite
droplets.*® Furthermore, systems where the Z-number is much
larger than 10 are printable as long as the formed satellites
merge with the main droplet. The main factor that appeared to
affect an ink's printability is its vapor pressure, with unstable
droplets and no droplets being produced for solvents with vapor
pressures higher than approximately 13 kPa. As soon as
significant solvent evaporation takes place at the nozzle orifice,
nozzle clogging may occur and printing is disturbed.

Besides the ink's rather small working window, a second
challenge of the inkjet printing process is the ink's wetting
behavior on the substrate. For thin film preparation, a good
wetting behavior, hence a low contact angle of the ink with the
underlying substrate, is preferred. Despite the fact that film size
and thickness can be easily varied by changing the number of

Characteristics
* no need of masks
« additive technique
« variable film thickness
« high material efficiency J

« variable printing speed J i‘

« little waste

Possibilities \

* low cost production

* combinatorial screening
* material characterization
* many materials usable
* R2R compatible
* patterning

Requirements
« printable solvents
* materials: mg-scale
« ink properties (viscosity,
surface tension)
* substrates: any

INKJET PRINTING

\

Challenges
* nozzle clogging
* wetting behavior
« film homogeneity
« film sizes

Fig. 14 Schematic representation of characteristics, requirements, possibilities
and challenges of the inkjet printing process.
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deposited droplets, the drying control of different film sizes is
very complicated. Applying the solute and the printing param-
eters, which were found to be the optimized values for small
films, does not automatically result in a good film formation for
increased film sizes.

A third challenge is the dependence of the size of the device
on its final efficiency. All reported efficiencies in the open
literature are small, lab-scale produced devices. However, by
increasing the film size, for example, from 0.04 to 1 cm?, device
parameters, like the fill factor (FF) and the power conversion
efficiency (PCE), significantly decrease.®

Other effects, such as the drying kinetics and the fluid flow
within a drying droplet, are at this moment not fully understood
and not able to be controlled. Therefore, it is difficult to predict
the final film formation using inkjet printing. All these factors
show the importance of evolving complete knowledge and,
subsequently, controlling the drying processes that take place
in an inkjet printed film.

When inkjet printing is applied for bulk heterojunction solar
cells, the preparation and optimization are very complicated,
since both the processing techniques as well as the solution
properties affect the final device efficiency. For instance, it is not
clear whether the surface roughness or the nano-morphology is
the main limiting factor for the power conversion efficiency.
This knowledge is, however, crucial for the choice of processing
parameters, as a high boiling solvent leads to an increased
surface roughness. It is noticeable that in the literature, con-
tradicting results are reported, for example on the effect of the
substrate temperature during coating.>**® Up to now no general
guideline was found for an optimized device efficiency, since
most of the research groups change only a single (or at best a
few) parameters out of many. At this point, a combinatorial
screening would lead to more comparable results and better
insight.

Most of the reported results indicated a correlation between
the drying speed, either induced by the solvents or by the
applied methods, and the device characteristics.**** However, it
was also reported that not only do the drying kinetics influence
the resulting film properties, but also the type of solvents,
independent of the boiling point.*»** Zhang et al. investigated
the use of a solvent mixture, consisting of a main solvent
chloroform and a co-solvent (xylene, toluene or chloroben-
zene).®? From the discussions above, a general improvement of
the spin-coated polyfluorene (PF)/PCBM layers was expected
since the three co-solvents increase the boiling point of the
solvent mixture significantly. Instead, only chlorobenzene
showed improved OPV characteristics, whereas the other two
co-solvents revealed a reduction of PCEs due to the formation of
pronounced domains and increased surface roughnesses. The
optimized parameters cannot be transferred easily to other
polymer/fullerene combinations, since every compound solu-
tion has different rheological and, as a consequence, drying
properties. P3HT is a semi-crystalline polymer, whereas pro-
cessing dependent studies for more amorphous polymers, such
as PF, are not available to such an extent.

Furthermore, polymer-polymer combinations have been
used in OPVs to broaden the absorption spectrum and, as a

This journal is © The Royal Society of Chemistry 2013
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consequence, to improve the efficiency of the solar cell. The
combination of materials results in a more complex drying
behavior compared to a single polymer system.® Since polymers
tend to segregate in solution, a fast drying of the prepared layer
is preferred, otherwise the polymers are not well mixed in the
final active layer and charge generation cannot take place. Arias
et al. found enhanced morphological properties by using spin-
coating compared to doctor blading by applying a lower boiling
solvent as well as by increasing the substrate temperature
during the fabrication of a polyfluorene blend, which contra-
dicts the P3HT processing properties, as discussed in a previous
section.®

In the near future one more challenge remains, which is to
investigate more environmentally friendly solvents. Schmidt-
Hansberg and coworkers investigated the replacement of the
common solvents used for OPVs with non-halogenated solvent
mixtures in doctor bladed films.** It was found that indane in
combination with toluene represents a suitable replacement for
the common chlorinated solvents, resulting in good absorption
behaviors as well as a high polymer crystallinity. Furthermore, a
combination of acetophenone and mesitylene was proven to be
a good solvent system for spin-coated films in order to replace
oDCB in OPV preparation.*

The advantages of inkjet printing demonstrate that the
required efforts are profitable, because inkjet printing can
emerge as a material-efficient, cost-effective and R2R-compat-
ible patterning technique. However, for the application of inkjet
printing in a commercially available device there are many
challenges to overcome, which is the reason why inkjet printing
up to now has mainly been used in a scientific research
environment.

6 Conclusion

This review discussed different printing and coating techniques
applied for organic electronics. Since the nano-morphological
structure of solar cell active layers, which can be significantly
tuned by applied parameters, can be correlated directly to the
device efficiency, the effect of processing conditions was dis-
cussed in particular for OPVs. The emphasis was on the drying
characteristics of the preparation techniques. The relatively new
and nascent technology of inkjet printing was compared to
spin-coating and doctor blading - the latter two are currently
the most commonly used preparation techniques for active
layers in organic electronics. It was shown that film properties
strongly depend on the drying time, which is influenced by the
used solvent as well as by the processing technique itself. Spin-
coating was found to give good layer properties when using
solvents with a high boiling point, whereas in the slow drying
processing of inkjet printing, solvents with a lower boiling point
are preferred. On the other hand, the interplay between the
drying kinetics and film properties is more complicated.

The analysis of the drying characteristics of the different
preparation methods showed that basic principles are well
understood, but that there is not yet a complete understanding
of drying behaviors and resulting film characteristics. A
prediction of layer properties when using a combination of ink

This journal is © The Royal Society of Chemistry 2013
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and processing method is currently not possible, but it needs to
be a major aim for further research in order to gain a complete
understanding of the morphological properties as well as to
evolve the ability to transfer existing knowledge to new mate-
rials. Different ways to control the drying process via the vari-
ation of preparation characteristics as well as tuning the drying
speed of the as-prepared films were shown.

From a current point of view, none of the processing
methods is considered to be the best for the preparation of
OPVs in order to produce homogeneous layers with an optimal
nano-morphology. Spin-coating is a well developed technique
that reaches the highest reported efficiencies, but is not char-
acterized by a material-efficient or R2R-compatible processing
method. In contrast, inkjet printing is able to produce devices
with sufficient efficiencies in a reproducible and material effi-
cient manner. Inkjet printing has proven to be highly useful for
the preparation of single lab devices and is a promising tech-
nique for R2R processing, but clearly needs more optimization
to produce devices in larger numbers as well as in size and in a
reproducible way.

In summary, inkjet printing is promising as a material-effi-
cient and non-contact deposition process tool. In the field of
organic electronics, in particular OPV, the state of research is
increasing, but behind other solution deposition methods like
spin-coating. Optimal processing parameters, like solvent or
substrate temperature, cannot be transferred easily to other
solution processing methods. At this point it is therefore clear
that the fabrication of organic solar cell devices may use
different preparation methods for each individual layer. For
more efficient fabrication, R2R processing is preferred, since
multiple processing techniques can be easily applied in
sequence.

Inkjet printing, however, can bridge the gap between poly-
mer synthesis and solid-state or surface property evaluation,
since the technique opens the way to the automatic preparation
of thin-film libraries of polymers, polymer blends and
composites, with a systematic variation of parameters such as
chemical composition or thickness. When novel compounds
are to be processed via inkjet printing, an optimization of film
properties needs to be performed by the use of a combinatorial
screening for each individual parameter that influences the
homogeneity.

Acknowledgements

The authors thank the DPI (project #620, technology area HTE)
as well as the European Community's Seventh Framework
Programme (FP7/2007-2013) under grant agreement no. 248816
for financial support.

References

1 J. Perelaer, P. J. Smith, D. Mager, D. Soltman, S. K. Volkman,
V. Subramanian, J. G. Korvink and U. S. Schubert, J. Mater.
Chem., 2010, 20, 8446-8453.

2 F. C. Krebs, Org. Electron., 2009, 10, 761-768.

J. Mater. Chem. C, 2013, 1, 1910-1925 | 1923



Downloaded by Thuringer Universitats und Landesbibliothek Jana on 15/04/2013 15:45:30.

Published on 18 December 2012 on http://pubs.rsc.org | doi:10.1039/C2TC00255H

3 S. W. Ko, E. T. Hoke, L. Pandey, S. H. Hong, R. Mondal,
C. Risko, Y. P. Yi, R. Noriega, M. D. McGehee, J. L. Bredas,
A. Salleo and Z. A. Bao, J. Am. Chem. Soc., 2012, 134, 5222-
5232.

4 H. N. Tsao and K. Muellen, Chem. Soc. Rev., 2010, 39, 2372—
2386.

5 S. Guenes, H. Neugebauer and N. S. Sariciftci, Chem. Rev.,
2007, 107, 1324-1338.

6 F. C. Krebs, Sol. Energy Mater. Sol. Cells, 2009, 93, 394-412.

7 Y. Y. Liang, Z. Xu, J. B. Xia, S. T. Tsai, Y. Wu, G. Li, C. Ray and
L. P. Yu, Adv. Mater., 2010, 22, E135-E138.

8 L. T. Dou, J. B. You, J. Yang, C. C. Chen, Y. J. He, S. Murase,
T. Moriarty, K. Emery, G. Li and Y. Yang, Nat. Photonics, 2012,
6, 180-185.

9 http://www.heliatek.com, accessed 22 June 2012.

10 M. C. Scharber, D. Wuhlbacher, M. Koppe, P. Denk,
C. Waldauf, A. J. Heeger and C. L. Brabec, Adv. Mater.,
2006, 18, 789-792.

11 G. Dennler, M. C. Scharber, T. Ameri, P. Denk, K. Forberich,
C. Waldauf and C. J. Brabec, Adv. Mater., 2008, 20, 579-583.

12 A. H. Rice, R. Giridharagopal, S. X. Zheng, F. S. Ohuchi,
D. S. Ginger and C. K. Luscombe, ACS Nano, 2011, 5, 3132-
3140.

13 J. A. Hauch, P. Schilinsky, S. A. Choulis, R. Childers, M. Biele
and C. J. Brabec, Sol. Energy Mater. Sol. Cells, 2008, 92, 727-
731.

14 M. Jorgensen, K. Norrman, S. Gevorgyan, T. Trombholt,
B. Andreasen and F. C. Krebs, Adv. Mater., 2012, 24, 580-612.

15 E. Tekin, P. J. Smith and U. S. Schubert, Soft Matter, 2008, 4,
703-713.

16 M. Barret, S. Sanaur and P. Collot, Org. Electron., 2008, 9,
1093-1100.

17 K. J. Baeg, D. Khim, J. H. Kim, M. Kang, I. K. You, D. Y. Kim
and Y. Y. Noh, Org. Electron., 2011, 12, 634-640.

18 Y. Yoshioka, P. D. Calvert and G. E. Jabbour, Macromol. Rapid
Commun., 2005, 26, 238-246.

19 E. Tekin, E. Holder, D. Kozodaev and U. S. Schubert, Adv.
Funct. Mater., 2007, 17, 277-284.

20 A. Teichler, R. Eckardt, S. Hoeppener, C. Friebe, J. Perelaer,
A. Senes, M. Morana, C. J. Brabec and U. S. Schubert, Adv.
Energy Mater., 2011, 1, 105-114.

21 M. Neophytou, W. Cambarau, F. Hermerschmidt,
C. Waldauf, C. Christodoulou, R. Pacios and S. A. Choulis,
Microelectron. Eng., 2012, 95, 102-106.

22 H. M. Haverinen, R. A. Myllyla and G. E. Jabbour, Appl. Phys.
Lett., 2009, 94, 073108.

23 M. O'Toole, R. Shepherd, G. G. Wallace and D. Diamond,
Anal. Chim. Acta, 2009, 652, 308-314.

24 M. Sanyal, B. Schmidt-Hansberg, M. F. G. Klein,
A. Colsmann, C. Munuera, A. Vorobiev, U. Lemmer,
W. Schabel, H. Dosch and E. Barrena, Adv. Energy Mater.,
2011, 1, 363-367.

25 F. C. Krebs, M. Jorgensen, K. Norrman, O. Hagemann,
J. Alstrup, T. D. Nielsen, J. Fyenbo, K. Larsen and
J. Kristensen, Sol. Energy Mater. Sol. Cells, 2009, 93, 422-441.

26 D. B. Hall, P. Underhill and J. M. Torkelson, Polym. Eng. Sci.,
1998, 38, 2039-2045.

1924 | J. Mater. Chem. C, 2013, 1, 1910-1925

View Article Online

27 K. Norrman, A. Ghanbari-Siahkali and N. B. Larsen, Annu.
Rep. Prog. Chem., Sect. C: Phys. Chem., 2005, 101, 174-201.

28 Y. Yang, Y. Shi, J. Liu and T.-F. Guo, in Electronic and Optical
Properties of Conjugated Molecular Systems in Condensed
Phases, ed. S. Hotta, Research Signpost, Kerala, 2003,
pp. 307-354.

29 Y. Shi, J. Liu and Y. Yang, J. Appl. Phys., 2000, 87, 4254-4263.

30 J. F. Chang, B. Q. Sun, D. W. Breiby, M. M. Nielsen,
T. L. Solling, M. Giles, I. McCulloch and H. Sirringhaus,
Chem. Mater., 2004, 16, 4772-4776.

31 D. M. DeLongchamp, B. M. Vogel, Y. Jung, M. C. Gurau,
C. A. Richter, O. A. Kirillov, J. Obrzut, D. A. Fischer,
S. Sambasivan, L. J. Richter and E. K. Lin, Chem. Mater.,
2005, 17, 5610-5612.

32 H. C. Yang, T. J. Shin, L. Yang, K. Cho, C. Y. Ryu and
Z. N. Bao, Adv. Funct. Mater., 2005, 15, 671-676.

33 V. D. Mihailetchi, H. X. Xie, B. de Boer, L. M. Popescu,
J. C. Hummelen, P. W. M. Blom and L. J. A. Koster, Appl.
Phys. Lett., 2006, 89, 012107.

34 G. Li, V. Shrotriya, J. S. Huang, Y. Yao, T. Moriarty, K. Emery
and Y. Yang, Nat. Mater., 2005, 4, 864-868.

35 M. T. Dang, G. Wantz, H. Bejbouji, M. Urien, O. ]J. Dautel,
L. Vignau and L. Hirsch, Sol. Energy Mater. Sol. Cells, 2011,
95, 3408-3418.

36 N. D. Treat, C. G. Shuttle, M. F. Toney, C. J. Hawker and
M. L. Chabinyc, J. Mater. Chem., 2011, 21, 15224-15231.

37 A. Pivrikas, H. Neugebauer and N. S. Sariciftci, Sol. Energy,
2011, 85, 1226-1237.

38 S.]. Storfer, J. T. Dipiazza and R. E. Moran, J. Coat. Technol.,
1988, 60, 37-43.

39 B. Schmidt-Hansberg, H. Do, A. Colsmann, U. Lemmer and
W. Schabel, Eur. Phys. J. Spec. Top., 2009, 166, 49-53.

40 T. Wang, A. D. F. Dunbar, P. A. Staniec, A. ]. Pearson,
P. E. Hopkinson, J. E. MacDonald, S. Lilliu, C. Pizzey,
N. J. Terrill, A. M. Donald, A. J. Ryan, R. A. L. Jones and
D. G. Lidzey, Soft Matter, 2010, 6, 4128-4134.

41 B. Schmidt-Hansberg, M. Sanyal, M. F. G. Klein, M. Pfaff,
N. Schnabel, S. Jaiser, A. Vorobiev, E. Mueller,
A. Colsmann, P. Scharfer, D. Gerthsen, U. Lemmer,
E. Barrena and W. Schabel, ACS Nano, 2011, 5, 8579-8590.

42 Y. H. Chang, S. R. Tseng, C. Y. Chen, H. F. Meng, E. C. Chen,
S. F. Horng and C. S. Hsu, Org. Electron., 2009, 10, 741-746.

43 C. N. Hoth, P. Schilinsky, S. A. Choulis and C. J. Brabec, Nano
Lett., 2008, 8, 2806-2813.

44 S. E. Shaheen, R. Radspinner, N. Peyghambarian and
G. E. Jabbour, Appl. Phys. Lett., 2001, 79, 2996-2998.

45 B. Derby, Annu. Rev. Mater. Res., 2010, 40, 395-414.

46 B.].de Gans, P. C. Duineveld and U. S. Schubert, Adv. Mater.,
2004, 16, 203-213.

47 R. M. Verkouteren and J. R. Verkouteren, Langmuir, 2011, 27,
9644-9653.

48 A. M. ]J. van den Berg, P. J. Smith, ]J. Perelaer, W. Schrof,
S. Koltzenburg and U. S. Schubert, Soft Matter, 2007, 3,
238-243.

49 E. Tekin, E. Holder, V. Marin, B. ]J. de Gans and
U. S. Schubert, Macromol. Rapid Commun., 2005, 26, 293-
297.

This journal is © The Royal Society of Chemistry 2013



Downloaded by Thuringer Universitats und Landesbibliothek Jana on 15/04/2013 15:45:30.

Published on 18 December 2012 on http://pubs.rsc.org | doi:10.1039/C2TC00255H

50 J. Perelaer, Eindhoven University of Technology, Eindhoven,
2009, PhD Thesis.

51 J. Peet, M. L. Senatore, A. J. Heeger and G. C. Bazan, Adv.
Mater., 2009, 21, 1521-1527.

52 T. Aernouts, T. Aleksandrov, C. Girotto, J. Genoe and
J. Poortmans, Appl. Phys. Lett., 2008, 92, 033306.

53 A. Calabrese, A. Pellegrino, R. Po, A. Savoini, F. Tinti and
N. Camaioni, Sol. Energy Mater. Sol. Cells, 2011, 95, 3428-3432.

54 A. Teichler, R. Eckardt, C. Friebe, ]J. Perelaer and
U. S. Schubert, Thin Solid Films, 2011, 519, 3695-3702.

55 J. A. Renz, T. Keller, M. Schneider, S. Shokhovets, K. D. Jandt,
G. Gobsch and H. Hoppe, Sol. Energy Mater. Sol. Cells, 2009,
93, 508-513.

56 E. Tekin, H. Wijlaars, E. Holder, D. A. M. Egbe and
U. S. Schubert, J. Mater. Chem., 2006, 16, 4294-4298.

57 E. Tekin, P. J. Smith, S. Hoeppener, A. M. J. van den Berg,
A. S. Susha, A. L. Rogach, J. Feldmann and U. S. Schubert,
Adv. Funct. Mater., 2007, 17, 23-28.

58 V. Marin, E. Holder, M. M. Wienk, E. Tekin, D. Kozodaev and
U. S. Schubert, Macromol. Rapid Commun., 2005, 26, 319-324.

59 L. Y. Wong, R. Q. Png, F. B. S. Silva, L. L. Chua,
D. V. M. Repaka, Shi-Chen, X. Y. Gao, L. Ke, S. J. Chua,
A.T.S.Wee and P. K. H. Ho, Langmuir, 2010, 26, 15494-15507.

60 R. D. Deegan, Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat.
Interdiscip. Top., 2000, 61, 475-485.

61 Y. Oh, J. Kim, Y. J. Yoon, H. Kim, H. G. Yoon, S. N. Lee and
J. Kim, Curr. Appl. Phys., 2011, 11, S359-S363.

62 T. Kajiya, W. Kobayashi, T. Okuzono and M. Doi, Langmuir,
2010, 26, 10429-10432.

63 J. S. Park, J. P. Kim, C. Song and M. Lee, Displays, 2010, 31,
164-167.

64 E. Tekin, B. J. de Gans and U. S. Schubert, J. Mater. Chem.,
2004, 14, 2627-2632.

65 H. Hu and R. G. Larson, J. Phys. Chem. B, 2006, 110, 7090-
7094.

66 J. X. Zhou, J. Y. H. Fuh, H. T. Loh, Y. S. Wong, Y. S. Ng,
J. J. Gray and S. J. Chua, Int. J. Adv. Manuf. Tech., 2010, 48,
243-250.

67 J. Perelaer, P. J. Smith, M. M. P. Wijnen, E. van den Bosch,
R. Eckardt, P. H. J. M. Ketelaars and U. S. Schubert,
Macromol. Chem. Phys., 2009, 210, 387-393.

This journal is © The Royal Society of Chemistry 2013

View Article Online

68 J. Perelaer, B. J. de Gans and U. S. Schubert, Adv. Mater.,
2006, 18, 2101-2104.

69 M. Wang, G. Z. Yang, M. Wang and T. X. Liu, Polym. Adv.
Technol., 2010, 21, 381-385.

70 M. B. Madec, P. J. Smith, A. Malandraki, N. Wang,
J. G. Korvink and S. G. Yeates, J. Mater. Chem., 2010, 20,
9155-9160.

71 S. Chung, J. Jang, J. Cho, C. Lee, S. K. Kwon and Y. Hong, Jpn.
J. Appl. Phys., 2011, 50, 03CBO5.

72 A. Lange, M. Wegener, C. Boeffel, B. Fischer, A. Wedel and
D. Neher, Sol. Energy Mater. Sol. Cells, 2010, 94, 1816-
1821.

73 S. H. Eom, H. Park, S. H. Mujawar, S. C. Yoon, S. S. Kim,
S. 1. Na, S. J. Kang, D. Khim, D. Y. Kim and S. H. Lee, Org.
Electron., 2010, 11, 1516-1522.

74 C. N. Hoth, S. A. Choulis, P. Schilinsky and C. J. Brabec,
J. Mater. Chem., 2009, 19, 5398-5404.

75 http://www.microdrop.de, accessed 08 November 2012.

76 J. Jung, D. Kim, J. Lim, C. Lee and S. C. Yoon, jpn. J. Appl.
Phys., 2010, 49, 05EB03.

77 M. T. Dang, L. Hirsch and G. Wantz, Adv. Mater., 2011, 23,
3597-3602.

78 J. E. Fromm, IBM J. Res. Dev., 1984, 28, 322-333.

79 D. Jang, D. Kim and J. Moon, Langmuir, 2009, 25, 2629-2635.

80 K. A. M. Seerden, N. Reis, J. R. G. Evans, P. S. Grant,
J. W. Halloran and B. Derby, J. Am. Ceram. Soc., 2001, 84,
2514-2520.

81 A. Manor, E. A. Katz, T. Tromholt, B. Hirsch and F. C. Krebs,
J. Appl. Phys., 2011, 109, 074508.

82 F. Zhang, S. Lacic, M. Svensson, M. R. Andersson and
O. Inganis, Sol. Energy Mater. Sol. Cells, 2006, 90, 1607-
1614.

83 A. C. Arias, J. D. MacKenzie, R. Stevenson, J. J. M. Halls,
M. Inbasekaran, E. P. Woo, D. Richards and R. H. Friend,
Macromolecules, 2001, 34, 6005-6013.

84 B. Schmidt-Hansberg, M. Sanyal, N. Grossiord, Y. Galagan,
M. Baunach, M. F. G. Klein, A. Colsmann, P. Scharfer,
U. Lemmer, H. Dosch, J. Michels, E. Barrena and
W. Schabel, Sol. Energy Mater. Sol. Cells, 2012, 96, 195-201.

85 C.D. Park, T. A. Fleetham, J. Li and B. D. Vogt, Org. Electron.,
2011, 12, 1465-1470.

J. Mater. Chem. C, 2013, 1, 1910-1925 | 1925



Publication 2

“Screening of Film Formation Qualities of Various Solvent Systems for n-

conjugated Polymers via Combinatorial Inkjet Printing”

Anke Teichler, Jolke Perelaer, Ulrich S. Schubert

Macromol. Chem. Phys. 2013, 214, 547-555.







Full Paper

% Macromolecular
K» Journals

Macromolecular
Chemistry and Physics

Screening of Film-Formation Qualities of
Various Solvent Systems for n-Conjugated
Polymers Via Combinatorial Inkjet Printing

Anke Teichler, Jolke Perelaer, Ulrich S. Schubert*

A systematic investigation of the relationships between the choice of solvent system and
the film quality of inkjet printed n-conjugated polymer films is presented. Solution proper-

ties, such as surface tension and viscosity, have no effect on | ——-
the final film quality, whereas the boiling point of the solvent " ﬂ%
and, more specifically, the difference in boiling point between

the main and the co-solvent have a strong influence on the
final film quality. New solvent systems are developed based
on non-chlorinated, aromatic solvents that reveal homoge-
neous films when the difference in boiling point between the
main and the co-solvent is between 90 and 100 °C.

1. Introduction

The research field of organic electronics has attracted great
interest over the last years due to their light weight, flex-
ibility, and cheap production. However, different chal-
lenging tasks need to be overcome in order to ensure
inkjet printing to be a reliable processing technique; firstly,
the development of the complete understanding of solu-
tion drying processes and, secondly, the identification
of more environmental friendly alternatives for chlorin-
ated solvents, which are commonly used as solvents in
organic electronics.’? Chlorobenzene and ortho-dichlo-
robenzene are currently the most reported solvents, as
they produce homogeneous films as well as an optimal
nano-morphological structure of active layers for organic
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photovoltaics (OPVs).3! The application of these solvents is
not critical when utilizing lab-scale film-preparation tech-
niques since the solvents are used only in small quanti-
ties. In contrast, in a roll-to-roll (R2R) process, where larger
amounts of solvents are applied, the use of environmen-
tally unfriendly solvents becomes critical®! Therefore,
novel solvents need to be investigated to ensure a greener
processing for OPV applications, while maintaining a sim-
ilar film morphology.”!

Among the diverse solution-deposition methods that
are available for organic electronics,®’] spin-coating has
a clear supremacy over other techniques due to its simple
processing conditions. The film formation characteristics
are well understood for spin-coating,®! and this method
is, therefore, a well-developed technique that offers an
uncomplicated and fast experimentation procedure.®]
However, spin-coating has clear disadvantages, including
a high material waste and the lack of capability for an
automatic process. In contrast, inkjet printing shows sev-
eral advantages in comparison to other solution-deposi-
tion techniques, including a mask-free, drop-on-demand
deposition, an efficient material handling, and the pos-
sibility for a combinatorial screening of potential mate-
rials and solvent systems.[>1% In particular, when using
a combinatorial inkjet printing approach, many different
materials or compound blends can be screened in par-
allel for their film formation characteristics as well as
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thin-film properties.['*12 However, inkjet printing is lim-
ited to special solution properties, like a certain viscosity
and surface tension window. In addition, the parameters
that influence the drying of the deposited material are
complex.[2]

The main reason why inkjet printing is currently not
well established in the field of organic electronics is the
unpredictable final film formation, which is attributed to
the complexity of the drying parameters and the incom-
plete basic investigations on the drying behavior of
inkjet printed thin films.['314 When alternative solvents
for the chlorinated solvents are found, the basics of thin
film drying processes need to be understood. The effects
of several fluidic characteristics, such as the surface ten-
sion and the viscosity as well as the solvent system, have
been discussed in literature.!5! Furthermore, the choice
of the processing solvent or solvent system represents a
significant influence to the drying behavior of a printed
feature. It was confirmed that a solvent mixture con-
taining a lower boiling point main solvent and a higher
boiling point co-solvent is required for inkjet printing in
order to create homogeneous thin films and to suppress
the so-called coffee-ring effect, which causes the material
to concentrate at the rim of a droplet during drying.[*]
Several investigations on the influence of the solvent ratio
between main and co-solvent to film surface homogenei-
ties showed an optimal ratio of 90/10, whereas lower or
higher contents of the high-boiling point solvent lead to
non-homogeneous films as well as to increased surface
roughnesses.['%1?] In addition, Hu and Larson['”! described
the need of a co-solvent, which has, in addition to a higher
boiling point, a lower surface tension than the main
solvent. In this case, another material flow, called the
Marangoni effect, is induced in the drying droplet leading
to a homogeneous film formation.[¢]

The resulting film homogeneity is not only dependent
on the drying of a printed feature but also on a stable and
reproducible droplet formation. The latter two character-
istics are described in literature as significantly influenced
by the nozzle orifice as well as by the ink characteristics,
including the surface tension, the viscosity, and the den-
sity. These parameters are combined in the dimensionless
Z-number, which describes the printability of an ink by
the use of a specific nozzle diameter.[*®] It was reported
that limitations in printability occur, depending on the
ink, if the Z-number is either lower than 2 or higher than
14,11 whereas other groups found a reproducible print-
ability using inks with Z-numbers > 60.120]

In this contribution, a systematic investigation of ink
properties, including the surface tension, the viscosity,
and the solvent’s boiling point, and their influence to the
printability as well as to their film formation ability is pre-
sented by using a combinatorial inkjet printing approach.
Therefore, only 80 mg of poly(3-octylthiophene) (P30T)
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and 0.5 mL of each solvent system were required for the
preparation of the thin film library with 42 different sol-
vent systems. A correlation between the ink properties
and the surface roughness is evaluated.

2. Experimental Section

2.1. Materials

The polymer poly(3-octylthiophene) (P30T) as well as all sol-
vents were purchased from Sigma—-Aldrich. The polymers
poly(phenylene-vinylene) (PPV) and poly(diketopyrrolopyrrole-
co-benzothiadiazole-co-fluorene) (poly(DPP-co-BTD-co-F)) were
synthesized according to literature.[?*22 The polymers were dis-
solved in the described solvent systems in a concentration of
4 mg mL™. After stirring overnight, the solutions were filtered
using a syringe filter with a pore size of 0.45 um.

2.2. Characterization

Surface tension and contact angles of the inks were investigated
by the contact angle measurement system OCA 20 from Data-
physics (Filderstedt, Germany). Density as well as viscosity meas-
urements were performed using a DMA 02 density meter and
a ball/capillary viscosimeter AMVn (Anton Paar, Graz, Austria),
respectively. Surface topography as well as film thicknesses were
measured using an optical profilometer Wyko NT9100 (Veeco,
Mannheim, Germany).

2.3. Inkjet Printing

Inkjet printing was performed utilizing an Autodrop system
from microdrop Technologies (Norderstedt, Germany). The
printer was equipped with a piezo-based micropipette printhead
with an inner diameter of 70 um. A voltage of 60 to 80 V and a
pulse width of 30 to 45 s revealed a stable droplet formation for
all inks. Microscope slides (3 in. x 1 in.) from Marienfeld (Lauda-
Konigshofen, Germany) were used as substrates. Cleaning of the
substrates was done by rinsing with iso-propanol and drying
with an air flow. The printed film size was 6 mm x 6 mm and the
printing speed was set to 20 mm s™1.

3. Results and Discussion

3.1. Ink Characteristics

A variation of solvent systems were chosen for the
n-conjugated polymer poly(3-octylthiophene) (P30T,
Figure 1a) that have, on the one hand, a systematically
increased difference in the boiling point of the individual
solvents and, on the other hand, comparable boiling
points, but different viscosities and surface tensions. By
following this approach, a systematic evaluation of cor-
relations between the ink characteristics and the film
formation properties were revealed. Three solvents were
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B Figure 1. Schematic representation of the chemical structures of P30T (a), PPV (b), and poly(DPP-co-BTD-co-F) (c).

|
EtHex

selected as main solvents that covered a broad range of
boiling points (bp): toluene (bp 110 °C, Table 1), p-xylene
(bp 138 °C, Table 2), and 1,3,5-trimethylbenzene (bp
165 °C, Table 3). Non-chlorinated aromatic solvents with

boiling points between 136 and 293 °C were selected as co-
solvents, which resulted in a boiling-point difference of at
least 18 K between the main and the co-solvent. In total,
42 different solvent systems were investigated: 20, 15, and

Z-number, and film properties, including film thickness and roughness (R,), of P30T using solvent systems with the main solvent toluene

I Table 1. Summary of the ink characteristics, including boiling point (bp), surface tension (), contact angle, density (p), viscosity (n), and

(90 vol%).

Co-solvent (10 vol%) bp Y Contact p n Z-number Film thickness Surface roughness
[°)C] [MNm?] angle [gcm™3] [mPas] [nm] R, [nm]
Ethylbenzene 136 255 <10 0.868 0.752 523 105 101
p-Xylene 138 20.4 <10 0.867 0.751 46.9 85 74
m-Xylene 139 245 <10 0.867 0.754 511 85 80
o-Xylene 144 25.6 <10 0.869 0.785 50.3 85 81
i-Propylbenzene 153 224 <10 0.867 0.769 47.9 70 58
Propylbenzene 159 25.0 <10 0.867 0.760 51.3 80 51
3-Ethyltoluene 159 23.9 <10 0.868 0.771 49.4 80 35
4-Ethyltoluene 162 24.0 <10 0.867 0.753 50.7 75 38
2-Ethyltoluene 164 241 <10 0.869 0.773 49.5 85 37
1,3,5-Trimethylbenzene 165 259 <10 0.867 0.747 53.1 80 55
1,2,4-Trimethylbenzene 170 24.9 <10 0.868 0.757 514 75 35
1,2,3-Trimethylbenzene 176 25.4 <10 0.877 0.771 51.2 75 31
Indane 176 241 <10 0.877 0.806 47.7 80 26
Butylbenzene 183 231 <10 0.867 0.788 47.5 70 23
Pentylbenzene 205 25.3 <10 0.867 0.790 49.6 75 18
Tetralin 207 241 <10 0.878 0.808 47.6 75 20
Hexylbenzene 226 255 <10 0.867 0.845 46.6 70 25
Octylbenzene 261 22.5 <10 0.867 0.839 44.0 65 28
Nonylbenzene 282 25.8 <10 0.864 0.849 46.5 60 32
Decylbenzene 293 259 <10 0.866 0.851 46.6 55 24
MALMB Macromolecular
\Iiw)§ Macromol. Chem. Phys. 2013, 214, 547-555 Ry Journals

www.MaterialsViews.com

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

549



550

Macromolecular
Chemistry and Physics

www.mcp-journal.de

A.Teichler et al.

Table 2. Summary of the ink characteristics, including boiling point (bp), surface tension (), contact angle, density (p), viscosity (1), and
Z-number, and film properties, including film thickness and roughness(R,), of P30T using solvent systems with the main solvent p-xylene

(90 vol%).
Co-solvent (10 vol%) bp % Contact P n Z-number Film Surface
(| [mN m™] angle [gem™3]  [mPas] thickness roughness R,
! [nm] [nm]
Propylbenzene 159 25.4 <10 0.863 0.849 454 100 78
3-Ethyltoluene 159 25.4 <10 0.862 0.838 454 95 44
4-Ethyltoluene 162 23.8 <10 0.862 0.902 440 95 55
2-Ethyltoluene 164 25.6 <10 0.864 0.830 45.5 90 49
1,3,5-Trimethylbenzene 165 23.7 <10 0.862 0.800 47.7 100 62
1,2,4-Trimethylbenzene 170 23.5 <10 0.863 0.838 437 90 59
1,2,3-Trimethylbenzene 176 25.5 <10 0.866 0.832 454 85 24
Indane 176 26.1 <10 0.872 0.836 45.8 80 22
Butylbenzene 183 234 <10 0.862 0.842 43.6 100 24
Pentylbenzene 205 255 <10 0.862 0.902 45.5 95 12
Tetralin 207 20.2 <10 0.872 0.885 40.3 80 20
Hexylbenzene 226 25.7 <10 0.862 0.894 44.0 80 10
Octylbenzene 261 25.9 <10 0.862 0.912 43.3 70 15
Nonylbenzene 282 259 <10 0.862 0.920 43.0 80 19
Decylbenzene 293 25.6 <10 0.862 0.917 429 80 23

7 combinations using the main solvents toluene, p-xylene,

and 1,3,5-trimethylbenzene, respectively.

Since the final film quality depends not only on the
drying behavior of the solvents but also on a stable and
reproducible droplet formation during the printing

process, the fluid characteristics are very important as

well. To obtain insights in the effect of the ink properties to

the printing quality, surface tensions and viscosities of all
P30T inks were measured and the corresponding Z-num-
bers were calculated (see Tables 1, 2, and 3). The surface

Table 3. Summary of the ink characteristics, including boiling point (bp), surface tension (y), contact angle, density (p), viscosity (n),
and Z-number, and film properties, including film thickness and roughness (R,), of P30T using solvent systems with the main solvent
1,3,5-trimethylbenzene (90 vol%).

Co-solvent bp Y Contact p n Z-number Film Surface
(10 vol%) [°c] [mN m™] angle [g em3] [mPa s] thickness roughness R,
[l [nm] [nm]

Butylbenzene 183 213 <10 0.865 0.933 38.9 90 36
Pentylbenzene 205 21.6 <10 0.865 0.948 38.1 90 17
Tetralin 207 20.2 <10 0.878 0.979 36.0 90 25
Hexylbenzene 226 24.8 <10 0.865 0.981 39.5 90 12
Octylbenzene 261 251 <10 0.865 0.996 39.1 85
Nonylbenzene 282 25.6 <10 0.865 1.011 389 90 9
Decylbenzene 293 25.8 <10 0.865 0.998 39.6 80 8
Butylbenzene 183 213 <10 0.865 0.933 389 90 36
Pentylbenzene 205 216 <10 0.865 0.948 38.1 90 17
Tetralin 207 20.2 <10 0.878 0.979 36.0 90 25
Hexylbenzene 226 24.8 <10 0.865 0.981 39.5 90 12
Octylbenzene 261 251 <10 0.865 0.996 39.1 85
Nonylbenzene 282 25.6 <10 0.865 1.011 389 90
Decylbenzene 293 25.8 <10 0.865 0.998 39.6 80

?um Macromol. Chem. Phys. 2013, 214, 547-555 MAL:[?%)}
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dot spacing

to be in a range of 18-26 mN m™ and
0.747-1.011 mPas, respectively, and are
in an inkjet printable regime.['®) The
viscosity is mainly determined by the
main solvent and was therefore found
to increase in the following order:
toluene < p-xylene < 1,3,5-trimethyl-
benzene. The Z-number decreases with
increased viscosity and was found to
be between 53 and 36. In this study, no
printing limitations based on different
Z-numbers were identified. Although
satellite droplets were observed for
inks with a high Z-number, an in-flight
merging of the satellite droplet with
the main droplet was revealed for all
tested inks. Additionally, no nozzle clog- o
ging was observed, indicating that the 7S
boiling points of the chosen solvents are o
high enough to ensure a stable droplet v
formation over a longer time period.
Furthermore, contact angle meas-
urements were found to be below 10°
on glass for all inks (see Tables 1, 2, 3),
which ensures a good wetting on the
substrate.[?s] Due to the good wetting of the inkjet printed
droplets, a merging of the droplets on the substrate
occurs, resulting in a continuous film formation even at
higher dot spacings, which is the center-to-center dis-
tance between two adjacent droplets. As a consequence,
a wide range of dot spacings (80-360 um) were able to be
screened for their resulting film homogeneity. In a later
section, it is shown that not only a good spreading is a
requirement for a good film formation at higher dot spac-
ings, but also that the solvent’s boiling point has a signifi-
cant influence on the dot spacing range, where a homoge-
neous film is formed.

O
= 136°C

co-solvent’s boiling point
205 °C

respectively.

3.2. Film Formation

In order to evaluate relationships between ink properties
and film homogeneity, the inks were inkjet printed and
surface topographies as well as surface roughness were
measured. The film thicknesses and surface roughnesses
R, of films with the best homogeneity for the main sol-
vents toluene, p-xylene, and 1,3,5-trimethylbenzene are
summarized in Table 1, 2, and 3, respectively. A significant
influence of the co-solvent’s boiling point to the resulting
film homogeneity was found.

At first, toluene was used as a main solvent. It was
observed that a co-solvent with a low boiling point, like
ethylbenzene (bp 136 °C), was not found to be suitable
for a smooth film formation. The small boiling point
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Figure 2. Optical-profiler images of inkjet printed P30T films using toluene as the main
solvent and ethylbenzene (a), pentylbenzene (b), and octylbenzene (c) as co-solvents,

difference between the two solvents caused the deposited
material to dry too quickly and form non-homogeneous
films. Figure 2a shows, from left to right, optical-profiler
images of the inkjet printed films at dot spacings of 80,
130, and 180 um, respectively. When using this solvent
system and a wide range of dot spacings, that is, with
varied amount of deposited material, no continuous film
was formed. Instead, individual lines were observed for
all dot spacings, suggesting that the characteristic line-by-
line deposition of inkjet printing takes too long to create a
continuous film. With decreased dot spacing, the amount
of deposited material is increased and, consequently, the
deposited material stays longer wet, which may lead to an
improved film formation at lower dot spacings. However,
with this solvent system, a reduction of the dot spacing
did not result in improved film qualities. As a second
method to reduce the printing time, an increase of the
printing speed may lead to an improved film formation
when using a lower co-solvent’s boiling point.?4 How-
ever, an increase of the printing velocity leads to an irreg-
ular droplet deposition accuracy, resulting in a decreased
film homogeneity. Therefore, the printing speed was kept
at 20 mm s!, which ensures a reproducible deposition
accuracy at the highest velocity.

When using a solvent system with a higher boiling
point of the co-solvent, for example, pentylbenzene (bp
205 °C), continuous films with an improved film-forma-
tion quality were observed with a surface roughness R,
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of 18 nm (Figure 2b). A dot spacing of 120 -

130 um represents the optimum amount

of deposited material (Figure 2b, middle)

since a lower dot spacing (80 um) lead

to irregularities due to too much depos-

ited material (Figure 2b, left), whereas [ |

higher dot spacings (180 um) lead to the

formation of lines and to an increased B

surface roughness (Figure 2b, right).
With a further increase of the co-

solvent’s boiling point, the range of

dot spacings that are applicable for a

continuous film formation increases;

as a result of a longer drying time, the

—

o

o
1

0
o
1

surface roughness R jhm]
5 3
»

surface irregularities are smoothened. 20 1
Figure 2c shows optical-profiler images
of films inkjet printed from the solvent 0

T T

A.Teichler et al.

®m mainsolvent toluene
® mainsolvent p-xylene
main solvent 1,3,5-trimethylbenzene

- {}{ii

system toluene/octylbenzene, where
dot spacings between 160 um (left) and
300 um (right) are used. It is observed
that the surface roughness increases
with increased boiling point of the co-
solvent. In this case, the drying takes
too long and the material is drying
irregularly again; this time due to multiple drying steps
that lead to a ring-like drying pattern or to the formation
of stripes (Figure 2c).

In summary, when using the main solvent toluene, the
co-solvent pentylbenzene with a boiling point of 205 °C
revealed the smoothest film formation, whereas lower or
higher boiling point solvents induced irregularities during
drying. The choice of the co-solvent is therefore crucial for
the film quality. However, other parameters, such as the
surface tension and the viscosity of the co-solvent, show
no significant influence to observed film formation prop-
erties. More precisely, among the 20 solvent combinations
using toluene as main solvent, different co-solvents with
the same or comparable boiling points, but different sur-
face tensions or viscosities were tested (Table 1). There-
fore, it is concluded here that the main parameter deter-
mining the final film homogeneity is the co-solvent’s
boiling point.

In order to confirm the results observed for toluene,
two other main solvents, p-xylene and 1,3,5-trimethyl-
benzene, were investigated. For p-xylene, the co-solvent
hexylbenzene with a boiling point of 226 °C was found to
result in the highest film quality with a surface roughness
R, of 10 nm (Table 2, Figure S1, Supporting Information).
For 1,3,5-trimethylbenzene, the co-solvent octylbenzene
(bp 261 °C) revealed the best film formation properties
with a surface roughness R, of 8 nm (Table 3, Figure S2,
Supporting Information). By using lower or higher boiling
point solvents, an increased surface roughness was
observed.

20
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Figure 3. Surface roughness as function of boiling point difference between the main
solvent and the co-solvent for inkjet printed P30T films.

When comparing the three main solvents, it was found
that the boiling point difference between the main and
the co-solvent has a crucial effect on the film-formation
quality. Figure 3 shows that an optimal boiling point
difference between main and co-solvent exists, which
ensures the lowest surface roughness. As found here, the
most favorable boiling point difference between the main
solvent and the co-solvent is between 90 and 100 °C.

In addition, Figure 3 reveals that an increased boiling
point of the main solvent (toluene < p-xylene < 1,3,5-
trimethylbenzene) results in lower surface roughnesses even
if there is only a small difference in boiling point between
the main solvent and the co-solvent. Therefore, a higher
boiling main solvent tolerates a broader range of boiling
point differences for a good film formation. The optical-pro-
filer images in Figure 4 demonstrate a significantly improved
roughness when choosing a higher boiling main solvent;
from 18 nm surface roughness for toluene (Figure 4a) to
8 nm for 1,3,5-trimethylbenzene (Figure 4c). The solvent
system 1,3,5-trimethylbenzene/octylbenzene represents in
this study the best solvent system with an optimal film for-
mation and the smallest roughness for P30T.

To compare the newly found solvent systems, the
solvent systems toluene/ortho-dichlorobenzene and
chlorobenzene/ortho-dichlorobenzene, which are fre-
quently used in other reports,'12] were used as refer-
ence (see Figure 5b and c). Both solvent systems revealed
a surface roughness R, of >25 nm and a decreased film
homogeneity in comparison to the solvent system
1,3,5-trimethylbenzene/octylbenzene (Figure 5a). Hence,
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Figure 4. Optical-profiler images and corresponding cross-sections of inkjet printed P3OT films using the optimized solvent systems tol-
uene/pentylbenzene (a), p-xylene/hexylbenzene (b), and 1,3,5-trimethylbenzene/octylbenzene (c).

the latter solvent system represents a significant improve-
ment for a smooth film formation by inkjet printing.

Moreover, to prove if the new solvent system is also
suitable for other classes of m-conjugated polymer, a
PPV (Figure 1b) and a poly(DPP-co-BTD-co-F) (Figure 1c)
were tested for their film formation characteristics using
1,3,5-trimethylbenzene/octylbenzene as solvent system.
The investigations showed that the solvent system is suit-
able to reach surface roughnesses R, of 6 and 8 nm for
the poly(DPP-co-BTD-co-F) (Figure 5d) and PPV (Figure 5e),
respectively. It is therefore believed that for the applica-
bility of a certain solvent in the inkjet printing process the
solubility of the polymer is the most critical issue. In this
study, all three polymers revealed a good solubility due to
side chains attached to the polymer backbone.

4. Conclusion
In this contribution, the combinatorial investigation of the

film-formation quality for inkjet printed polymer films of
more than 40 solvent systems was investigated. In order
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to evaluate film quality influencing parameters, the sol-
vent systems were systematically chosen. The resulting
film homogeneities for the n-conjugated polymer P30T
showed that for a solvent system ratio of 90/10 an optimal
boiling point difference between the lower boiling main
solvent and the higher boiling co-solvent is between 90
and 100 °C. In general, a higher boiling point of the main
solvent revealed more homogeneous thin films. The
best solvent system was found to be a combination of
1,3,5-trimethylbenzene and octylbenzene, which resulted
in homogeneous thin films with a roughness of 8 nm. The
solvent system was found to be independent on the chosen
polymer (class), as this solvent system was successfully
used for creating homogeneous films with a low rough-
ness with other n-conjugated polymers, including PPV and
poly(DPP-co-BTD-co-F).

Furthermore, among the parameters that were
screened, including surface tension, boiling point, contact
angle, density, viscosity, and Z-number, it was found that
only the boiling point difference between the main sol-
vent and the co-solvent showed a significant influence on
the film homogeneity and roughness.
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benzene/octylbenzene (a), toluene/ortho-dichlorobenzene (b), and chlorobenzene/ortho-dichlorobenzene (c), as well as inkjet printed films

I Figure 5. Optical-profiler images and corresponding cross-sections of inkjet printed P30T films using the solvent systems 1,3,5-trimethyl-
of poly(DPP-co-BTD-co-F) (d) and PPV (e) using 1,3,5-trimethylbenzene/octylbenzene.

The newly developed solvent system has an obvious  developed solvent system revealed a lower film rough-
advantage over frequently used solvent systems with  nessthan the chlorinated solvent systems.
chlorinated solvents, in particular for safety issues A significant step toward an improved understanding
when handling larger quantities of solvent, for example,  of the basic film formation characteristics and toward
when thinking of R2R processing. Moreover, the newly = a wider application of the inkjet printing process is
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presented. Since the choice of the solvent systems affects
not only the film-formation quality but is also crucial for
the application of the polymer layer in organic electronics,
because the solvent has an influence on, for example,
charge mobility and nanomorphology,”252¢! the influ-
ence of the solvent system to device performances need
to be studied in the future.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Systematic Investigation of a Novel Low-
Bandgap Terpolymer Library via Inkjet
Printing: Influence of Ink Properties and
Processing Conditions

Anke Teichler, Jolke Perelaer, Florian Kretschmer, Martin D. Hager,
Ulrich S. Schubert*

The thin-film properties of a polymer library consisting of novel conjugated low-bandgap
poly(diketopyrrolopyrrole-co-benzothiadiazole-co-fluorene) (poly(DPP-co-BTD-co-F)) polymers
are investigated. The content of the monomer units in the copolymers is systematically varied.
Structure—property relationships are obtained for the ink characteristics, the film formation
qualities, and their optical properties. Toluene/o-DCB in a
ratio 90/10 and a concentration of 5 mg mL™ is found to be a
suitable solvent system for all polymers. The polymer compo-
sitions and the choice of solvent have a significant influence
on the film properties. Inkjet printing is shown to be a suit-
able technique for the preparation of thin-film libraries that
subsequently can be characterized by combinatorial screening
tools.

&
AN
,b(/

and thin-film properties of newly synthesized n-conjugated
polymers, a rapid and combinatorial process is required to
identify important structure—property relationships ena-
bling the rational design of new materials with improved
properties.2! For the preparation of thin films from solu-
tion, many printing techniques like gravure, flexo, screen,
or inkjet printing, as well as coating techniques such as
knife or slot die coating, are available.l! For the systematic

1. Introduction

The number of new conjugated polymers that are synthe-
sized for use in organic electronics, such as organic light-
emitting diodes (OLEDs) or organic photovoltaics (OPVs), is
rapidly growing.!! In order to investigate the compound

A. Teichler, Dr. J. Perelaer, F. Kretschmer, Dr. M. D. Hager, investigation of thin-film properties, inkjet printing repre-
Prof. U. S. Schubert sents a versatile depositing technique, and has been imple-
Laboratory of Organic and Macromolecular Chemistry, mented in a combinatorial workflow./4 As an additive
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A. Teichler, Dr. J. Perelaer, F. Kretschmer, Dr. M. D. Hager,
Prof. U. S. Schubert

technique, inkjet printing is characterized as a material-
efficient film preparation method without the need of
masks that requires only little amounts of materials and
produces a minimal amount of waste, in contrast to other

Jena Center for Soft Matter (JCSM), Friedrich-Schiller- solution deposition methods, like spin-coating or doctor-
University Jena, Philosophenweg 7, 07743 Jena, Germany blading.!
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Dutch Polymer Institute, P.O. Box 513, 5600 MB Eindhoven, films, the drying mechanisms of inkjet printed films are
The Netherlands not yet fully understood. The investigation of special
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drying issues, like the coffee-ring effectl! and the
Marangoni flow,[”! represents the first steps toward a
comprehensive understanding of the drying behavior of
inkjet printed features, but a prediction of the final film
characteristics of specific inks is not yet possible. The
drying process is in contrast to other film formation tech-
niques a very complex procedure, which is influenced by
several parameters (e.g., temperature, solvent, concen-
tration, and dot spacing). Although the effect of solution
and processing properties is well investigated for spin-
coating,!® the control of the film formation process is still
a challenge for inkjet printing. As a consequence not only
a systematic investigation of new compounds, but also a
methodical screening of the most important processing
parameters is required.

The integration of inkjet printing into a combinatorial
screening workflow that incorporates solution prepara-
tion, film preparation, and thin-film investigation steps
enables a fast and easy identification of optimal com-
pound and processing parameters, which may have been
undiscovered without using a combinatorial screening
approach, as was reported recently for polymer/fullerene
blends for organic solar cells.*] Crucial film prepara-
tion parameters, like the used solvent/co-solvent combi-
nation, the ink concentration, as well as the film thick-
ness, have to be investigated for every single polymer
class.[1%11] Furthermore, also printing conditions, like dot
spacing, film size, and substrate temperature are impor-
tant parameters, as they initially determine the final film
morphology. Recently, Krebs and co-workers*?! inves-
tigated the effect of the film size to device efficiencies.
The authors showed that the processing conditions that
are currently applied for lab scale solar cells cannot be
easily transferred for the fabrication of larger film sizes,
since the solar cell performance decreases with increased
film size. Therefore, the focus of investigations in the
field of OPVs should move toward roll-to-roll (R2R) scal-
able processing. Inkjet printing is one suitable patterning
technique for R2R processing; however, it requires a com-
plete understanding of the film formation characteristics
and the homogeneity influencing parameters. Hence,
the design and application of a combinatorial screening
workflow for the systematic investigation of each indi-
vidual processing parameter could present an important
step for an efficient development of new materials and
devices.

Another reported material-efficient film preparation
technique is differentially pumped slot die coating, where
only 10 uL of ink was used to produce a solar cell in a com-
binatorial screening manner.[3! Since every coating or
printing technique is characterized by different processing
conditions, different film optimization parameters need
to be addressed. To the best of our knowledge, only inkjet
printing and the slot die-coating technique are methods
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that enable a time- and material-efficient screening of
the large number of newly developed polymers. In order
to identify the potential of these materials, a combinato-
rial screening approach, which allows a fast and efficient
optimization and requires only little amounts of func-
tional material, is of high importance.

A well-investigated polymer for OPV applications is
poly(3-hexylthiophene) (P3HT). Currently, power conver-
sion efficiencies of up to 5% have been reported using
this polymer.['4l However, polythiophenes are limited in
their photon-harvesting properties since their absorp-
tion does not match the maximum photon flux of the
solar spectrum.l!®] Improved photon-harvesting char-
acteristics are obtained by donor—acceptor polymers,
which consist of multiple building units that match dif-
ferent absorption regions of the solar spectrum.[*6] Well-
known building units for such polymers are, for example,
diketopyrrolopyrrole (DPP), benzothiadiazole (BTD), and
fluorene (F). The beneficial properties, including the
narrow bandgap of the DPP moiety,'”) good photovoltaic
properties of BTD,!*8] and easy tailoring characteristics
of E9 can be combined into a single donor—acceptor
polymer. Such polymers revealed a low bandgap and
favorable optical properties such as a broad absorption
up to 750 nm.[2°]

In this contribution, a polymer library that consists
of a new polymer class, poly(diketopyrrolopyrrole-co-
benzothiadiazole-co-fluorene) (poly(DPP-co-BTD-co-F)),
with varying compositions of the monomers DPP, BTD,
and F is investigated systematically using inkjet printing.
The film formation and the optical properties of these
films were characterized. A combinatorial screening of
thin-film properties of the library is shown, as well as
insights into the effect of different solvents, solvent sys-
tems, polymer concentrations, and film sizes to the film
drying characteristics are presented. Consequently, corre-
lations between the polymer properties, that is, the influ-
ence of different monomer units, the resulting ink, and
processing parameters, that is, film size, as well as film
properties (homogeneity) can be revealed.

2. Experimental Section

2.1. Materials

The synthesis of the polymers 1 to 8 is described elsewhere.l?"]
The solvents toluene, o-xylene, chlorobenzene (CB), and ortho-
dichlorobenzene (0-DCB) were purchased from Sigma—Aldrich
(Steinheim, Germany). The solutions were filtered before printing
(pore size 1 um) to prevent nozzle clogging. Microscope slides
(3 inch x 1 inch) from Marienfeld (Lauda-Kénigshofen, Germany)
were used as substrates. The cleaning of the substrates was car-
ried out by rinsing with iso-propanol and drying with an air
flow.
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2.2. Instrumentation

Surface tension and contact angles of the inks were investigated
using the OCA 20 contact-angle measurement system from Data-
physics (Filderstedt, Germany). Density and viscosity measure-
ments were performed using a DMA 02 density meter and an
AMVn ball/capillary viscosimeter (Anton Paar, Graz, Austria),
respectively.

The inkjet printing experiments were carried out using an
Autodrop system from microdrop Technologies (Norderstedt,
Germany). The printer was equipped with a piezo-based
micropipette printhead with an inner diameter of 70 um. A
voltage of 60-70 V and a pulse length of 30-35 us revealed a
stable droplet formation for all polymers in the applied solvent
systems. The printing speed was set to 20 mm s7! for all of the
experiments. The thin-film libraries were printed in a microtiter
plate pattern, that is, each film covers the position of a single well
of a 96-well plate, to enable screening of the optical properties of
the resulting films by using a UV—vis plate reader.

Surface topography and film thicknesses were measured
using a Wyko NT9100 optical interferometric profiler (Veeco,
Mannheim, Germany). A Tecan infinite M200 PRO UV-vis/
fluorescence plate reader (Tecan, Crailsheim, Germany) was used
to measure optical properties of the films.

3. Results and Discussion

3.1. Inkjet Printability and Film Formation

The polymer library poly(DPP-co-BTD-co-F) (Figure 1), which
was investigated, is characterized by systematically var-
ying contents of the DPP and BTD muoieties, while keeping
the fluorene content constant. The resulting polymer com-
positions of the polymers 1 to 8 and their corresponding
molecular characteristics are summarized in Table 1.

At first, we sought to identify a suitable processing sol-
vent followed by a favorable concentration to print from.
For these experiments, polymer 3 was chosen to test
the film formation since this polymer includes all three
building units. Three ink concentrations (3, 5, and 7 mg
mL-!)andthreesolvent systems (chlorobenzene (CB)/ortho-
dichlorobenzene (0-DCB), o-xylene/o-DCB, and toluene/o-
DCB, all in a ratio of 90/10) were tested. The solvents
were carefully chosen to match the applicability in the
inkjet printing process!**°l as well as in OPVs.[*2?] Subse-
quently, the film formation of polymer 3 was investigated

CgH17 CgHy7

Figure 1. Schematic representation of the chemical structure of polymers 1 to 8. For
detailed composition information and molecular characterization data see Table 1.
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Table 1. Composition, molar masses, and PDI values of the poly-
mers1to 8.

Polymer BTD DPP F M, M, PDI
[gmol %] [gmol ]
1 100 0 100 8400 18000 212
2 60 40 100 37 000 93000 2.52
3 50 50 100 37 000 81000 2.20
4 40 60 100 19 000 44000 2.35
5 30 70 100 25000 54000 2.18
6 20 80 100 25000 56 000 2.24
7 10 90 100 31000 68000 2.22
8 0 100 100 26 000 56 000 2.15

in a library of varying ink characteristics using the
described solvent combinations and concentrations. Fur-
thermore, different dot spacings (from 100 to 180 um)
were applied for each ink, which allows the evaluation of
the film quality in a range of different film thicknesses.

As a first solvent system, polymer 3 was printed from
CB/o-DCB (90/10) with a concentration of 5 mg mL™
It can be seen in Figure 2a that the drying of the sol-
vent system does not result in homogeneous films at
either of the dot spacings; rings of increased material
concentrations can be seen over the film. An outward
drying, which is observed mostly at higher dot spacings
or higher concentrations (see Supporting Information,
Figure S1b), leads to an inhomogeneous film formation.
Although inkjet printed films from a concentration of
3 mg mL! (Supporting Information, Figure S1a) show an
inward drying up to a dot spacing of 200 um, an outward
drying occurs for 5 mg mL? (Figure 2a) already at 140 um
and at 120 pm for 7 mg mL™? (Supporting Information,
Figure S1b), respectively. Hence, with increasing concen-
tration the film formation using CB/o-DCB becomes more
difficult and is limited to a smaller range of dot spacings.
Moreover, a concentration of 3 mg mL™ does not reveal
a homogeneous film formation, as a result of too little
amount of deposited material. Consequently, the solvent
system CB/o-DCB is not suitable for the thin film prepara-
tion of the poly(DPP-co-BTD-co-F) library.

As a second solvent system o-xylene/o-DCB was inves-
tigated. Relatively homogeneous films were observed for
concentrations of 5 mg mL™ or higher
(Figure 2b; and Supporting Information,
Figure S2b, respectively), while a con-
centration of 3 mg mL ™ resulted in ring-
shaped drying patterns (see Supporting
Information, Figure S2a). However, a
strong agglomeration was observed in
the resulting films, which obviously
hampers a good film surface uniformity.
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using different solvent systems: a) CB/o-DCB 9o0/10, b) o-xylene/o-DCB 9o/10, and

I Figure 2. Optical profiler images of inkjet printed films of polymer 3 (c = 5 mg mL™)
c) toluene/o-DCB go/10. From left to right the applied dot spacings are increasing.

As a result, o-xylene/o-DCB is also not applicable for the
preparation of a homogeneous poly(DPP-co-BTD-co-F) film
library.

Finally, toluene/o-DCB was used as a solvent system.
It can be seen in Figure 2c that homogeneous films were
obtained at a concentration of 5 mg mL™, up to dot spac-
ings of 150 um. Although a lower concentration (3 mgmL™?,
Supporting Information, Figure S3a) does not result in
homogenous films, indicated by the significant line for-
mation even at smaller dot spacings, a higher concen-
tration of 7 mg mL™? reveals homogeneous films with
dot spacings up to 150 um (Supporting Information,
Figure S3b).

From the selected solvents, it can be concluded that
the solvent system toluene/o-DCB represents the most
suitable solvent to produce films of polymer 3 with an
adequate homogeneity. With respect to the required
film thickness for organic electronics, which is below
200 nm,/?3 a concentration of 5 mg mL™ in toluene/o-DCB
was chosen for further experiments due to the achieved
layer thicknesses of 155 nm. In contrast, 215 nm thick
films were obtained for the concentration of 7 mg mL™?
revealing a too high layer thickness (Supporting Informa-
tion, Table S1, last column).

The next step was to prepare a thin-film library from
all eight polymers with the optimized ink settings. It
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was found that these settings indeed
resulted in a homogeneous film forma-
tion for all eight polymers, as depicted
in Figure 3. However, an optimization
of the dot spacing is required to reveal
the most homogeneous film formation,
which may vary slightly from polymer
to polymer due to their difference in
molar mass and composition. Although
polymer 3 showed the best film forma-
tion at 140 pum, polymers 1 and 2 were
processed by achieving optimal results
with higher dot spacings (180 and
160 um, respectively) and polymers 4
to 8 with lower dot spacings (in the
range 110 to 120 pm). As a consequence,
the film thicknesses obtained for the
optimal printing conditions vary from
50 to 230 nm (Table 2, last column).
Since an optimal active layer thickness
is below 200 nm,?3! polymers 4, 5, and 6
revealed a too high film thickness using
the prescribed settings. As a result of
the applicability of a wider range of
dot spacings by using toluene/o-DCB
the film thickness of the polymers can
be optimized. Here, the increase of the
dot spacing to 120 and 140 um leads to
a decrease in film thickness, whereas a good film quality
was maintained (Table 2).

The variation in film formation of the different poly-
mers can be ascribed to their varying ink properties
(Table 3). In order to evaluate correlations among polymer
structures, molar masses, surface tensions and viscosities,
we tried to elucidate trends, but no relationships between
the different parameters could be identified at this point.
It is, for example, expected that the ink viscosity increases
as the molar mass of the polymer increases.l?!] This trend
cannot be observed for this copolymer library, since there
are too many parameters of influence, such as a changing
polymer composition combined with changes in rigidity
of the chains and the variations in the molar mass. As not
every single parameter can be addressed separately it is
hard to reveal such correlations and trends. At this point,
it can be concluded that the DPP unit affects the ink vis-
cosity significantly, whereas the effect of the BTD seems
to be less significant; a continuous increase of the ink’s
viscosity is observed with increasing DPP content in the
polymer when a composition of DPP/BTD/F 50/50/100 is
exceeded. In contrast, an increasing BTD content shows
no clear dependence on the polymer composition. Instead,
the molar mass seems to influence the ink viscosity at low
DPP contents, since polymer 1, which has the lowest M,
exhibits a significant low viscosity. As a conclusion at this
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Figure 3. Optical profiler images of inkjet printed films using a concentration of
5 mg mL™” and the solvent system toluene/o-DCB go/10: a) polymer 1 (dot spacing
180 um), b) polymer 2 (dot spacing 160 um), c) polymer 3 (dot spacing 140 pm),
d) polymer 4 (dot spacing 110 um), e) polymer 5 (dot spacing 110 pum), f) polymer 6 (dot
spacing 120 um), g) polymer 7 (dot spacing 120 um) and h) polymer 8 (dot spacing 120 um).

point, correlations between ink characteristics and film
properties are difficult to elucidate for the current inves-
tigated polymer library. These findings stress the impor-
tance of a combinatorial screening of film properties for
varying ink characteristics because optimal processing
parameter cannot be easily predicted by a simple
investigation of selected ink properties. A systematic
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investigation of materials, processing
conditions, as well as resulting film
properties is required. By using inkjet
printing, this process can be performed
in a fast and simple manner with small
amounts of materials.

3.2. Film Thickness Versus Film
Quality

By using inkjet printing as a film forma-
tion technique, challenges arise when
the produced layer requires a certain
film thickness or film size. For example,
a processed ink is optimized according to
the best film formation quality and the
optimized printing conditions result in a
certain film thickness. If this film thick-
ness does not match the layer thickness
necessities for a desired application, a
variation in concentration and/or dot
nm spacing may not always lead to compa-
so  rable film formation qualities. A certain
dot spacing interval is generally tolerated
for the majority of polymer solutions,
but if this interval is insufficient to reach
the aimed film thickness, other printing
parameters, like the ink properties (e.g.,
aso  concentration), need to be changed. The
same challenge arises when the appli-
cation requires different film sizes. In
particular for inkjet printing, the vari-
ation of the film size is not trivial since
the drying behavior strongly depends
on the amount of applied material and
° the drying time. For the inkjet printing
20 process, the deposited material starts
drying already during processing the
entire film. Since inkjet printed layers
were produced by printing lines next to
each other, which subsequently merge
into a continuous feature, the length of a
line and, as a consequence, the time until
the next line is printed, is crucial in order
to control the film formation properties.
Figure 4 combines the investiga-
tion of the two described challenges,
film thickness and film size requirements, for polymer 2,
printed from toluene/o-DCB. Film sizes of 5 mm x 5 mm
and 20 mm x 20 mm as well as toluene/o-DCB ratios of
90/10, 70/30, and 50/50 were investigated, respectively.
The investigations were performed by using polymer 2
in a concentration of 3 mg mL1. This concentration was
chosen since for the preparation of larger inkjet printed
.‘\5
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Table 2. Film properties of the polymers 1 to 8 inkjet printed
from toluene/o-DCB 90/10 at a concentration of 5 mg mL™.

Polymer A,u fim Eg film Ap,sim Dot  Filmthickness
[nm] [eV] [nm] spacing [nm]
[um]
1 525 1.98 662 180 486
2 650 1.78 682 160 66+ 10
3 656 1.80 694 140 155+13
4 659 1.75 698 110 234+14
120 190+ 14
5 660 1.75 700 110 221+9
120 190+12
6 666 1.74 700 120 219+10
140 180t15
667 1.70 702 120 150+9
8 668 1.68 704 120 114+9

films a small dot spacing usually results in a good film
quality, but also in a large film thickness. For this reason,
a lower concentration of 3 mg mL™! was used here in order
to reach lower layer thicknesses for a larger film size.

Figure 4a shows inkjet printed films in the size 5 mm X
5 mm (left) and 20 mm x 20 mm (right) prepared from
toluene/o-DCB 90/10. Due to a decrease in film quality
for higher drop-to-drop distances, a dot spacing of 100 um
is favorable for this solvent as it results in more homoge-
neous films with a film thickness of 250 nm for 5 mm x
5 mm. For larger film sizes, the control over the film quality
is more difficult. One reason is the increased drying time
of each printed line before a next line is printed next to
the first dots. As described before, the film quality is
thereby dependent on the size of the film as well as the
solvent’s boiling point. For a film size of 20 mm x 20 mm
line formation occurs during drying at high dot spacings
for the solvent system toluene/o-DCB 90/10. A dot spacing
of 100 um revealed an optimal film formation resulting in
a high film thickness of approximately 350 nm.

I Table 3. Ink characteristics of the polymers 1to 8.
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As mentioned before, in this case the aimed applica-
tion requires a lower film thickness. Different approaches
can be used to reduce the layer thickness: i) increasing
the dot spacing, ii) decreasing the ink concentration, and
iii) increasing the amount of the high-boiling solvent.
The first two points lead to a reduction of the deposited
material and, hence, results in a lower film thickness. The
third option introduces a longer drying of the deposited
material, which leads to a more homogeneous drying of
the printed films. As a result, a regular film formation can
be obtained using higher dot spacings (140 um) with the
solvent mixture toluene/o-DCB 70/30 (Figure 4b). Further-
more, an increase in applicable dot spacings up to 150 um
is achieved. A film thickness of 130 nm was obtained for
a film size of 5 mm x 5 mm and a thickness of 100 nm for
20 mm x 20 mm, respectively.

In addition, a solvent ratio of toluene/o-DCB 50/50
was tested to confirm constraints of the used approach.
The solvent ratio 50/50 lead for both film sizes, 5 mm x
5 mm and 20 mm X 20 mm, to a strong decrease in film
quality (Figure 4c). Using this solvent ratio, the drying
of the film is very slow, leading to a multiple ring-like
drying pattern. Additionally, investigations for a film size
of 10 mm x 10 mm were performed (Supporting Informa-
tion, Figure S4), confirming as well that an increase of the
co-solvent content to a ratio of 70/30 improves the film
quality at lower film thicknesses.

It can be concluded that for an increased film size an
increased content of the high-boiling solvent leads to an
improved control over the film formation. It is noticeable
that not only thinner films can be prepared but also an
improved film formation is observed. Hence, the approach
of increasing the boiling point of the applied solvent rep-
resents a good alternative to reveal thinner as well as
larger thin films with a homogeneous film formation.
Since there is a limited window of applicable dot spac-
ings, a reduction of the concentration leads for polymers
usually to a decreased film quality.

Here, a straightforward approach of increasing the
co-solvent content was proven as a good alternative. The

Polymer 4 P n Z-number Aabs,sol. Eg sol. ApLsol.
[mN m1] [g em™3] [mPas] [nm] [eV] [nm]
1 33.0 0.910 0.698 65.7 507 2.12 639
2 29.7 0.911 0.942 46.2 637 1.82 662
3 34.5 0.910 0.966 48.5 643 1.82 667
4 33.4 0.911 0.852 54.2 647 1.81 670
5 34.6 0.911 0.916 51.3 651 1.81 675
6 33.8 0.911 0.942 49.3 652 1.81 676
7 32.5 0.911 1.013 44.9 653 1.81 676
8 34.6 0.910 1.058 44.4 655 1.80 676
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I Figure 4. Optical profilerimages of inkjet printed films of polymer 2 (c=3 mg mL™) processed by using toluene/o-DCB ratios 9o/10 (a), 70/30
(b) and 50/50 (c). For each ratio, the films were prepared in the film sizes 5 mm x 5 mm (left) and 20 x 20 mm (right).

preparation of even larger film sizes was, however, not
performed since a single nozzle print-head was not seen
as suitable for these experiments. For larger films than
20 mm x 20 mm, the use of a multi-nozzle print-head is
preferred for a time-effective preparation.

3.3. Optical Properties

Not only the homogeneity and, as a consequence, the sur-
face roughness of the printed films determines the quality
of the final organic devices but also the optical properties
of the films. First of all, the effect of the three different sol-
vent systems toluene/o-DCB, CB/o-DCB, and o-xylene/o-
DCB (with a solvent ratio of 90/10) to the absorption and
emission characteristics of inkjet printed films of polymer
3 was investigated (Figure 5a). It can be seen that the use
of the solvent system toluene/o-DCB results in the best
properties: the intensity of the absorption bands at 530 and
660 nm for toluene/o-DCB is significantly increased (com-
pared with the short wavelength absorption at 350 nm) in
comparison to the other two solvent systems, which coin-
cides with the results in the previous section for obtaining
the best film formation. In particular, an increased absorp-
tion at higher wavelengths is preferred for the application
in OPVs.1?] An emission band at 694 nm is observed for all
three solvent systems. The shoulder at 750 nm, which indi-
cates more interactions between the polymer chains, is less
dependent on the choice of solvent system.

Since the drying time of a wet n-conjugated polymer
film strongly influences the absorption behavior of the
dried film, the influence of the toluene/o-DCB ratio for
polymer 2 was investigated (Figure 5b). An increased o-
DCB content, which lead to an increased drying time,
revealed only a slight increase of the absorption inten-
sity at 540 and 660 nm for the ratios 70/30 and 50/50. All
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other absorption and emission characteristics are equal
for the three solvent ratios. Therefore, the change of the
solvent system ratio causes only small modifications in
the optical properties of polymer 2.

The absorption and emission characteristics of the
inkjet printed films of all eight polymers are depicted
in Figure 5c and d, respectively, and in Table 2. Polymer
1, which contains only the building units F and BTD,
exhibits two absorption peaks at 370 and 520 nm. By
incorporating a DPP building unit, the polymer absorp-
tion exhibits a third peak at approximately 660 nm.
With increased DPP content, the intensity of the absorp-
tion peak at 660 nm increases and red-shifts to 668 nm.
At the same time, since the BTD-content is decreasing,
the absorption peak at around 520 nm decreases as
well. As a result of the red-shifted absorption with
increasing DPP-content, the optical bandgap of the poly-
mers decreases from 1.98 eV for polymer 1 to 1.68 eV for
polymer 8. Therefore, the polymers show in the inkjet
printed films a clear red-shift in absorption (=15 nm) in
comparison to their solutions (Table 3), which is attrib-
uted to a further planarization of the polymer backbone
in the films.[?!] The emission of the inkjet printed films
of the polymer library depends on the polymer com-
position. Polymer 1 reveals a single emission peak at
662 nm, but shifts to longer wavelengths with the incor-
poration of DPP. Furthermore, a shoulder with increased
intensity appears with addition of the DPP monomer in
the copolymer.

4, Conclusion

In this contribution, the inkjet printability and selected
thin film properties of a new polymer library consisting
ol
olec
Mo
www.MaterialsViews.com
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Figure 5. a) Normalized absorption and emission spectra of inkjet printed films of polymer 3 processed by the solvent systems toluene/o-
DCB 90/10, CB/0-DCB 90/10, and o-xylene/o-DCB 9o/10 (5 mg mL™). b) Normalized absorption and emission spectra of inkjet printed films
of polymer 2 processed by the solvent system toluene/o-DCB in the ratios 9o/10,70/30, and 50/50 (5 mm x 5 mm, 3 mg mL™"). ¢) Normal-
ized absorption spectra of inkjet printed films of polymers 1to 8 processed from toluene/o-DCB 9o/10 (5 mg mL™). d) Normalized emission
spectra of inkjet printed films of polymers 1 to 8 processed from toluene/o-DCB 9o/10 (5 mg mL™).

of conjugated low-bandgap poly(diketopyrrolopyrrole-co-
benzothiadiazole-co-fluorene) (poly(DPP-co-BTD-co-F))
polymers were investigated. Structure—property relation-
ships between the polymer characteristics and the resulting
thin film properties were obtained by the systematical
variation of the monomer contents in the copolymers. In
particular, the optical properties and film homogeneities
were investigated. To accelerate the investigations, a com-
binatorial inkjet printing setup was used, whereby two-
dimensional thin-film libraries were prepared to identify
synergies between different properties, including solvent
system, concentration, and film size.

It was found that a suitable solvent system for all poly-
mers was toluene/o-DCB in a ratio 90/10 and a concentra-
tion of 5 mg mL! when printing films of 5 mm x 5 mm.
The polymer composition, that is, the DPP and BTD con-
tent, shows a significant influence on the film formation
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characteristics as well as on the final film properties.
When increasing the film size to 20 mm x 20 mm the
solvent ratio had to be changed to 70/30 and the concen-
tration to 3 mg mL™ to reveal homogeneous films with a
film thickness of approximately 100 nm.

Inkjet printing has shown to be a suitable technique
for the preparation of a thin-film library that can be easily
characterized by combinatorial screening tools to eluci-
date correlations between the choice of solvent system,
film formation qualities, and optical film properties. The
use of the combinatorial screening workflow shows a
high importance to identify materials and processing
conditions that have the potential to yield highest solar
cell efficiencies. Without the application of an efficient
combinatorial screening approach, potentially record
breaking polymers may have been undiscovered, simply
because they were not efficiently screened.
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For the implementation of the inkjet printing process in the fabrication of organic devices,
like organic light emitting diodes (OLEDs), challenges such as the control over film forma-
tion need to be overcome in order to benefit from inkjet printing as a mask-free, material-
efficient, non-contact and on-demand patterning technique. In this contribution, three dif-
ferent polymers with tailored properties were synthesized that reveal red, green and blue
(RGB) emission colors. Film formation and thin-film properties were investigated in a com-
binatorial screening approach via inkjet printing. The solvent system toluene/ortho-dichlo-
robenzene revealed for all three polymers suitable film formation characteristics with final
film thicknesses of 80 nm using a concentration of 4 mg/mL. Important relationships
between polymer properties (molar mass), ink characteristics (viscosity) and film forma-
tion qualities (thickness, roughness) were identified. Finally, OLED devices were manufac-
tured whereby the light emitting layers were inkjet printed using optimized processing
conditions.
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1. Introduction

Organic electronic devices for lighting applications gain
increasing popularity due to their light weight, flexibility
as well as low processing costs. These characteristics can
be ensured by an inexpensive solution processing, which
preferably can be performed in a roll-to-roll (R2R) ap-
proach using flexible substrates [1]. A cost-effective pro-
cessing requires solubility of the applied compounds in
organic solvents. Only then, the expensive fabrication via
vapor deposition, like applied for inorganic electronics,
can be replaced by cost-effective solution fabrication
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techniques. As a consequence organic electronics, such
as organic light emitting diodes (OLEDs), can compete
with inorganic devices, although their efficiencies are
not yet as high as the efficiencies of the inorganic devices
[2].

One of the most promising solution deposition tech-
niques is inkjet printing, which is characterized by a pre-
cise and on-demand control of materials deposition due
to a reproducible droplet formation. After ejection from
the nozzle the droplets coalesce at the substrate, leading
to the formation of a continuous film [3]. In order to pro-
duce homogeneous films many parameters that affect the
final layer quality require an optimization. The influence
of both the ink and the processing parameters was recently
reported for poly(phenylene-ethynylene)-poly(phenylene-
vinylene) (PPE-PPV) copolymers [4]. The control over film
formation was achieved by the variation of ink concentra-
tion, solvent system, substrate temperature as well as
drop-to-drop distance (dot spacing). Inkjet printed films
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with a sufficient film quality were applied in organic elec-
tronics, such as OLEDs [5] and organic photovoltaics (OPV)
[6]. Furthermore, inkjet printing enables a combinatorial
screening of thin-film properties of polymer/fullerene lay-
ers for OPVs that strongly depend on the ink and the pro-
cessing parameters [7]. Inkjet printing is, therefore, a
suitable technique for the evaluation of synergies between
ink and film properties. Characterized by an efficient mate-
rials handling both time and energy can be saved while
using inkjet printing as a deposition technique.

The processing via solution deposition methods, like
spin-coating or inkjet printing, is enabled by the attach-
ment of side chains to the backbone of m-conjugated poly-
mers, which enhances the solubility in organic solvents. In
order to obtain homogeneous thin polymer films
spin-coating is an often used patterning technique. The
optical as well as morphological properties can be tuned
as a function of polymer concentration, solvent, tempera-
ture and spin speed. Typically, a high concentration leads
to a high aggregation of the polymer chains [8], while a
red-shifted emission was obtained for lower spin speeds
[9] and high boiling solvents result in a higher degree of
crystallization [10].

In contrast to spin-coating, the control over the drying
processes and the subsequent film formation is not yet
fully understood for inkjet printed films. Although, inkjet
printing shows some advantages over spin-coating, in par-
ticular a high material-efficiency, a low waste production
and a mask-less, digital processing [7], it is currently not
the preferred method to produce organic electronics, such
as OLEDs [5,11]. Reasons can be found in the challenges
that arise while using inkjet printing, such as the limitation
to printable solvents and the control over the drying pro-
cesses. The coffee-drop-effect [12] and the Marangoni flow
[13] result in non-homogeneous drying patterns. An opti-
mization of the ink as well as the processing parameters
is required for each polymer class in order to identify opti-
mal printing parameters for a specific application. Further-
more, not only the film formation properties, but also the
optical characteristics of the layers are of importance when
applying different processing parameters. It was found that
the emission color of inkjet printed films is influenced by
the layer thickness [14].

In order to make use of the beneficial properties of ink-
jet printing, control over the drying processes has to be ob-
tained. The aim is to gain more insights into correlations
between ink properties and film forming conditions. In this
contribution, solution properties, inkjet printability and
film formation characteristics of chemically tailored
polymers is demonstrated. Different polymers were
synthesized, including a poly(fluorene-phenylene), a
poly(phenylene-vinylene) (PPV) and a poly(phenylene-
ethynylene)-poly(phenylene-vinylene) (PPE-PPV) copoly-
mer, in order to obtain red, green and blue (RGB) emission
colors. Furthermore, the optimization of inkjet printed thin
polymer films for OLED applications is presented. Inkjet
printing allows here an acceleration of the thin-film opti-
mization. Finally, optimized film forming settings were
used to prepare the active layers for first OLED devices.

2. Experimental
2.1. Synthesis

Solvents for synthesis were dried and distilled accord-
ing to standard procedures and degassed by bubbling with
nitrogen one hour prior to use. Isophthalaldehyde was pur-
chased from Aldrich (97%) and recrystallized from toluene.
Monomers 1, 2, 4, 7 and 8 were synthesized in analogy to
literature procedures [15-18]. A schematic representation
of the synthesis of polymers 3, 6 and 9 is given in
Scheme 1.

The elemental analysis values of the t-conjugated poly-
mers are not fitting, since the composition was, due to the
high PDI values, calculated without taking into account the
end groups. However, the identity of the substances and
their polymeric nature was proven by 'H NMR spectros-
copy and size exclusion chromatography.

Synthesis of 3: 1 (318 mg, 0.6 mmol), 2 (445 mg,
0.6 mmol), Pd(PPhs3), (7 mg, 1 mol%), tetraoctylammonium
bromide (67 mg, 0.12 mmol) and a solution of 1.90g
Na,CO3 in 10 mL water were added to 25 mL toluene.
The nitrogen-purged mixture was heated to gentle reflux.
After no further change in the SEC trace was noted
(12 h), the phases were separated and the organic phase
was washed two times with water. Afterwards the solvent
was removed under reduced pressure. The residue was dis-
solved in chloroform and precipitated in MeOH (1:20). The
crude product was separated by filtration and Soxhlet
extraction was conducted with heptane until no more olig-
omers dissolved. The remains were extracted with CHCls.
The extract was concentrated under reduced pressure
and precipitated in MeOH (1:20). The product was filtered
of and dried to yield 3 as a white solid (483 mg, 0.49 mmol,
82%). Anal. Calcd for (C7iHy16)n: C, 87.94%; H, 12.06%; N,
6.13%. Found: C, 87.52%; H, 11.71%.

'H NMR (250 MHz, CD5Cl,): 6 =7.84 (b, FI-H), 7.81 (b,
FI-H), 7.76 (b, FI-H), 7.65-7.59 (b, FI-H), 7.19 (b, Ph-H),
4.02 (b, CHy), 2.07 (b, CH;), 1.78 (b, CH,), 1.55-1.00 (b,
CH,), 0.90-0.80 (b, CH3).

Synthesis of 6: 4 (635 mg, 1.0 mmol) and 5 (134 mg,
1.0 mmol) were dissolved in toluene (20 mL), purged with
nitrogen for 1h and heated to 100 °C. KO'Bu (224 mg,
2.0 mmol) was added in small portions over a period of
20 min. Subsequently, benzaldehyde (212 mg, 2 mmol)
was added to stop the reaction. After cooling to room tem-
perature, the reaction mixture was neutralized with di-
luted aqueous HCI, the phases were separated and the
organic phase was washed two times with water. After-
wards the solvent was removed under reduced pressure.
The residue was dissolved in chloroform and precipitated
in MeOH (1:20). The crude product was separated by filtra-
tion and Soxhlet extraction was conducted with heptane
until no more oligomers dissolved. The remains were ex-
tracted with CHCls. The extract was concentrated under re-
duced pressure and precipitated in MeOH (1:20). The
product was filtered of and dried to yield 6 as a yellow so-
lid (364 mg, 0.79 mmol, 79%). Anal. Calcd for (C33H4403)x:
C, 83.43%; H, 9.63%. Found: C, 83.08%; H, 9.31%.



2188 A. Teichler et al./European Polymer Journal 49 (2013) 2186-2195
C18H3B7 o o CigHa7
r
Oy W :
et s Vg R
Br- CgH17CeH
8170817 CiH
CqgHs7 18M37 CoHirtaHyy 1
1 2 3
\\
(0}
NS OHC. -~ _CHO OCeH17 \n
B0 oy \ﬂE Ot + Tr b a /
CgHi7 O™ 7 Yy X - 7
CgH470
1 5 817 .
OCBH17 OC18H37 OCgH17
OC1gH37
=+ =<0 o=
= Chro o by
CgH170 C1gH370 CgH170 n
C1gH370
7 8 9

(a) PA[P(Ph)sls, TOAB, Na,COs, H,Oltoluene, 120 °C 12 h; (b) KO'Bu, THF, reflux, 20 min;

(c) PA[P(Ph)sla, Cul, toluene/HN'Pr,, 80 °C, 72 h.

Scheme 1. Schematic representation of the synthesis of polymers 3, 6 and 9.

TH NMR (250 MHz, CD,Cl,): 6 = 7.69 (b), 7.60 (b), 7.53-
7.48 (b), 7.43-7.34 (b), 7.27 (b), 7.21 (b), 4.11 (b, OCH;),
1.92 (b, CH;), 1.65-1.20 (b, CH,), 0.88 (b, CH3).

Synthesis of 9: 7 (2.0 g 1.76 mmol), 8 (1.8 g, 1.76 mmol),
Pd(PPhs), (82 mg, 0.07 mmol) and Cul (13 mg, 0.07 mmol)
were dissolved in a solution of 40 mL toluene and 15 mL
diisopropylamine. The mixture was purged with nitrogen
for 30 min and subsequently heated to 80 °C for 72 h. Sub-
sequently, the reaction mixture was filtered, the solution
neutralized with aqueous HCI and dried with a Dean-Stark
apparatus. Afterwards the solvent was reduced to 50 mL
under reduced pressure and the solution precipitated in
MeOH. The crude product was separated by filtration and
Soxhlet extraction was conducted with MeOH until no
more oligomers dissolved. The product was dried to yield
9 as a red solid (2.9 g, 0.49 mmol, 85%). Anal. Calcd for
(C136H228038)n: C, 82.03%; H, 11.54%. Found: C, 80.36%; H,
11.15%.

'H NMR (250 MHz, CD,Cl,): § =7.52 (b), 7.46 (b), 7.17
(b), 7.02 (b), 4.05 (b, OCH,), 1.88 (b, CH,), 1.58-1.15 (b,
CH,), 0.87 (b, CHs).

2.2. Instrumentation

2.2.1. Characterization

TH NMR spectra were recorded on a Bruker AC 250 MHz
spectrometer using the residual solvent resonance as an
internal standard. Size exclusion chromatography (SEC)
was measured on a Shimadzu system equipped with a
SCL-10AV system controller, a LC-10AD pump, a DGU-
14A Degasser, a RID-6A refractive index detector, a SIL-
10AD auto sampler, and 3 mixed B (polymer lab) columns
at room temperature. As eluent, THF was used at a flow

rate of 1 mL/min. The reported number average molar
masses were calculated according to polystyrene
standards. UV-Vis absorption spectra were recorded in
10-% M CD,Cl, solutions with an Analytik Jena SPECORD
250 (Jena, Germany) spectrometer. Solution emission
spectra were measured with a Jasco FP-6500 spectrometer.
Absolute quantum yields were determined by using a
Hamamatsu C 10027 Photonic Multi-Channel Analyzer.
Surface tension and contact angles of the inks were inves-
tigated on glass by the contact angle measurement system
OCA 20 from Dataphysics (Filderstedt, Germany). Density
as well as viscosity measurements were performed using
a DMA 02 density meter and a ball/capillary viscosimeter
AMVn (Anton Paar, Graz, Austria), respectively.

UV-Vis absorption spectra of the inkjet printed films
were measured using a UV-Vis spectrometer Lambda 19
from Perkin Elmer. A fluorescence spectrometer HITACHI
F-4500 was used to record the emission spectra of the ink-
jet printed polymer films. Surface topography as well as
film thicknesses were measured using an optical interfero-
metric profiler Wyko NT9100 (Veeco, Mannheim,
Germany).

2.2.2. Inkjet printing

The polymers 3, 6 and 9 were dissolved in a solvent
mixture of toluene and ortho-dichlorobenzene (0-DCB)
with varying concentrations. The solvents (toluene, o-
DCB) were purchased from Sigma Aldrich and used with-
out further purification. The polymer solutions were fil-
tered before printing (pore size 1 um) to prevent nozzle
clogging. Microscope slides (3 x 1in) from Marienfeld
(Lauda-Konigshofen, Germany) were used as substrates.
The cleaning of the substrates was carried out by rinsing
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with iso-propanol and drying with an air flow, followed by
an oxygen plasma treatment for 5 min with a power of
240 Watt (Diener Electronic, Ebhausen, Germany). The ink-
jet printing was performed with an Autodrop system from
microdrop Technologies (Norderstedt, Germany). The prin-
ter was equipped with a piezo-based micropipette print-
head with an inner diameter of 70 um. A voltage of 60 V
and a pulse width of 35 ps revealed a stable droplet forma-
tion for all polymers in the solvent toluene/o-DCB 90/10 (v/
v). The film size was usually 5 x 5 mm? and the printing
speed 20 mmy/s.

2.2.3. OLED preparation

The OLEDs with the device structure glass substrate/
ITO/PEDOT:PSS/active layer/cathode were fabricated at
the Holst Centre Eindhoven (the Netherlands). In total 63
devices were prepared in three different sizes:
1 x 1mm? 3 x 3mm? and 20 x 30 mm?. A 100 nm thick
PEDOT:PSS (Clevios Al VP 4083) layer was spin-coated on
ITO/glass substrates and dried at 130 °C. To pattern the
PEDOT:PSS layer an ablation laser was used. The active
polymer layers were subsequently inkjet printed using
the optimized ink and printing conditions. The cathode
materials Ba and Al were then evaporated through a sha-
dow mask. Finally, the OLEDs were covered with a metal
lid.

2.2.4. OLED characterization

The characterization of the devices was performed at
the Fraunhofer IOF in Jena (Germany) using an optical fiber
coupled calibrated spectrometer SD2000 from Ocean Op-
tics for the detection of the output light spectra of the
OLED devices. A YOKOGAWA GS610 source measure unit
was used for an electrical power input in the constant cur-
rent mode and for the J-V characterization. With this
measurement set-up only the OLED devices in the size of
1 x 1 mm? as well as 3 x 3 mm? could be measured.

3. Results and discussion
3.1. Synthesis and characterization of the polymers

In order to tailor the emission color of the polymers,
synthetic routes and known polymer structures were
adapted from the literature. Phenylene-based polymers,
in particular poly(fluorenes), were identified as the best
candidates for blue emitting layers, because they exhibit
high quantum yields, potential side-products are well-
investigated and the synthesis via the Suzuki cross-
coupling reaction is optimized [2]. For that reason
poly-(fluorene-phenylene) 3 was synthesized by reacting
the 1,4-dibromo-2,5-dioctadecylbenzene (1) and 2,2'-(9,9-
dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborolane) (2)
(Scheme 1). The white polymer exhibits an intensive
absorption maximum in the ultraviolet region
(Zabs =372 nm), yielding in an intensive blue emission
(4pL = 417 nm) with a quantum yield of @p_ = 0.71 (Table 1,
Fig. 1).

To assemble a green-emitting polymer poly(phenylene-
vinylene) (PPV) copolymers were used here. It has been
shown that thin films of PPV exhibit bright yellow-green

Table 1
Molar mass, PDI values and optical properties in solution of polymers 3, 6
and 9.

Jas (M) ES(eV)  Jp”(nm)  ®p. M, (g/mol) PDI

3 372 3.08 417 0.71 14,200 2.09
6 408 2.77 452 0.80 5,100 1.86
9 455 2.40 519 0.48 8,600 3.95

2 Calculated at 0.1 Zaps.
b Excited at Japs.
¢ Calculated against poly(styrene) standard.
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Fig. 1. (a) Absorption and emission of polymers 3, 6 and 9 in solution, and
(b) photograph of polymer inks (excited at 366 nm).

fluorescence with an emission maximum at /Jp. =551 nm
and a secondary peak at 2.4eV (520 nm) [2]. However,
unsubstituted PPV has a low solubility in organic solvents
and is, therefore, difficult to process by a liquid processing
technique, like inkjet printing. The substitution of PPV with
alkoxy groups increases the solubility but, unfortunately,
the band gap is reduced, leading to a significant red-shifted
emission. When the phenylene units are connected to the
meta- or ortho-position, the interruption of the conjugation
in such polymers causes a blue-shift of the emission [19].
Isophthalaldehyde (5) was reacted with bisphosphonate
(4) via Horner-Wadsworth-Emmons (HWE) reaction lead-
ing to the PPV 6 (Scheme 1). The short conjugation length
in the polymer 6, caused by the meta-linkage, lead to a yel-
low polymer, exhibiting a bright green emission
(@pL =0.80, /p. =452 nm, Table 1)

In order to obtain polymers that have their emission
wavelength in the red region of the spectrum, a further
reduction of the band gap is required. A poly(phenylene-
ethynylene)-poly(phenylene-vinylene) (PPE-PPV) was
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synthesized. The presence of triple bonds in the structure
results in a high level of planarity and, thereby, in a de-
crease of the band gap. The electroluminescence (EL) per-
formance of PPEs is generally inferior to that of PPVs, but
a combination of both units in one polymer backbone will
combine the advantages, which leads to promising OLED
materials [2]. The synthesis was performed by using a
Sonogashira cross-coupling reaction of monomer 7 and 8
to yield polymer 9 as a red powder (Scheme 1). Polymer
9 exhibits in solution a PL maximum (®p.=0.48) of
JpL =519 nm, representing an obvious bathochromic shift
compared to the PPV 6 (Table 1).

3.2. Optimization of inkjet printed polymer films

For the fabrication of active layers for OLED devices by
inkjet printing, the solubility and printability of the three
polymers were first investigated. The polymers 3, 6 and 9
were dissolved in the solvent system toluene/ortho-dichlo-
robenzene (0-DCB) with varying concentrations. All three
polymers showed a good solubility with concentrations
between 4 and 8 mg/mL in a solvent mixture of toluene/
0-DCB 90/10.

Table 2 summarizes the properties of the three polymer
inks. Since all polymers were dissolved in the same solvent
system, the surface tension, density and contact angle
were similar for all inks. The viscosities of the three differ-
ent polymer solutions, however, differ slightly from each
other, which follows the trend of the molar mass of the
polymers: polymer 6 (0.70mPas)<polymer 9
(0.72 mPa s) < polymer 3 (0.76 mPa s). These results cor-
roborate the findings of de Gans and Schubert, who studied
the effect of different molar masses of polystyrene to the
ink viscosity [20].

From the nozzle orifice d, the surface tension y, the den-
sity p and the viscosity # of the polymer inks the Z-num-
bers, which assesses the printability of fluids, were
calculated to be between 18 and 20. Although Jang et al.
predicted that solutions with Z-numbers above 14 are
not printable in a reliable way due to a satellite formation
[21], other studies confirm printability of fluids with a high
Z-number (>60) [22]. Here, we did not observe satellite for-
mation and, thus, the inks were stable to be inkjet printed.

For the fabrication of the emissive layer of an OLED a
film thickness of approximately 80 nm is required to
achieve good light emitting efficiencies [23]. Different ink
concentrations were tested for their film formation, film
thickness as well as film roughness. First, the film
formation of polymer 9 was investigated using varied

Table 2

concentrations, as depicted in Fig. 2. Obviously, the film
thickness depends on the ink concentration, but also the
surface roughness, as depicted in Fig. 2e. For equal dot
spacings the film thickness of the printed films increases
with increasing concentration from 75 nm for 3 mg/mL to
290 nm for 8 mg/mL, respectively. The surface roughness
shows a local minimum of 10 nm at 4 mg/mL, which corre-
sponds to a film thickness of 120 nm. Although a film
thickness of approximately 75 nm can be obtained for
3 mg/mL, a lower surface roughness is preferred for OLED
applications since an improved contact quality between
the OLED layers improves the charge injection into the ac-
tive layer. A concentration of 4 mg/mL was, therefore, cho-
sen for polymer 9 as optimal ink parameters. The film
thickness of 120 nm, obtained with a dot spacing of
120 pm, was then reduced to 80 nm by increasing the
dot spacing to 140 pm, leading to a reduced amount of
deposited material, while the homogeneity of the resulting
film was ensured.

The optimal ink parameters found for polymer 9 were
successfully applied to the polymers 3 and 6, since all inks
have similar fluid properties and, as a result, equal printing
characteristics. Fig. 3a-c shows optical profiler images of
optimized inkjet printed films of the polymers 3, 6 and 9,
respectively, revealing a homogeneous film formation.
For the polymers 3 and 6 a dot spacing of 120 um yielded
a film thickness of approximately 72 nm and 80 nm. Indi-
cated by the cross-sections in Fig. 3, the homogeneity of
the inkjet printed films of polymer 3 and 6 is improved
compared to polymer 9. These results confirm that the
optimized ink properties found for polymer 9 can be easily
transferred to the other two polymers, yielding a high con-
trol over film formation even for different polymer classes.
One reason for this may be the high solubility of all three
polymers in the solvent system, which ensures a good
printability and a stable droplet formation.

In summary, since the ink characteristics like viscosity
and surface tension are comparable for all three polymer
systems the droplet formation processes and film forming
conditions are comparable. Although all three polymers re-
veal different chemical structures equal printing condi-
tions could be applied, which represents an important
step towards accelerated film formation conditions. Up to
now, optimal printing conditions needed to be screened
for each single polymer separately. For the polymers used
here, the solvent system seems to mainly influence the
ink characteristics (for the applied concentration). There-
fore, significant steps towards a predictable film formation
as well as insights into the film formation process by using

Properties of inks and inkjet printed films of the polymers 3, 6 and 9 (4 mg/mL, toluene/o-DCB 90/10).

7 (mN/m)  p? (g/em?)

#® (mPas) Contact angle® (°)  Z - number  Aupsgim (M) Egfim© (eV) Jpfim® (nm)  Film thickness (nm)

3 311 0.915 0.76 <10 18.6
6 311 0.916 0.70 <10 20.2
9 312 0.917 0.72 <10 19.6

370,383 3.05 413,435 s 72
416 2.58 504,536 s 80
470 2.28 560,578 80

¢ Measured at 20 °C.

> On glass.

¢ Calculated at 0.1 Japs.
4 Excited at Japs.
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Fig. 2. Optical profiler images of inkjet printed films of polymer 9, obtained with equal dot spacing from a toluene/o-DCB 90/10 mixture with
concentrations of (a) 3 mg/mL, (b) 4 mg/mL, (c) 6 mg/mL and (d) 8 mg/mL, respectively. (e) Film thicknesses (squares) and film roughnesses (circles) of the
layers prepared from different concentrations. The highlighted concentration of 4 mg/mL represents the optimum between aimed film thickness and best

film formation properties.
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Fig. 3. Optical profiler images (left) and corresponding cross-sections (right) of thin films inkjet printed from optimized ink and printing conditions (4 mg/
mL, toluene/o-DCB 90/10): (a) polymer 3 (dot spacing 120 um), (b) polymer 6 (dot spacing 120 pm), and (c) polymer 9 (dot spacing 140 pm).

inkjet printing are revealed. Although polymer 9 showed
the highest film roughness, further improvements could,
however, not be achieved, even not by optimizing other
parameters, like the solvent ratio, the substrate tempera-
ture and the printing speed. A lower or higher content of
the high boiling solvent (toluene/o-DCB 95/5, 85/15) did
not result in improved layer roughnesses. A printing speed
of 20 mm/s was found to reveal an optimal film formation
using the highest possible processing speed. A too low
printing speed (e.g. 1 mmy/s) results in an irregular drying
pattern, since the drying of the printed material takes place
before the entire film is printed. In contrast, when printing
faster than 20 mm/s leads to a low printing accuracy. Fur-
thermore, the inkjet printing experiments were performed
at room temperature, because an increased substrate tem-
perature revealed a too fast drying and, subsequently, a de-
creased film homogeneity. Although optical properties of
m-conjugated polymer layers can vary depending on the
used processing conditions, the focus here was on the

absorption
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Fig. 4. Absorption and emission of polymers 3, 6 and 9 as inkjet printed
films from toluene/o-DCB 90/10 (4 mg/mL).
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Fig. 5. Output spectra and photographs of the (1 x 1 mm?) OLED devices
using a driving current and voltage of 5 mA and 19.8 V for polymer 6 and
5mA and 32.1V for polymer 9.

optimization of film thickness as well as film roughness
requirements since a uniform emission is a key factor for
the applications of OLEDs.

3.3. Characterization of inkjet printed polymer films

The absorption and emission spectra of the inkjet
printed thin-films of all three polymers are shown in
Fig. 4 and the optical properties are summarized in Table 2.
Polymer 3 shows in the film two absorption peaks at
370nm and 383 nm revealing an optical bandgap of
3.04 eV. Photoluminescence is observed in the blue region
at 413 nm with a shoulder at around 435 nm. Compared to
the solution, the film exhibits two main absorption peaks,
indicating that solid state aggregation occurs [24]. Polymer
6 absorbs at 416 nm and emits at 504 nm with a shoulder
at 536 nm. As a result, polymer 6 has a bandgap of 2.61 eV
and an emission in the green region. According to the red-
shifted absorption and emission in the inkjet printed film
in comparison to solution, a planarization of the backbone

current density (mA/cm?)

0 +——T——F+=F 71— 1

!~ _ polymer 9

occurred in the solid state. Due to absence of additional
peaks or shoulders aggregation of polymer 6 is not ob-
served in the solid state. For polymer 9 an absorption
wavelength at 470 nm and an emission wavelengths at
560 nm and 578 nm were observed revealing an orange-
red emitting polymer with a bandgap of 2.35eV. A pro-
nounced shoulder at higher wavelengths could be ob-
served in the absorption spectra of the solid state,
indicating that aggregation formation occurs during film
drying. Whereas polymer 9 has in solution a single main
emission peak with a small shoulder, two emission peaks
are observed in the solid state. All three polymers reveal
in the inkjet printed films a red-shifted absorption in com-
parison to solution. Hence, a planarization of the polymer
backbone takes place during film drying, which is more
pronounced in the PPE-PPV-based polymer 9 than in the
fluorene-based polymer 3 [24].

Inkjet printing is in comparison to other film prepara-
tion techniques like the commonly used spin-coating pro-
cess known as being a slow film drying method. As a result
aggregation of conjugated polymers might be favored. In-
deed, improved crystallization and enhanced charge trans-
port properties were observed, for e.g. polythiophenes, by
using inkjet printing [25].

3.4. OLED characterization

OLEDs with a size of 1 x 1 mm? and 3 x 3 mm? were
prepared by using the optimized printing conditions found
for each polymer. Fig. 5 shows the output spectra of the red
and green OLED device (1 x 1 mm?) including the optical
appearance of the film homogeneity during electrical exci-
tation. The OLED of polymer 6 shows electroluminescence
at 505 nm with a shoulder at 530 nm, which is comparable
with the photoluminescence of polymer 6. The OLED of
polymer 9 reveals a broad output spectrum with a maxi-
mum intensity at 585 nm. Both polymer OLEDs show a rel-
ative good homogeneity during electrical excitation. In
contrast, the OLEDs of polymer 3 display no light output
since the polymer layer is short cut upon an increased

(b)
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Fig. 6. J-V curves of the OLED devices (1 x 1 mm?) of polymer 6 and 9 (a), and photograph of a 20 x 30 mm? OLED of polymer 6 (b).



2194 A. Teichler et al./European Polymer Journal 49 (2013) 2186-2195

voltage. Since blue-emitting polymers like polymer 3 have
a large bandgap a poor charge injection is observed and a
high energy is required for an efficient light emission. In
addition, poly(fluorenes) are known for their fast degrada-
tion during oxygen and light exposure [26]. Both reasons
lead to the fast degradation of the blue OLED. An improved
performance of polymer 3 may be revealed by handling the
material under nitrogen atmosphere.

The J-V curves of the OLEDs of polymer 6 and 9 show
that light is emitted at relative high voltages (>10V),
whereas polymer 6 requires less electrical consumption
than the OLED of polymer 9 (Fig. 6a).

Output spectra and J-V curves of OLEDs with the size of
3 x 3 mm? are depicted in SI Fig. 1 for polymers 6 and 9.
The electroluminescence spectra of these devices are also
similar to the polymer photoluminescence spectra, indicat-
ing that the output light is mainly determined by the poly-
mer characteristics. Turn-on voltages for the devices of
3 x 3 mm? are as well above 10V, whereas the blue emit-
ting OLED of polymer 3 is not stable.

When printing the OLEDs with a size of 20 x 30 mm? a
limitation of inkjet printing is observed when using a
single nozzle print head. As the films are prepared by a
line-by-line deposition, the size of an inkjet printed film
is crucial for the drying process, since the lines start to
dry before printing of the entire film is completed. The
resulting film formation of polymer 6, as depicted in
Fig. 6b, reveals a clear line formation, leading to a de-
creased film homogeneity and quality. A multi-nozzle print
head would decrease the preparation time and, as a conse-
quence, improve the film quality.

These results confirm that the synthesized polymers re-
quire an optimization to obtain efficient, stable and color-
pure OLED devices. Only in this case, working OLEDs can be
successfully prepared. By using inkjet printing, new poly-
mers can be screened in a significant more efficient man-
ner to elucidate important relationships between
polymer characteristics, processing conditions and film
forming properties. The OLEDs that were here reported
were prepared and characterized under lab conditions,
since the focus is set on the screening of film formation
characteristics. Obviously, for a better performance han-
dling under nitrogen atmosphere is preferred.

4. Conclusions

In this contribution, three conjugated polymers were
chemically engineered to be used as red, green and blue
light emitting materials for organic light emitting diodes
(OLEDs). The polymers were processed via inkjet printing
in order to reveal optimal conditions to produce homoge-
neous thin films with a thickness below 100 nm. Using ink-
jet printing as a combinatorial screening method, it was
found that a concentration of 4 mg/mL in the solvent sys-
tem toluene/o-DCB revealed homogeneous films of
approximately 80 nm for all three polymers. The polymer
inks have a similar Z-number of approximately 19, which
resulted in a similar printing behavior without satellite for-
mation. Finally, red and green light emitting diodes were

successfully prepared by inkjet printing the emissive
polymers.

The results obtained here represent a significant step
towards a controlled and predictable film formation by
means of inkjet printing for OLED applications. Using the
combinatorial inkjet printing approach novel materials
can be screened in an efficient manner and candidates
for a potential OLED application can be easily identified.
In the near future, a parallel printing of the three different
inks may be possible using a multi-nozzle system, which
will allow a speed-up of processing.
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ABSTRACT: Inkjet printing was used for the preparation of ternary
polymer/polymer/fullerene layers for organic solar cell application, as
part of a combinatorial setup for the preparation and characterization of
thin-film libraries. Poly(phenylene-ethynylene)-alt-poly(phenylene-vinyl-
ene) (PPE-alt-PPV) and poly(diketopyrrolopyrrole-alt-fluorene)
(P(DPP-alt-F)) were systematically blended with poly(3-octylthiophene)
(P30T) and investigated by UV—vis spectroscopy to improve the photon
harvesting by extending the absorption range. The blends with the
broadest absorption range (20 and 40 wt % of PPE-altPPV and
P(DPP-alt-F), respectively) were mixed with mono(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]Cs; (PCBM). The blend
with the low band gap polymer P(DPP-alt-F) revealed the most
extended absorption, which ranges over the whole visible spectrum (350
to 750 nm). The mixing with PCBM (ratio 1/3) led to an optimal emission quenching and revealed a smooth film formation. In
this contribution, we show that the combinatorial screening using inkjet printing represents an effective, time- and material-saving
workflow for the investigation of polymer blend libraries, which is of high interest for the development of new materials for active
layers in organic photovoltaics.

Avsonpton

KEYWORDS: combinatorial screening, inkjet printing, ternary blends, absorption, morphology

Bl INTRODUCTION result, P(DPP-alt-F) is a donor—acceptor copolymer, which

The development of smaller, more flexible and cheaper represents a low-band gap polymer." Although fine-tuning of
optoelectronic devices, for example, organic light emitting the optical properties can be enabled by attaching side chains to
diodes (OLEDs)" and organic photovoltaics (OPVs),” benefits the polymer backbone, the polymer shows absorption only in a

from the tunable characteristics of conjugated polymers, in specific wavelength-range.

particular variable optical properties. Conjugated polymer A straightforward approach to increase the absorption range
structures in the field of OPVs include poly(phenylene- is blending of two polymers with different absorption
vinylene) (PPV);3’4 poly(phenylene—ethynylene)—alt—poly— characteristics. Improved performances of organic solar cell
(phenylene-vinylene) (PPE-alt-PPV),*° poly(thiophene) devices have been reported in literature by using a ternary
(PT);7’8 poly(fluorene) (PF);QIIO and poly- mixture of polymer/polymer/f:ullerenelg’20 or polymer/small

(diketopyrrolopyrrole) (PDPP).'""

Thereby, a low polymer band gap® as well as a broad
absorption range are required to improve quantum efficiencies
of the final organic solar cell devices."®> For instance, low band
gap donor—acceptor copolymers were found to reveal
improved photon harvesting properties."*'> In the past years,
DPP moieties have gained an increased interest as a building

molecule/fullerene.”' Thereby, the fullerene derivatives act as
electron acceptor in the active layer.

For the preparation of the active layer of an organic solar cell,
inkjet printing as well as spin-coating can be used as solution

42223

deposition metho In contrast to spin-coating, where more

than 90% of the material is wasted, inkjet printing represents a

unit for polymers used for organic solar cells because of their highly material-efficient deposition method that requires only
strong absorption in the visible region and their electron- small amounts of functional materials and produces a minimal
withdrawing behavior.'® For this reason, DPP represents a

suitable building moiety for donor—acceptor polymers. Received: January 11, 2013

Fluorene (F) moieties are rigid and planar building units that Revised: ~ March 20, 2013

in contrast to DPP, act as an electron-donating unit.'” As a Published: April 26, 2013

W ACS Publications  © 2013 American Chemical Society 410 dx.doi.org/10.1021/c0400006q | ACS Comb. Sci. 2013, 15, 410-418



ACS Combinatorial Science

Research Article

synthesis of new compounds

—P1/P3 0/
- —=P1/P32/8
=+ «PIPI46
—-=P1/P36/4
P1/P3 82

Absorption (normalized)

characterization
of films

v

9/1 5/5 1/9

inkjet printing of film libraries

solution preparation
with a pipetting robot

characterization of

solutions

—P1/P30/1
- —P1P3 258
- - -P1P3 46
—--P1/P36/4

P1/P3 8/2
===-P1/P3 1/0

e

Absorption {normalized)

400 450 500 550

7 (nm)

600 650 700

Figure 1. Experimental workflow for the combinatorial screening of binary polymer/polymer and ternary polymer/polymer/fullerene blends for the

use in organic solar cells.

amount of waste, since the material is placed on-demand and
where required.”***

Many processing parameters influence the fabrication of the
active layer and, as a consequence, the final device properties.
Ink formulations, like the solvent, the concentration, and the
polymer/fullerene ratio, as well as the process parameters,
including film thickness, temperature, and, obviously, the
processing technique itself, have a significant influence on the
properties of the active layer. Furthermore, with the addition of
more components to the mixture the number of combinations
is exponentially increasing.

Therefore, a combinatorial screening approach is necessary
to elucidate important structure—property relationships as well
as to identify the most promising blends and blend ratios for
the use as active bulk heterojunction solar cell layers. To reveal
correlations between printing conditions and solar cell activities
the investigation of the performance of the inkjet printed active
layers in solar cells is the scope of future publications.

Inkjet printing is a precise and noncontact patterning
technique, which can be used as a combinatorial screening
tool to discover quantitative structure—property relationships,
as described recently for the optimization of donor/acceptor
materials for solar cells.”**” By using inkjet printing, synergies
between ink properties and film characteristics can be found,*®
which significantly accelerates research and, subsequently, leads
to a fast and simple handling of promising compounds for
OPVs. Because of the continuous development of new
polymers, many blend combinations might be promising as
active layers. By using the presented workflow high perform-

411

ance materials and mixtures can be identified in a time- and
material-efficient procedure.

In this contribution, we report the screening of two polymer/
polymer blends, using a combinatorial experimental setup. To
optimize the absorption of the active layer materials, two blend
systems from poly(3-octylthiophene) (P30T) with (i) PPE-alt-
PPV and (ii) P(DPP-alt-F) were investigated according to their
film formation and optical behavior.

B RESULTS AND DISCUSSION

Combinatorial screening. The experimental setup for the
combinatorial screening of various binary polymer/polymer
and ternary polymer/polymer/fullerene mixtures is depicted in
Figure 1. The following combinatorial workflow was used:

(i) The mixtures with the desired compound ratios, solvent
system, and concentration were prepared in a quartz 96-well
microtiter plate. For each polymer a solvent mixture of
chlorobenzene/ortho-dichlorobenzene (CB/0-DCB) in a ratio
of 90/10 was used.

(ii) The filled microtiter plate was used for UV—vis
absorption and emission measurements of the blend solutions
with a UV—vis plate reader.

(iii) Individual wells of the plate were used as small solution
reservoirs for the inkjet printing process.

(iv) Thin-film libraries were printed in a microtiter plate
pattern according to the positions to the wells of a 96-well plate
to screen the optical properties of the films using a high-
throughput UV—vis plate reader.

dx.doi.org/10.1021/c0400006q | ACS Comb. Sci. 2013, 15, 410—-418
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Single Polymers. At first, the individual polymers poly-
(phenylene-ethynylene)-alt-poly(phenylene-vinylene) (PPE-
alt-PPV) P1 (Figure 2a), poly(diketopyrrolopyrrole-alt-fluo-

OR,

a)
— — —_— OR,
FO= =0

R,O

P1

Figure 2. Schematic representation of the chemical structure of the
investigated polymers. (a) Poly(phenylene-ethynylene)-alt-poly-
(phenylene-vinylene) P1 (R, = octyl, R, = octadecyl), (b) poly-
(diketopyrrolopyrrole-alt-fluorene) P2 (R = ethylhexyl on DPP, octyl
on F) and (c) poly(3-octylthiophene) P3 (R = octyl).

rene) P(DPP-alt-F) P2 (Figure 2b), and poly(3-octylthio-
phene) (P30T) P3 (Figure 2c) were investigated concerning
their printability, film formation, and absorption behavior in
solution and film. The results are summarized in Table 1. The
surface roughness R, of P1, P2, and P3, as estimated by optical
interferometry, was found to be 8, 15, and 30 nm, respectively
(Table 1). Thus, the film formation via inkjet printing seems to
be better for the polymers P2 and P3 under the given
processing conditions.

To investigate the polymers as potential candidates for the
use in ternary mixtures, the absorption of the single polymers in
solution and as film needs to be measured. P1 reveals in
solution an absorption maximum at 443 nm (Figure 3a),
whereas two absorption peaks are observed in the inkjet printed
film at 451 and 480 nm (Figure 3c). A red-shift of the
absorption peak in the solid state occurs because of an
improved planarization of the polymer backbone.”® According
to literature, the revealed band-splitting in the film absorption
spectra is correlated to the formation of aggregates.30

The absorption spectrum of the P2 solution shows four
peaks, which can be assigned to moieties of PDPP (417 nm,
609 nm, 661 nm) and PF (370 nm, Figure 3b). The absorption
of P2 of a printed film reveals only a small red-shift in
comparison to the solution (Figure 3d). In contrast, polymer
P3 shows a more significant bathochromic shift between the
solution (454 nm, Figure 3a) and the inkjet printed film
((522 nm, Figure 3c). Thereby, the three absorption peaks of

the inkjet printed film can be assigned to the 7—z* transition
(522 nm) and interchain interactions (550 nm, 610 nm). This
behavior can be explained by an improved planarization and
aggregation of the polymer in the solid state.””

The optical band gap of all three polymers was determined
from the UV—vis spectra of the polymers in solution
(Table 1).*' The different optical properties of P1, P2, and
P3 can be explained by their chemical structures taking
structural criteria for the design of conjugated polymers with
reduced bandgaps into consideration.” P1 has a relative high
optical band gap of 2.4 eV, which is not favorable for their use
in OPV as a single photon harvesting species. The high
bandgap originates from a single bond rotation and therefore,
from the hindered formation of the quinoid structure and
delocalization of 7-electrons. P3 has a lower bandgap of 1.9 eV
because of the high density of bulky side-chains, which cause a
steric hindrance of the single bond rotation. Therefore, P3 has
a higher planarity of the aromatic backbone, which results in a
higher degree of delocalization of 7-electrons. Furthermore, the
absorption spectrum of P3 in the solid state is characterized by
PT crystals that lead to a more ordered phase of the polymer
and, hence, to a lower bandgap.18 The copolymer of PDPP and
PF, P2, reveals a band gap of 1.7 eV, which is classified as being
a low bandgap polymer and which is favorable for solar cell
applications." Copolymer P2 has a very rigid structure that
does not undergo further planarization in the solid state and, as
a consequence, no strong red-shift of the absorption in the solid
state compared to the solution is observed.

Polymer/Polymer Blends. Since all individual polymers
P1, P2, and P3 show different absorption spectra in the solid
state, a combination of the polymers is promising to improve
the overall yield of photon harvesting.

The first investigated polymer/polymer blend consists of P1/
P3. The polymers were mixed in different ratios ranging from
8/2 to 2/8 by weight. The absorption spectra of the blends in
solution (Figure 3a) showed a single absorption peak at 439
nm for the ratio 8/2, which is compared to P1 4 nm blue-
shifted. With increasing P3-content the maximum peak shifts to
445 nm for the ratio 2/8 and the absorption spectra become
broader.

The spectra of the inkjet printed films of the blends P1/P3
(Figure 3c) show a broad absorption from 350 to 650 nm; the
observed absorption features can be assigned to P1 (452 nm,
480 nm) and P3 (557 nm, 610 nm, Table 1). Thereby, the
intensity of the two absorption peaks at 557 and 610 nm
increases systematically with the P3-content. However, even
with a high P3-content in the blend, the P1 absorption peaks
show high intensities because of a high absorption coefficient of
the P1 material.** This implies that only a small addition of P1
is required to increase the total absorption range of the polymer
films significantly. Upon decreasing P1-content in the blend,

Table 1. Optical Properties in Solution and as Inkjet Printed Film As Well As Film Formation Characteristics of the Pristine
Polymers P1, P2, and P3 and the Binary Blends P1/P3 2/8 and P2/P3 4/6

inkjet printed film

solution
Amas, abs [nm] ES" [eV] Amas, abs [nm]
P1 443 243 451
P2 661 1.70 660
P3 454 1.89 522
P1/P3 (2/8) 445 482
P2/P3 (4/6) 660 666

film thickness [nm]

412

surface roughness R, [nm] dot spacing [um]

160 30 120
190 8 100
150 15 160
140 30 100
170 20 110

dx.doi.org/10.1021/c0400006q | ACS Comb. Sci. 2013, 15, 410—-418
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Figure 3. Absorption spectra of P1, P3, and P1/P3 blends (a) and P2, P3, and P2/P3 blends (b) in solution and inkjet printed films (c, d). Optical
profiler images of the inkjet printed blend films P1/P3 2/8 (e) and P2/P3 4/6 (f).

the absorption peak of P1 (452 nm) shifts to 462 nm. Further
decreasing of the P1-content leads to lower intensities. It can be
assumed that the polymer P1 shows with increased P3-content
a preferred formation of aggregates (as observed by the
absorption at 480 nm) when inkjet printed from a P1/P3
mixture.*® From Figure 3c it can be concluded that the blend
ratio P1/P3 2/8 shows the best absorption performance, since
the absorption range is the broadest when compared to the
other ratios.

Figure 3e shows an optical profilometer image of the blend
ratio P1/P3 2/8. Although inkjet printing of the films was
performed directly after mixing the polymers and the mixtures
are continuously stirred during printing, rough films with a

413

surface roughness R, of 30 to 40 nm were formed. In contrast, a
smooth surface with R, of 15 nm was obtained when printing
the single polymer P3 using the same solvent. The binary
blends containing P1 and P3 reveal a similar roughness as the
single polymer P1 (Table 1).

In summary, blending P3 with a small amount of P1
copolymer leads to an increased absorption range in the region
from 350 to 630 nm. However, to improve the solar emission
match, an absorption at higher wavelengths is required."®

Figure 3b shows the absorption spectra for the mixtures of
P2 and P3 in solution. The peak at around 450 nm is assigned
to P3 and the peaks at 376 nm, 430 nm, 608 nm, and 660 nm
to P2. In the region between 430 and 450 nm, an overlay of

dx.doi.org/10.1021/c0400006q | ACS Comb. Sci. 2013, 15, 410-418
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Figure 4. Absorption spectra (a) and normalized photoluminescence spectra (b) of inkjet printed films of P1/P3 2/8 in the mixture with PCBM
with varied polymer/PCBM ratios. Optical profiler image (c) and corresponding cross-section (d) of an inkjet printed film of the polymer/PCBM

ratio 1/1.

absorption from both polymers is observed. After printing, the
UV—vis spectra show a significant broadening in the region of
650 to 750 nm, by adding a small fraction of P2, leading to an
overall absorption range between 350 and 750 nm (Figure 3d).
The absorption peaks of the printed samples are in comparison
to the absorption in solution more structured as well as red-
shifted; P3 (520 nm, 550 nm, 610 nm) and P2 (383 nm,
435 nm, 610 nm, 673 nm). From the absorption spectra in
Figure 3d it was concluded that the blend ratio P2/P3 4/6
shows the broadest and most intense absorption of the
investigated blends. Hence, this ratio was used for further
investigations. In Figure 3f an optical profilometer image of an
inkjet printed film of the blend ratio 4/6 is depicted. The image
represents a 170 nm thick film with a surface roughness R, of
20 nm (Table 1).

It is worth noting that the specific P30T interchain
interactions in the solid state (P3, S50 nm, 610 nm) is still
observed when mixed with P1 or P2, even at low P3 contents.
Thus, it can be assumed that the addition of P1 or P2 does not
suppress the formation of highly ordered thiophene crystals.

Polymer/Polymer/Fullerene Blends. Optical Properties.
As described in the previous sections the blend mixtures P1/P3
2/8 and P2/P3 4/6 were chosen from the combinatorial study
of the binary blends for further investigations. Ternary blends
were prepared from these mixtures by adding mono(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]Cs;, (PCBM) as
electron-accepting unit, which is commonly used in active
layers of organic solar cells. The chosen polymer blend/PCBM
ratios of 1/1, 1/2, 1/3, and 1/4 were inkjet printed and
investigated according their film formation behavior and optical
properties.

Figure 4a shows the absorption spectra of inkjet printed films
of the ternary blends that consist of P1/P3 2/8 and PCBM in
the prescribed ratios. The absorption peak at 320 nm originates
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from the fullerene derivative and increases in intensity with the
PCBM content in the blend. The wavelength, at which the
polymer P3 absorbs in the ternary blend, differs from the binary
polymer/polymer mixture. Whereas in the spectrum of the
polymer/PCBM ratio 1/1 the absorption bands of P3 (520 nm,
550 nm, 610 nm) are still visible, this band structure is not
observed at higher PCBM contents. For the films with a higher
fullerene content only a blue-shifted main absorption peak of
the 7—7* transition is present. This is an indication for reduced
interchain interactions of P3 in the presence of PCBM in the
blend. The polymer emission is quenched by a factor of 10
when PCBM was added in a ratio of polymer/PCBM 1/1, as
can be seen in Figure 4b. Increasing the amount of PCBM did
not lead to a further decrease of the polymer emission. The
significant quenching is an indication for a good mixing of the
components in the ternary blends, which lead to an efficient
charge transfer from the electron-donator to the electron-
acceptor.

The absorption spectra of the polymer blend P2/P3 4/6 in a
mixture with different amounts of PCBM are shown in Figure
Sa. Similar to the (P1/P3)/PCBM blend, the intensity of the
absorption peak at 320 nm is increasing with higher PCBM
contents. Figure Sb shows the emission measurements of the
(P2/P3)/PCBM blends. A high quenching of the emission was
observed for all investigated (P2/P3)/PCBM blends. The
maximum quenching was found for a ratio of ((4/6)/30)
(Figure Sb), indicating an appropriate charge transfer in the
blend. A quick indication of effective mixing and charge
separation could be obtained by measuring the photo-
luminescence quenching of the ternary blends. Combinatorial
screening of different blend compositions yields the most
promising mixtures, based on the optical and film formation
behavior, being (P1/P3)/PCBM ((2/8)/10) and (P2/P3)/
PCBM ((4/6)/30), respectively.
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Morphological Characterization. The optical profilometer
image of the inkjet printed film of the blend (P1/P3)/PCBM
(2/8)/10 is depicted in Figure 4c, which shows a smooth film
with a thickness of approximately 100 nm and a surface
roughness R, of S nm (Figure 4d). In Figure Sc an optical
profiler image of an inkjet printed film of the blend (P2/P3)/
PCBM (4/6)/30 is depicted, which demonstrates a smooth
film formation (R, = 6 nm) with a thickness of approximately
450 nm (Figure 5d). To reveal the required optimal thickness
for an active layer of solar cells, which is between 100 and
200 nm,"? the concentration was reduced to 0.5 wt %, leading
to a film thickness of approximately 200 nm with a low
roughness (R, = S nm), as depicted in Figure Sef.

The active layer morphology affects the charge transport
through the active layer and is crucial for an evaluation of
applicable polymer/fullerene blends or active layer preparation
conditions for OPVs.>® Therefore, atomic force microscopy
(AFM) measurements were performed on selected blends,
although the required time for these measurements is far too
long for a combinatorial screening method.
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AFM images of the P1/PCBM 1/1 blend reveals a rough film
with R, of 17 nm (Figure 6a), which is also reflected in the
results from the interferometric profiler. Inkjet printing of the
PPE-alt-PPV polymer in the mixture with PCBM reveals an
unfavorable morphology by the formation of PCBM clusters
and a strong phase separation of the individual comg)ounds.
This observation is in good agreement with literature.

For the binary polymer/fullerene blends P2/PCBM 1/3
(Figure 6b) and P3/PCBM 1/1 (Figure 6c) smooth film
surfaces with R, of 1 nm are obtained. The inkjet printed film of
P2/PCBM reveals different phases in the range of 10 nm,
which is reported to be suitable for active layer morphologies.**

P3/PCBM films prepared by inkjet printing from CB/0o-DCB
revealed fibrillar domains of P3OT that represent a highly
ordered self-organization of the chains (Figure 6f). Note that
the differences between the domain spacing in Figure 6f (being
approximately 10 nm in the image) and the real distances
between the thiophene crystals (of approximately 1 nm)** are
screened by the convolution with dimensions of the AFM tip.
The morphology observed for the as-printed film is comparable
to the spin-coated films after annealing or additive addition.***¢
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Figure 6. Atomic force microscopy height images of inkjet printed films of P1/PCBM 1/1 (a), P2/PCBM 1/3 (b), P3/PCBM 1/1 (c), (P1/P3)/
PCBM (2/8)/10 (d), and (P2/P3)/PCBM 4/6/30 (e). Phase image of inkjet printed P3/PCBM 1/1 blend (f).

In the presence of PCBM, polythiophenes typically lose their
chain alignment. As a result, postprocessing annealing methods,
like thermal or solvent annealing, were developed to reorganize
the polythiophene chains into the preferred fibrillar structure,
which result in improved charge transport properties. As shown
here, P30T reveals self-organized domains in the blend with
PCBM already in the as-inkjet printed films (Figure 6f). The
reasons for the differences in film formation characteristics are
explained by the use of the different film preparation techniques
as well as processing solvents. When using conditions that
cause a slow film drying, for example, by inkjet printing or by
using the high boiling solvent chlorobenzene, the polythio-
phene chains may form highly ordered structures already
during drying of the film. In contrast, when the drying proceeds
too fast, for example, by using spin-coating or the low boiling
solvent chloroform, the formation of the thermodynamically
preferred crystalline polythiophene phases cannot take place.
AFM measurements of the ternary blends (P1/P3)/PCBM
(2/8)/10 (Figure 6d) and (P2/P3)/PCBM (4/6)/30 (Figure
6e) revealed smooth (surface roughness R, = 1 nm) and well
mixed layer morphologies. The typical main chain crystals of
the P30T, which are observed in the binary P3/PCBM blend,
were not observed in the ternary blend films. This is in
agreement with the findings of the absorption spectra of the
(P2/P3)/PCBM blend, where only weak signals were found,
which correspond to the P30T interchain interactions. The
band structure of P3 was observed in the absorption spectra of
both binary blends, P1/P3 2/8 and P2/P3 4/6. Hence
interchain interactions of P3 should also occur in polymer/P3
blends. As a result, the interruption of the self-organization of
P30T is only observed in the ternary blend film. Although
improved absorption characteristics of the ternary blend films
are observed, morphological investigations reveal an unpre-
ferred P30T morphology in comparison to the binary P30T/
PCBM mixture. To answer the question whether the successful
mixing of two polymers with PCBM in a ternary blend reveals
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an enhanced photon harvesting, solar cell characteristics need
to be measured, which will be executed in the future.

Since not only optical film characteristics but also
morphological properties are important for an evaluation of
promising donor/acceptor blends for solar cells, the combina-
torial screening workflow presented here can only reduce the
amount of samples to be tested, but cannot provide a selection
of one best donor/acceptor combination. Since morphological
investigations represent a serious bottleneck for a fast and
efficient screening procedure, the combinatorial screening
workflow, which allows to identify promising formulations
and reveals a reduction of the amount of samples, is of high
importance.37

Bl CONCLUSIONS

We have demonstrated that the mixing of conjugated polymers
represents a straightforward strategy for improving the
absorption of the active layers for organic solar cells. An
experimental setup for a combinatorial screening was presented
here to investigate the absorption behavior of polymer/polymer
blends in solution and films. The used polymers include
poly(phenylene-ethynylene)-alt-poly(phenylene-vinylene)
(PPE-alt-PPV), poly(diketopyrrolopyrrole-alt-fluorene) (P-
(DPP-alt-F)), and poly(3-octylthiophene) (P30T). An opti-
mum absorption spectrum was found when mixing the
compounds P(DPP-alt-F) and P30T in a ratio of 4/6, while
a quenching optimum was revealed when using a polymer/
PCBM ratio of 1/3.

This ternary blend was found to cover a large absorption
spectrum from 350 to 750 nm. Inkjet printing enabled a
homogeneous film formation as well as a successful
combinatorial screening of thin film properties of various
compounds and blends for possible solar cell applications that
lead to important structure—property-relationships. The next
steps include the investigations of the inkjet printed active
layers for their solar cell activity and the measurements of the
resulting power conversion efficiencies.
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B EXPERIMENTAL PROCEDURES

Materials. The polymers poly(phenylene-ethynylene)-alt-
poly(phenylene-vinylene) (PPE-alt-PPV) P1 (M, = 10,200
gmol™!, M, = 39,400 g:mol™!, PDI = 3.86) and poly-
(diketopyrrolopyrrole-alt-fluorene) (P(DPP-alt-F)) P2 (M, =
26,000 g'mol™, M, = 56,000 g:mol™’, PDI = 2.15) were
synthesized as described elsewhere.'* Poly(3-octylthiophene)
(P30T) P3 (M, = 34,500 g-mol™'), mono(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]C¢; (PCBM), the
used solvents chlorobenzene (CB) and ortho-dichlorobenzene
(0-DCB) were purchased from Sigma-Aldrich (Steinheim,
Germany) and were used without further purification. The
polymers were dissolved in the required ratios in a solvent
mixture of CB and 0-DCB with a concentration of 0.8 wt % and
0.5 wt %, respectively, which is known to show a stable droplet
formation and enables a homogeneous thin-film formation of
such polymers*®*® For the ternary blends, the fullerene
derivative was added to the polymer mixtures by using a
constant polymer concentration. The solutions were filtered
before printing (pore size 1 um) to prevent nozzle clogging.
Glass slides (3 X 1 in.) were used as substrates and cleaned
before printing by first rinsing with iso-propanol and
subsequent drying with an air flow.

Instrumentation. UV—vis absorption and emission meas-
urements of the blend solutions and films were carried out with
a FLASHScan 530 (Analytik Jena, Jena, Germany) UV—vis
plate reader. Inkjet printing was carried out with an Autodrop
system from microdrop Technologies (Norderstedt, Germany).
The printer was equipped with a piezo-based micropipette
printhead with an inner diameter of 70 ym. A voltage of 70 V
and a pulse length of 35 ys revealed a stable droplet formation
for all inks in the solvent CB/0o-DCB. The printing speed was
set to 20 mm-s™" for all experiments.

Surface topography and film thicknesses were measured with
an optical interferometric profiler Wyko NT9100 (Veeco,
Mannheim, Germany). Atomic force microscopy (AFM)
measurements were performed in tapping mode with a NTegra
Aura (NT-MDT, Moscow, Russia) on selected polymer/
polymer/fullerene blends.
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The variation of the central chromophore in bisterpyridine Zn" coordination polymers allowed the
assembly of blue-, green- and red-emitting materials. The dynamic nature of the Zn" complex enabled
the systematic assembly of a library of statistical copolymers in an efficient way by simply mixing the
respective homopolymer solutions. Depending on the ratios used and the consequent energy transfer
processes, the resulting emission colors can be tailored. The kinetic lability of the zn" bisterpyridine
polymers was, moreover, utilized to assemble thin films of statistical copolymers in a simple and
material-saving manner by inkjet printing. For this purpose, the pure color inks were printed separately
on top of each other, followed by one solvent layer to enable the assembly of statistical copolymers.
The emission spectra of the resulting films are bathochromically shifted, due to aggregation of the
chromophores. The obtained data allowed an estimation of CIE coordinates of the emission color for
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Introduction

White organic light emitting materials are of interest both in
the scientific and in the industrial communities, due to their
great potential in lighting applications and as back-lights in
liquid-crystal displays. Usually, the white light results from a
simultaneous emission of red, green and blue chromophores
or of two complementary colors (e.g., orange and blue).!
According to the literature, white emitting materials can be
classified into two main categories: in the first approach
several individual emitters are either arranged in different
layers in a multilayer device (a) or combined in one single
layer (b).** In the second category the emission arises from
one single material, that is either a short-wavelength-emitting
substance that exhibits bathochromically shifted emission of
aggregated excited states (c) or a more complex system
bearing different chromophores (d)."**
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most ratios of the three polymers used and, thereby, to produce tailor-made emission colors.

When polymeric materials are used and an easy device
architecture is desired, approaches (b) and (d) are mainly the
methods of choice. Mixing of different polymers will potentially
result in phase separated regions in (b). Approach (d) requires
additional synthetic work for every single mixing ratio of the
different chromophores in the material. The usage of a dynamic
polymer could combine the advantages of both approaches and
diminish the disadvantages. In such a dynamic supramolecular
polymer, mixing of two homopolymers in a suitable solvent will
result in a statistical copolymer.®*?

Supramolecular polymers are obtained when the covalent
bonds that connect the monomeric units in a classical macro-
molecule are replaced by reversible, highly directional, non-
covalent interactions.®'>** Caused by the reversible nature of
the binding, these supramolecular polymers benefit from their
thermodynamic equilibrium and, thus, their properties can be
adjusted by external stimuli in a way that is not possible for
traditional macromolecules.'®*® Among the variety of non-
covalent bonds applied for the assembly of supramolecular
systems, metal ion complexation by various types of N-hetero-
cyclic ligands has attracted much interest in research and
application."** The prevention of A/A-chirality or facial
isomers in comparison to related metal complexes with 2,2'-
bipyridine or 2,6-di(quinolin-8-yl)pyridine ligands and the easy
access to 4'-substituted derivatives make 2,2':6',2"-terpyridine
ideally suited for the construction of coordination polymers by
dm-pm* bonding of different metal ions.**>*

The photophysical behavior of such materials can easily be
tuned by coordination to suitable metal ions and choosing an

This journal is © The Royal Society of Chemistry 2013
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appropriate spacer unit."*** Besides the heavy transition metal
ions, such as Ru", Os"™, I'", and Pt", metal ions with filled elec-
tron shells, in particular Zn", have recently gained much interest
as templates for the development of new photoluminescent and
electroluminescent materials as well as sensor systems.>**¢

An enormous number of donor-based m-conjugated bis-
terpyridines have been published so far, however, the absorption
and emission maxima are most often in the region of A,s =
400 nm and Ap;, = 450 to 470 nm, respectively.”” In contrast to
metal-free conjugated polymers, there are only a few examples of
donor-acceptor-based bisterpyridines reaching emission maxima
of Apr, > 550 nm.*”*® For potential applications of these materials
in photovoltaic devices, the absorption has to cover the red and
near-infrared range of the terrestrial solar spectrum, and thereby
exhibit band gaps clearly below 2.0 eV.** In addition, conjugated
systems with band gaps of 2.2 eV or higher usually feature blue or
green emission.”” For OLED devices, however, materials emitting
in the red region (Ag;, around 650 nm) are also required.*”

Due to this fact, systems with a broader absorption and
consequently lower band gaps had to be synthesized. Based on
this concept, we assembled a library of Zn" bisterpyridine
coordination polymers with a central dye moiety, surrounded by
thiophene donors. Systematic modification of the dye and the
conjugation length enabled the tuning of the absorption and
emission maxima.

In contrast to classical m-conjugated covalent polymers,
these coordination polymers allow the assembly of different
independent chromophores in one polymeric backbone and in
every desired ratio. Moreover, an auxiliary monomer to
decouple the electronic properties is not necessary and the
dynamic nature ensures a statistical assembly. The different
monomers of the resulting coordination polymers are conse-
quently able to emit simultaneously at different wavelengths
and to produce thereby mixed colors, for example, white light.

On the way to dynamic white light emitting materials, this
contribution demonstrates a simple and efficient way to tailor
the emission of one single polymeric system avoiding the use of
expensive heavy metal ions. To enable an efficient screening
and to reduce the materials consumption the solution experi-
ments were performed using a quartz microtiter plate. Thin
films of functional organic materials were inkjet-printed,
allowing an efficient material usage, a flexible change of pro-
cessing the conditions, and a mask-less, digital processing. The
dynamic nature of the Zn" bisterpyridine polymers combined
with the possibility of tailoring the amount of deposited mate-
rial by the inkjet printing technique enables thereby the sepa-
rate printing of every single color and the subsequent assembly
to statistical copolymers.

Experimental
Materials

Solvents were dried and distilled according to standard proce-
dures. Except for the synthesis of 1, all solvents or solutions
were degassed by bubbling with argon one hour prior to use. 3,
5 to 9 as well as P2, P4, P10 and P11 were synthesized according
to literature procedures.”®**3*

This journal is © The Royal Society of Chemistry 2013
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Instrumentation

'H and "*C NMR spectra were recorded on a Bruker Cryomagnet
BZH 400 (400 MHz) or Bruker AC 300 (300 MHz) instrument (for
all NMR spectra: 298 K). Chemical shifts are reported in parts per
million (ppm, d scale) relative to the residual signal of the solvent;
coupling constants are given in Hz. MALDI-TOF mass spectra
were recorded on a Voyager-DE PRO biospectrometry workstation
(Applied Biosystems) time-of-flight mass spectrometer with
dithranol as a matrix. UV-Vis absorption, emission and excitation
spectra were recorded on an Infinite 200 PRO plate reader (Tecan)
using 5 x 10~ ° M DMF solutions or films. Elemental analysis was
carried out on a CHN-932 Automat Leco instrument. Inkjet
printing was performed using an Autodrop professional system
from microdrop technologies (Norderstedt, Germany). The inkjet
printer was equipped with piezo-based micropipettes with an
inner nozzle diameter of 70 um. A voltage of 75 V and a pulse
length of 30 pus led to a stable and reproducible droplet forma-
tion. The films with a size of 6 x 6 mm® were printed onto
microscope slides (Marienfeld). The substrate temperature was
set to 50 °C. A drop count of 1 and a printing speed of 20 mm s ™"
were used as standard settings.

Synthesis

4'-(4-Ethynylphenyl)-2,2":6',2"-terpyridine (1). This protocol
represents an optimized procedure based on the solvent-free
procedures of Raston and Cave.*®

2-Acetylpyridine (3.63 g, 30 mmol), 4-ethynylbenzaldehyde
(1.95 g, 15 mmol) and NaOH (1.2 g, 30 mmol) were placed in a
mortar and ground until a yellow powder was obtained.
Subsequently, the powder was transferred into a solution of
ethanol (200 mL) and concentrated aqueous NHj; solution
(100 mL). The suspension was stirred at room temperature for 1
day. The formed precipitate was isolated by vacuum filtration
and washed with water and ethanol. After recrystallization
from ethanol, 1 was obtained as white needles (2.44 g,
7.32 mmol, 49%).

'H NMR (400 MHz, CDCl3, 6): 8.71 (s, 2H; H>"*), 8.66 (d, J =
4.9 Hz, 2H; H*®"), 8.62 (d, J = 8.2 Hz, 2H; H>*"), 7.90 (m, 6H,
H*Y') H*P), 7.63 (m, 2H, H*), 7.31 (d, J = 5.4 Hz, 2H, H>""),
3.19 (s, 1H). Anal. caled for C,3H;5Nj3: C 82.86, H 4.54, N 12.60;
found: C 82.77, H 4.59, N 12.55%.

General synthetic procedure for the Sonogashira cross-
coupling reaction for the synthesis of T3 and T5 to T9

The dibromo compound (0.2 mmol) and 1 (140 mg, 0.42 mmol)
were dissolved in THF (10 mL) and NEt; (4 mL). Subsequently,
Pd(PPh;), (23 mg, 0.02 mmol) and Cul (4 mg, 0.05 mmol) were
added and the solution was stirred for 24 h at 40 °C. The solvent
was evaporated and the residue was dissolved in chloroform
and washed with NH,Cl (aq.) and water. The crude product was
purified by passing through an AlO, column and precipitation
into methanol.

4,7-Bis(5-((4-([2,2':6',2"-terpyridin]-4’-yl) phenyl)ethynyl)thio-
phen-2-yl)benzo[c][1,2,5]thiadiazole (T3). According to the
general synthetic procedure T3 (135 mg, 0.14 mmol, 70%) was
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obtained as an orange powder. "H NMR (400 MHz, CDCl;, 4):
8.80-8.65 (m, 12H, H>"*, H*®", H>*"), 7.96 (m, 6H, H**'| H*P),
7.70 (m, 2H, H*P), 7.68 (d, 2H, H"), 7.41 (m, 4H, H>*"), 7.36 (d,
2H, H™°). Anal. caled for CgoH;,NgS;: C 74.82, H 3.56, N 11.63;
found: C 75.20, H 3.81, N 11.33%.
5,5'-Bis((4-([2,2:6',2"-terpyridin]-4’-yl) phenyl)ethynyl)-4,4'-
dibutyl-2,2'-bithiazole (T5). According to the general synthetic
procedure, T5 (160 mg, 0.17 mmol, 86%) was obtained as a
yellow powder. "H NMR (400 MHz, CDCl;, 6): 8.81 (s, 4H, H**%),
8.77 (d,J = 4.8 Hz, 4H, H*®"), 8.71 (d, J = 8.00 Hz, 4H, H>*"),
7.96 (m, 6H, H**", H*P), 7.69 (m, 2H, H*?), 7.40 (t, ] = 6.10 Hz,
4H, H>"), 2.98 (t, ] = 7.5 Hz, 4H), 1.82 (m, 4H), 1.32 (m, 4H),
0.88 (t,J = 6.6 Hz, 6H). Anal. calcd for CoHy6NgS,: C 76.40, H
4.92, N 11.88; found: C 76.73, H 5.14, N 11.67%.
5,5'-Bis(5-((4-([2,2':6',2"-terpyridin]-4’-yl)phenyl)ethynyl)-thi-
ophen-2-yl)-4,4'-dibutyl-2,2-bithiazole (T6). According to the
general synthetic procedure, T6 (179 mg, 0.16 mmol, 81%) was
obtained as a yellow powder. '"H NMR (400 MHz, CDCl;, 6): 8.80
(s, 4H, H>"*), 8.76 (d, ] = 4.9 Hz, 4H, H*®"), 8.71 (d, ] = 8.10 Hz,
4H, H>*"), 7.94 (m, 6H, H**', H*P), 7.69 (m, 2H, H*P), 7.40 (t,
J = 6.10 Hz, 4H, H>*"), 7.30 (d, J = 3.90 Hz, 2H, H"), 7.12 (d,
J = 3.90 Hz, 2H, H™°), 3.00 (t, = 7.5 Hz, 4H), 1.85 (m, 4H), 1.49
(m, 4H), 1.00 (t,J = 7.1 Hz, 6H). Anal. calcd for CegH5oNgS,: C
73.75, H 4.55, N 10.12; found: C 74.02, H 4.63, N 10.07%.
5,5'-Bis(5'-((4-([2,2":6',2"-terpyridin]-4’-yl)phenyl)ethynyl)-
[2,2'-bithiophen]-5-yl)-4,4’-dibutyl-2,2'-bithiazole (T7). Accord-
ing to the general synthetic procedure, T7 (188 mg, 0.15 mmol,
74%) was obtained as an orange powder. 'H NMR (400 MHz,
CDCls, 6): 8.79 (s, 4H, H*"), 8.76 (d, J = 4.9 Hz, 4H, H*®"), 8.70
(d,J = 8.10 Hz, 4H, H>*"), 7.93 (m, 6H, H**', H*P), 7.69 (m, 2H,
H*Y), 7.62 (m, 4H, H™°), 7.40 (t,] = 6.10 Hz, 4H, H>*"), 7.30 (d,
J=3.90 Hz, 2H, H™°), 7.12 (d, ] = 3.90 Hz, 2H, H™°), 3.00 (t,] =
7.5 Hz, 4H), 1.85 (m, 4H), 1.49 (m, 4H), 1.00 (t,/ = 7.1 Hz, 6H).
Anal. caled for C;6H5,NgSs: C 71.78, H 4.28, N 8.81; found: C
72.05, H 4.43, N 8.74%.
3,7-Bis(5-((4-([2,2':6',2"-terpyridin]-4"-yl)phenyl)ethynyl)-thi-
ophen-2-yl)-10-hexadecyl-10H-phenothiazine (T8). According to
the general synthetic procedure, T8 (173 mg, 0.14 mmol, 69%)
was obtained as a yellow powder. "H NMR (400 MHz, CDClj, 6):
8.75 (s, 4H, H>"%), 8.73 (d, J = 4.9 Hz, 4H, H*®"), 8.67 (d, ] = 8.10
Hz, 4H, H>*"), 7.90 (m, 6H, H**", H*®), 7.65 (m, 2H, H*"), 7.40
(m, 6H, H>*", H"°), 7.27 (s, 2H), 7.24 (m, 4H), 7.30 (m, 4H), 6.89
(d, ] = 3.90 Hz, 2H, H"°), 3.81 (t, ] = 7.2 Hz, 2H), 1.85 (m, 2H),
1.46-1.25 (m, 26H), 0.89 (t, / = 7.1 Hz, 3H). Anal. calcd for
Cg,H7;N,S3: C 78.75, H 5.72, N 7.84; found: C 79.13, H 5.92, N
7.64%.
3,7-Bis(5'-((4-([2,2':6’,2"-terpyridin]-4'-yl)phenyl)ethynyl)-
[2,2'-bithiophen]-5-yl)-10-hexadecyl-10H-phenothiazine  (T9).
According to the general synthetic procedure, T9 (181 mg, 0.13
mmol, 64%) was obtained as a yellow powder. "H NMR (400
MHz, CDCl;, 6): 8.76 (s, 4H, H>"), 8.73 (d, ] = 4.9 Hz, 4H, H*®"),
8.67 (d,J = 8.10 Hz, 4H, H**"), 7.89 (m, 6H, H**", H*Y), 7.64 (m,
2H, H*?), 7.40 (m, 8H, H>®", H°), 7.27 (s, 2H), 7.24 (m, 6H),
7.30 (m, 4H), 6.89 (d, J = 3.90 Hz, 2H, H™°), 3.81 (t, ] = 7.2 Hz,
2H), 1.85 (m, 2H), 1.46-1.25 (m, 26H), 0.89 (t, /] = 7.1 Hz, 3H).
Anal. caled for CyoH;5N-S5: C 76.40, H 5.34, N 6.93; found: C
76.67, H 5.60, N 7.04%.
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General synthetic procedure for the synthesis of P3 and P5
to P9

To the bisterpyridine monomers T3 and T5 to T9 (0.1 mmol) in
N-methylpyrrolidone (NMP, 5 mL), zinc(u) acetate (22 mg,
0.1 mmol) in NMP (2 mL) was added. The resulting solution was
stirred at 100 °C for 12 h. Subsequently, NH,PFs (163 mg,
1 mmol) was added and after 1 h the solution was poured into
diethyl ether (50 mL), and the resulting metallopolymer was
collected by filtration and washed with diethyl ether (20 mL),
methanol (20 mL) and toluene (5 mL).

{[Zn(T3)](PFe),}n (P3). According to the general synthetic
procedure, P3 (82 mg, 0.07 mmol, 72%) was obtained as a red
powder. 'H NMR (400 MHz, DMSO-dg, 6): 9.46 (m, H>"%), 9.18
(m, H>*"), 8.78 (m, H*), 8.571 (m, H*Y), 8.30 (m, H**), 8.10-
7.90 (m), 7.71 (m, H>¥), 7.52 (m, H™). Anal. caled for
Ce4H4oNg0,S5Zn: C 67.04, H 3.52, N 9.77; found: C 67.62, H
3.71, N 9.54%.

{[Zn(T5)](PFe)2}n (P5). According to the general synthetic
procedure, P5 (86 mg, 0.08 mmol, 75%) was obtained as a yellow
powder. 'H NMR (400 MHz, DMSO-dg, 6): 9.44 (m, H>"%), 9.19
(m, H**"), 8.78-8.22 (m), 7.97 (m), 7.51 (m, H**'), 1.39 (m), 0.83
(m). Anal. caled for Cg,H5,Ng0,4S,Zn: C 68.23, H 4.65, N 9.95;
found: C 68.70, H 4.92, N 9.61%.

{[Zn(T6)](PFe),}n (P6). According to the general synthetic
procedure, P6 (104 mg, 0.08 mmol, 81%) was obtained as an
orange powder. 'H NMR (400 MHz, DMSO-d, 6): 9.44 (m, H*"),
9.16 (m, H>*"), 8.75-8.19 (m), 7.97 (m), 7.59 (m, H*™), 7.50 (m,
Haryl), 1.39 (m), 0.83 (m). Anal. caled for C;,H5¢NgO,S,Zn: C
66.99, H 4.37, N 8.68; found: C 67.31, H 4.72, N 8.60%.

{[Zn(T7)](PFe)2}n (P7). According to the general synthetic
procedure, P7 (90 mg, 0.06 mmol, 62%) was obtained as a yellow
powder. '"H NMR (400 MHz, DMSO-dg, 6): 9.45 (m, H***), 9.18
(m, H>*"), 8.70-8.12 (m), 7.89-7.61 (m), 7.59 (m, H*¥'), 7.48 (m,
H*), 1.41 (m), 0.89 (m). Anal. calcd for CgoHgoNgO,SeZn: C
66.03, H 4.16, N 7.70; found: C 66.62, H 4.52, N 7.56%.

{[Zn(T8)](PFs),}. (P8). According to the general synthetic
procedure, P8 (113 mg, 0.08 mmol, 79%) was obtained as an
orange powder. 'H NMR (400 MHz, DMSO-dg, 6): 9.44 (m, H>"%),
9.17 (m, H>*"), 8.83-8.63 (m), 8.55 (m), 8.30 (m), 7.96 (m), 7.52
(m), 7.09 (m), 1.41 (m), 0.83 (m). Anal. caled for
CgeH,,N,0,S:Zn: C 72.02, H 5.41, N 6.84; found: C 72.53, H
5.62, N 6.59%.

{[Zn(T9)](PFe)2}n (P9). According to the general synthetic
procedure, P9 (113 mg, 0.07 mmol, 71%) was obtained as an
orange powder. 'H NMR (400 MHz, DMSO-dg, 6): 9.46 (m, H>"%),
9.16 (m, H>*"), 8.84-8.61 (m), 8.58 (m), 8.35 (m), 7.96-7.62 (m),
7.50 (m), 7.05 (m), 1.39 (m), 0.88 (m). Anal. caled for
Cy4Hg1N;0,4S5Zn: C 70.63, H 5.11, N 6.13; found: C 71.07, H
5.48, N 5.87%.

Results and discussion

Synthesis and characterization of monomers and
homopolymers

The m-conjugated bisterpyridines T2-T11 were synthesized
applying the well-known Sonogashira-coupling of an

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a) 'H NMR spectrum of T4 (CDCl;, 300 MHz) and P4 (DMSO-dg,
300 MHz); (b) MALDI-TOF MS spectrum of T4 (matrix: dithranol).
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Fig.2 Absorption and emission spectra of (a) T2-T4; (b) T5-T7 (CHCls, 10-° M).

ethynyl-functionalized terpyridine (1) with the bromine-func-
tionalized spacer units 2-11 (Scheme 1).'*** The bisterpyridines
T3, T4 and T6-T10 feature a comparable chromophore struc-
ture, consisting of a central dye unit surrounded by thiophene-
donor moieties. The systems T2, T5 and T11 where the central
chromophore is a pure acceptor were synthesized for compar-
ison purposes.”®

The chemical structure of all synthesized bisterpyridines was
confirmed by "H NMR, MALDI-TOF MS and elemental analysis
(EA). The substances T3-T11 showed good solubility in
common organic solvents like dichloromethane or toluene. The
absence of any alkyl chains in T2, however, resulted in =-
stacking and consequently poor solubility of this substance.
Fig. 1 shows a typical "H NMR spectrum and MALDI-TOF MS
spectrum of bisterpyridine T4 and the "H NMR spectrum of the
corresponding Zn" coordination polymer (P4).

The molar mass of the resulting polymers could not be
determined by standard methods because both size exclusion
chromatography (SEC) and MALDI-TOF mass spectrometry

Scheme 1
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were not applicable to the characterization of Zn"-based met-
allopolymers. In both techniques, the labile Zn"-terpyridine
bond is not stable under the measurement conditions, and,
consequently, only the monomers can be detected. A first hint
for the polymeric nature of the material was given by
the broadening of the "H NMR signals (Fig. 1a). Moreover, the
typical downfield shift of the (3,3”)- and (3',5')- as well as the
highfield shift of the (6,6”)-terpyridine signals was observed
upon coordination to the Zn" ions. The absence of any
end group signal indicates a high conversion and, conse-
quently, the molar masses were estimated from NMR to be at
least 20 000 g mol ™.

Referring to the binding constant of the bisterpyridine Zn"
complex (8 > 10%), the real molar mass is probably much
higher." The relative composition of the final polymers was
additionally proven by elemental analysis. The obtained values
are close to a stoichiometric 1:1 ratio of the Zn" ions and
bisterpyridine ligands and support thereby the polymeric
nature of the materials.

The metallopolymerizations were realized in N-methyl-
pyrrolidone (NMP) solution at 100 °C for 12 h using an equi-
molar amount of Zn(OAc),, followed by anion exchange with
ammonium hexafluorophosphate. After precipitation into
diethyl ether, the crude polymer was washed with methanol and
toluene, to remove the possibly remaining salt or monomer.
Subsequently, the polymers were isolated in 62 to 81% yield.

Photophysical properties

The photophysical investigation of the synthesized bisterpyr-
idines and the corresponding metallopolymers was performed
in chloroform or DMF solution and the obtained data are
summarized in Table 1.

Apparently, the w-extended systems T3, T4, T6, T7 and T9
exhibit a bathochromic shift corresponding to a lowered energy
band gap in comparison to their analogues with smaller -
conjugated units T2, T5 and T8. A comparison of T2, T3 and T4
reveals that the influence of the m extension is partially
compensated by a steric hindrance of the alkyl chains. The
introduction of octyl chains in the 3-position of the thiophene
induces a sterical repulsion and, consequently, a torsion of the
conjugated system out of plane, resulting in a higher band gap
(Eg = 2.39) (T4, Table 1, Fig. 2a).>>*”*® Owing to the pronounced

CgHiz  CHyy

N

-0

11

Schematic representation of the synthesis of the bisterpyridines T2 to T11.
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Table 1 Selected photophysical properties of bisterpyridines T2 to T11 (CHCls,
107% M) and the corresponding Zn" coordination polymers P2 to P11 (DMF, 5 x
107 M)

Aabs
Code [nm] e[Mtem™ Ey" [eV] Jpr” [nm]
T2 423 20 700 2.62 503
T3 496 62 300 2.17 606
T4 441 45 500 2.39 598
T5 416 112 500 2.64 475
Té6 435 131 700 2.44 525
T7 452 106 700 2.24 554
T8 407 59 000 2.58 533
T9 420 82 400 2.52 549
T10 619 67 900 1.90 643
T11 395 30 100 2.83 443
P2 415 25 700 2.59 513
P3 483 32 600 2.18 614
P4 426 35900 2.36 605
P5 416 38 700 2.62 476
P6 433 39100 2.43 525
P7 449 65 200 2.26 561
P8 409 46 700 2.53 480
P9 421 62 800 2.48 518
P10 586 22 400 1.60 641
P11 392 69 000 2.78 443

“ Calculated from 0.1 A, 2 Excited at Aups.
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Fig.3 Absorption and normalized emission spectra of (a) T2, T3 and T11 (CHCl5,
Jex = 365 nm, 107° M); (b) P2, P3 and P11 (DMF, Ae, = 365 nm, 5 x 107 M).

quinoid character and consequent planarization of the conju-
gated system in the excited state, the emission maxima are only
slightly influenced by the attached substituents, which disturb
the coplanarity of the m-conjugated segment (Fig. 2a).

In contrast to this, the bithiazole derivatives bear a short
alkyl chain in the central chromophore (T5). The attachment of
additional thiophene rings (T6 and T7) results in an increased
conjugation length and therefore bathochromically shifted
absorption and emission maxima (Fig. 2b).

Upon polymerization, the polarity of the materials increases
significantly. The photophysical investigation of the metal-
lopolymers was, for that reason, performed in DMF solution.
Depending on the electronic nature of the spacer unit, the
absorption maximum shifted upon polymerization. When
electron-rich spacer units were used, the w—mt* transition shows
a bathochromic shift of about 400 to 1000 cm™ .1*?%% In this
case, the HOMO is prevalently located in the electron-rich
chromophore and the LUMO at the terpyridine. Upon
complexation, the LUMO is stabilized, resulting in a bath-
ochromic shift. In contrast, when electron-poor bisterpyridines
(e.g., T2) were polymerized, no or a small hypsochromic shift of
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Fig. 4 (a) Mixing triangle | of polymers P2, P3 and P11 with the corresponding
well positions; (b) picture of the corresponding solutions in a quartz microtiter
plate (Aex = 365 nm).

the absorption maximum occurs. In this case, the LUMO is
predominantly located in the central chromophore, and is
thereby not influenced that much.

Synthesis and characterization of copolymers

One of the innovative features of the kinetically labile Zn" bis-
terpyridine polymers (¢1, < 0.1 min)" is the modular approach
to synthesize statistical copolymers. Different monomers with
various emission colors can easily be combined within one
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This journal is © The Royal Society of Chemistry 2013



Downloaded by Thuringer Universitats und Landesbibliothek Jana on 15/04/2013 15:51:20.

Published on 13 December 2012 on http://pubs.rsc.org | doi:10.1039/C2TC00552B

—=—BGR 10:100:0
—e—BGR 10:100:10
—&—BGR 10:100:20
—v—BGR 10:100:30
—+—BGR 10:100:40
—<—BGR 10:100:50
——BGR 10:100:60
—e—BGR 10:100:70
\, —*—BGR 10:100:80

N W\~ BGR 10:100:100
Y
N

450 500 550 600 650 700 750 850
2 [nm] 2 [nm]

o
3
8

—v—BG 100:30
—+—BG 100:40
—— BG 100:50
——BG 100:60
——BG 100:70
——BG 100:80
——BG 100:90
—o—BG 100:100

N
8
8

E
Y
8
relative emission intensity

»
s
8

relative emission intensity

Fig. 6 Emission spectra of (a) P11 upon addition of P2 and (b) P11 and P2
(10 : 100) upon addition of P3 (DMF, c = 5 x 107% M, Je = 365 nm).

coordination polymer in every desired ratio. The relevance of
the Zn" metal to mediate potential energy transfer processes in
the resulting copolymers has already been proven.”® Out of the
described monomers, we chose the red-emitting T3 (Ap, =
606 nm) and the green-emitting T2 (Ap;, = 503 nm), both based
on the 2,1,3-benzothiadiazole system. Additionally, the blue-
emitting quinoxaline-containing bisterpyridine T11 (Ap, =
424 nm) was utilized.”®

Fig. 3a depicts the absorption and emission spectra of T2, T3
and T11 in chloroform solution. The corresponding Zn" coor-
dination polymers show blue (Ap;, = 443 nm, P11), green (Ap;, =
513 nm, P2) and red (Ap;, = 614 nm P3) emission (Fig. 3b).

Initially, the emission colors (Ax = 365 nm) of copolymers of
these three polymers were screened in a systematical manner in
solution (Fig. 4a). To enable a fast and efficient workflow,
mixtures of the polymers (150 pL, ¢ = 5 x 10 ° M) were
prepared in a quartz microtiter plate (Fig. 4b). The corners of
this triangle represent the pure polymers P2 (G, F12), P3 (R, A7)
and P11 (B, A12), whereas the edges are mixtures of two poly-
mers. The six wells in the middle are composed of all three
polymers. The polymer ratio was varied in 20% steps (Fig. 4a).

Fig. 4b shows a picture of the polymer solutions, excited at
Aex = 365 nm. Along the rows of the microtiter plate (constant
letters) and columns (constant numbers) one component stays
the same and only the ratio of the other two changes. This fact is
reflected in the isosbestic points in the absorption (Fig. S1, ESIT)
and emission spectra (Fig. 5).

Even though all three polymers were used with the same
concentrations and the quantum yields are comparable (P2 ¢ =
0.38; P3 & = 0.36; P11 ¢ = 0.56), the emission of P3 (Ap; ~
620 nm) and P11 (Ap; ~ 450 nm) is clearly dominating most
emission spectra. Only the wells with a large excess of P2 (E11,
D10) display a balanced emission over the whole visible spec-
trum (Fig. 5b). To verify the occurrence of energy transfer
processes, fluorescence titration spectra were recorded (Fig. 6).

Initially, the energy transfer from P11 to P2 was investigated.
The titration revealed that even in a 1 : 1 mixture, the blue P11
emission is clearly dominating, even though it is partially
quenched by the addition of P2. Apparently, most transferred
energy is released by non-radiative decay. Since the emission
intensity of P2 is enhanced in the presence of P11, and for the
final white-emitting polymer a blue component is required, the
second titration was performed with a 10: 100 mixture of
P11:P2 and P3 was added in 0.1 equivalent steps (Fig. 6b).
Already after addition of 0.2 equivalents of P3, the short-wave-
length emission intensity decreases, indicating energy transfer.

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 (a) Mixing triangle Il of polymers P2, P3 and P11 with the corresponding
well positions. (b) Picture of the corresponding solutions in a quartz microtiter
plate (Aex = 365 nm).
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Table 2 CIE coordinates and absolute quantum yields obtained from wells A7-A12, B8-B12, C9-C12, D10-D12, E11-E12 and F12 (left) and A1-A6, B1-B5, C1-C4,

D1-D3, E1-E2 and F1 (right) (DMF, c = 5 x 107® M, Aex = 365 nm)

Well Composition P11/P2/P3 CIE coordinates (x, y) Dy, Well Composition P11/P2/P3 CIE coordinates (x, y) Dy,
A7 0/0/100 0.518, 0.343 0.36 Al 25/65/10 0.235, 0.235 0.32
A8 20/0/80 0.353, 0.253 0.38 A2 20/70/10 0.245, 0.245 0.32
A9 40/0/60 0.266, 0.204 0.40 A3 15/75/10 0.250, 0.257 0.30
A10 60/0/40 0.223, 0.182 0.46 A4 10/80/10 0.262, 0.266 0.29
A11 80/0/20 0.180, 0.157 0.51 A5 5/85/10 0.269, 0.285 0.29
A12 100/0/0 0.152, 0.158 0.56 A6 0/90/10 0.302, 0.331 0.26
B8 0/20/80 0.482, 0.348 0.35 B1 20/65/15 0.272, 0.267 0.32
B9 20/20/60 0.325, 0.257 0.37 B2 15/70/15 0.278, 0.273 0.29
B10 40/20/40 0.244, 0.211 0.40 B3 10/75/15 0.288, 0.289 0.29
B11 60/20/20 0.203, 0.185 0.46 B4 5/80/15 0.293, 0.297 0.26
B12 80/20/0 0.167, 0.161 0.50 B5 0/85/15 0.322, 0.335 0.25
(o] 0/40/60 0.438, 0.342 0.32 C1 15/65/20 0.285, 0.269 0.28
C10 20/40/40 0.275, 0.241 0.36 c2 10/70/20 0.317, 0.291 0.28
C11 40/40/20 0.225, 0.213 0.41 C3 5/75/20 0.323, 0.301 0.26
C12 60/40/0 0.172, 0.175 0.47 C4 0/80/20 0.357, 0.343 0.27
D10 0/60/40 0.361, 0.334 0.27 D1 10/65/25 0.318, 0.294 0.27
D11 20/60/20 0.237, 0.230 0.39 D2 5/70/25 0.349, 0.320 0.30
D12 40/60/0 0.192, 0.191 0.40 D3 0/75/25 0.374, 0.346 0.28
E11 0/80/20 0.337, 0.333 0.29 E1 5/65/30 0.325, 0.294 0.29
E12 20/80/0 0.192, 0.225 0.39 E2 0/70/30 0.392, 0.336 0.28
F12 0/100/0 0.239, 0.330 0.38 F1 0/65/35 0.357, 0.313 0.26

The final 10 : 100 : 100 mixture of P11 : P2 : P3 reveals a domi-
nating red emission (P3). To overcome the subjective color
perception, also a comparable value, the CIE coordinates of all
metallopolymers were measured with an Ulbricht globe. Table 2
(left part) summarizes the obtained data and Fig. 7a shows the
position of the PL emission in the CIE color space.

As expected from the emission spectra, most of the tested
wells display emission in the blue region (Fig. 7a). Only E11
shows emission next to the equal energy point (marked with a
star) where the coordinates are x = y = 0.33. Since the human
eye is more sensitive to red and green than to blue light, the
small shift of E11 into the red region makes this emission
already appearing orange. To gain a deeper insight into the
emission characteristics, mixing triangle II with a higher share
of P2 was prepared (Fig. 8a).

The corners of this second triangle represent 25: 65 : 10
(A1),0:90: 10 (A6) and 0 : 65 : 35 (F1) mixtures of the polymers
P11 : P3 : P2 (Table 2, right). The absorption spectra are depic-
ted in Fig. S2 (ESI) and the emission spectra are shown in
Fig. 9. Fig. 8 depicts the mixing scheme and an image of the
solutions excited at 365 nm.

With increasing well number, the ratio of P11 decreases,
whereas that of P2 increases. In alphabetical order, the ratio of
P11 to P3 is reduced. These changes of the composition are
reflected by the emission spectra (Fig. 9). As shown already in
the titration spectra (Fig. 6), even though there is a larger share
of P2 in the copolymers of A1-A3, B1 and C1, the blue emission
of P11 is dominant. In contrast, the emission of rows D, E and F
is dominated by the red emission of P3. All the other wells show
balanced emission spectra and thereby white emission (Fig. 8b).
This color perception is also reflected by the coordinates of the
CIE color spectrum (Fig. 7b). In contrast to Fig. 7a, most of the
spots are located in the center of the spectrum, representing

1818 | J. Mater. Chem. C, 2013, 1, 1812-1822

white emission color. Moreover, all data points with the same
letters follow a line in the CIE spectrum. This feature reveals the
reliability of these measurements and enables thereby a
tailoring of the emission color.

Inkjet printing of the coordination polymers

To enable, besides a fast and efficient tailoring of the PL in
solution, also a systematic and material-saving screening of the
emission properties in thin films, the polymers were inkjet-
printed according to mixing triangle I and the optical properties
of these films were investigated. In order to avoid the prepara-
tion of 21 different inks, the single colors were printed sepa-
rately on top of each other. This printing procedure represents a
material-efficient as well as variable approach.* The assembly
of statistical copolymers and thereby a homogeneous film
formation was ensured by printing a solvent layer after the last
layer. The kinetic lability of the Zn" bisterpyridine complex
(t1/2 < 0.1 min) in the solution state allows thereby the reorga-
nization and formation of statistical copolymers within the
printed films. We recently showed the printability of similar
bisterpyridine coordination polymers.*® The combinatorial,
two-dimensional variation of multiple parameters revealed a
solvent DMF/acetophenone (9/1) mixture at a concentration of
5 mg mL~" and a substrate temperature of 50 °C to be suitable
to print bisterpyridine Zn" coordination polymers.** Using
these parameters, homogeneous films of the pure blue
(A12), green (F12) and red (A7) polymers could be printed
(Fig. S3, EST}).

The amount of deposited material in the inkjet printing
process can easily be varied by the dot spacing which is the
center-to-center spacing between two adjacent droplets. The
films of pure polymers were printed with a dot spacing of 90 um,

This journal is © The Royal Society of Chemistry 2013
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Fig. 9 Emission spectra of the wells (a) A1-A6; (b) B1-B5; (c) C1-C4; (d) D1-D3,
E1-E2 and F1 (DMF, c =5 x 107® M, Aex = 365 nm).

resulting in film thicknesses of approximately 300 nm. All other
ratios could be realized by adjusting the dot spacing accord-
ingly. To enable an efficient process, the printing sequence was

$gs.suytusny

gtlbidi suusesy

iebbidiosynessy

Fig. 10  Optical profilerimages after printing of (a) P11 (dot spacing 100 pm); P3
(dot spacing 200 um) and (c) solvent (dot spacing 90 um).
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Fig. 11 Emission spectra of the film C10 printed in different order in comparison
to the premixed polymer (film, iex = 365 nm).

maintained, starting from blue followed by green, red, and a
subsequent layer of pure solvent. Fig. 10 depicts typical optical
profiler images of the workflow for the printing of A11. After
printing the bottom layer (blue, dot spacing 100 um), the red
layer was printed with a dot spacing of 200 pm. Due to this high
spacing between two droplets, the achieved film quality is very
low (Fig. 10b). However, after a final layer of pure solvent (dot
spacing 90 um), a homogeneous film was obtained (Fig. 10c).

To prove, besides the optical quality of the films, also the
formation of homogeneous copolymers, the film C10 (BGR
20 : 40 : 40) was prepared applying different printing order. The
emission spectra of these films were compared with metallo-
copolymer ones of the same composition, which were prepared
beforehand and printed at once (Fig. 11). For that reason, both
the inks of the homopolymers P11, P2 and P3 (20 : 40 : 40) were
mixed in a closed vial (green line, Fig. 11) and a copolymer with
the respective monomer ratio was prepared analogous to the
homopolymers and printed (cyan line, Fig. 11).

The emission spectra are only slightly influenced by the
printing order and also the films of the premixed homo- and the
copolymer display similar emission behavior (Fig. 11). Thereby,
the concept of metallo-copolymerization by inkjet printing
could be proven.

For comparison, films of different compositions were prin-
ted without the additional solvent layer. Fig. S4 (ESIT) depicts
the optical profiler images and Fig. S5 (ESIf) depicts their
emission spectra. The emission wavelength of the polymer with
the highest share in these inhomogeneous films is always
overrepresented in comparison to the homogeneous ones
(Fig. S5, ESIT). Taking the poor morphology of these films into
account, this behavior is reasonable. The deposited material
with the lowest ratio is, in most cases, not smoothly distributed
over the whole film (Fig. S4, ESIT). Therefore, its emission
wavelength is underrepresented in the emission spectrum
(Fig. 5, ESIf). After printing a solvent layer, the metallo-copoly-
mers are formed and the emission spectra are comprehensible
(Fig. S4 and S5, ESIT).

After proving the applicability of this concept, copolymer
films in analogy to mixing triangle I were printed (Fig. 12).

Fig. 12a displays a picture of the printed films excited at Aex =
365 nm. As visible also in the emission spectra (Fig. 13) the PL

J. Mater. Chem. C, 2013, 1, 1812-1822 | 1819
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Fig. 12 (a) Picture of the inkjet-printed films (6 x 6mm each, Aex = 365 nm) and
(b) position of the PL in the CIE color space.

color differs clearly from the respective solutions (Fig. 4b and 5).
However, the coordinates in each column of the mixing triangle
follow a line, enabling the estimation of the color of unknown
mixtures (Table S1, ESIY).

As expected, the PL maxima of all three homopolymers are
bathochromically shifted upon printing, due to strong m-m
interaction. In particular, blue emitting polymer P11 reveals a
shift of 2200 cm ™' comparing the solution and thin-film
spectra. The high local concentrations in the inkjet-printed
copolymer films enable moreover efficient energy transfer
processes (Fig. 13). Fig. 13a depicts the emission spectra of A12-
F12. In contrast to the solution spectra (Fig. 5), the green
emission of P2 is dominant already at a P11 : P2 (B : G) ratio of
4 : 1 (B12). This could also be confirmed by the color impression
given in Fig. 12a as well as the CIE coordinates depicted in
Fig. 12b. Further increase of the share of P2 leads to a contin-
uous decrease of the shoulder at Ap;, ~ 450 nm and, thereby, to a
pure green color (Fig. 12).

Energy transfer processes, in general, require a reasonable
spectral overlap of the PL of the donor with the absorption of
the acceptor. The absorption spectra of the films are given in
Fig. S6.T The emission maxima of P2 and P11 at Ap;, ~ 500 nm
match well the absorption maximum of P3 (A,ps ~ 500 nm)
(Fig. 13, Fig. S6T). For that reason, the emission colors of all
copolymers containing P3 appear red (Fig. 12). This effect is
clearly apparent in the emission spectra of the binary copoly-
mers of P11 and P3 (Fig. 13b) as well as P2 and P3 (Fig. 13c).
Both the blue (P11) and green (P2) emission are quenched and
the energy partially transferred to the excited state of P3 (red).
To prove the origin of the emission, excitation spectra were
recorded. Fig. 14a shows a comparison of the excitation spectra
of the pure polymer films (A7, A12, F12) with the respective
absorption spectra. As expected for pure substances without any
energy transfer processes, they match (Fig. 14a).

The origin of the red emission of the binary copolymers of
P11 and P3 was investigated by measuring excitation spectra at
ApL, = 650 nm (Fig. 14b). The blue emitting polymer P11 (A12)
displays only very weak emission at Ap;, = 650 nm. Therefore,
the intensity of the excitation response with a maximum at
around A = 410 nm is weak compared to the signal of the red
emitting polymer P3 (A7) (Fig. 14b). The spectra of the binary
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Fig. 13 Emission spectra of A7-A12, B8-B12, C9-C12, D10-D12, E11-E12, and
F12 (film, Aex = 365 nm).

mixtures (A8-A11) distinctly prove the energy transfer from P11
to P3 by the intense signal at A = 410 nm (Fig. 14b).

Since the absorption maximum of green emitting polymer P2
(Aabs ~ 450 nm) correlates with a local minimum of the
absorption of P3 (Fig. S61), the energy transfer is not that
obvious as in the case of P11 (Fig. 14b). However, the excitation
spectra of the binary mixtures of P2 and P3 display a distinct
share of P2 at the emission at Ap;, = 650 nm (Fig. S7, ESIT).

Finally, the possibility to assemble a white emitting film was
proven. According to the CIE graph depicted in Fig. 12b, the

This journal is © The Royal Society of Chemistry 2013
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Fig. 15 (a) Emission spectrum of an inkjet-printed film with a ratio of

P11:P2:P30of 80:10: 10 (film, Aex = 365 nm) and (b) picture of the respective
inkjet-printed film (Aex = 365 nm).

aimed white color is located between films A12 (100 : 0 : 0) and
B11 (60 : 20 : 20). Therefore, the new film was printed using a
polymer ratio of 80 : 10 : 10. The respective emission spectrum
(Aex = 365 nm) shows a broad emission over the visible region
with a maximum in the blue (4p, = 452 nm) and the orange/red
(Apr, = 608 nm) region (Fig. 15). The resulting CIE coordinates of
x = 0.311 and y = 0.307 confirm the white color perception.

Conclusions

The variation of the central chromophore in bisterpyridine Zn"
coordination polymers allowed the assembly of materials
exhibiting optical band gaps from 2.78 to 1.60 eV and emission
colors from Ap;, = 443-641 nm in solution. The dynamic nature

This journal is © The Royal Society of Chemistry 2013
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of the Zn" complex enabled the systematic assembly of a library
of statistical copolymers in an efficient way by simply mixing the
respective homopolymer solutions. Using a blue- (P11), a green-
(P2) and a red-emitting polymer (P3) a great number of emission
colors, including white, can be generated by selecting respective
mixtures. To screen the thin-film photophysical properties in a
reproducible and material-saving manner, inkjet printing was
used. This technique enables, in combination with the dynamic
nature of the Zn" bisterpyridine polymers, the separate printing
of every single color and the assembly of statistical copolymers
by subsequent printing of one solvent layer. As in solution the
photophysical data were obtained by automated measurements
of 21 samples in a row, enabling an efficient screening. The
obtained data allowed the estimation of the CIE coordinates of
the emission color for most ratios of the three polymers used,
thereby producing tailor-made emission color.

Acknowledgements

Financial support by the Dutch Polymer Institute (DPI, tech-
nology area HTE) and the DAAD (#54368503, Phosphorescent
Metallopolymers) is kindly acknowledged. The authors thank A.
Baumgirtel for the MALDI-TOF MS measurements. W.-Y. Wong
thanks the Hong Kong Baptist University (FRG2/11-12/156),
Hong Kong Research Grants Council (G_HK020/11,
HKBU202709 and HKUST2/CRF/10) and Areas of Excellence
Scheme, University Grants Committee of HKSAR (Project no.
[AoE/P-03/08]) for financial support. W.-Y. Wong also thanks the
Institute of Creativity at Hong Kong Baptist University for
research support. X.-Z. Wang thanks the National Natural
Science Foundation of China (No. 20974091), Natural Science
Foundation of Hunan Province of China (No. 10JJ1002) and the
Foundation of the Hunan Provincial Education Department
(10B107).

References

1 G. M. Farinola and R. Ragni, Chem. Soc. Rev., 2011, 40, 3467—
3482.

2 X. F. Qi, M. Slootsky and S. Forrest, Appl. Phys. Lett., 2008, 93,
193306.

3 Q. Wang, ]J. Q. Ding, D. G. Ma, Y. X. Cheng, L. X. Wang and
F. S. Wang, Adv. Mater., 2009, 21, 2397-2401.

4 M. M. Alam and S. A. Jenekhe, Macromol. Rapid Commun.,
2006, 27, 2053-2059.

5 A. H. Shelton, I. V. Sazanovich, J. A. Weinstein and
M. D. Ward, Chem. Commun., 2012, 48, 2749-2751.

6 U. Giovanella, P. Betti, A. Bolognesi, S. Destri, M. Melucci,
M. Pasini, W. Porzio and C. Botta, Org. Electron., 2010, 11,
2012-2018.

7 T. H. Kim, H. K. Lee, O. O. Park, B. D. Chin, S. H. Lee and
J. K. Kim, Adv. Funct. Mater., 2006, 16, 611-617.

8 V. Vohra, G. Calzaferri, S. Destri, M. Pasini, W. Porzio and
C. Botta, ACS Nano, 2010, 4, 1409-1416.

9 L. Brunsveld, B. J. B. Folmer, E. W. Meijer and R. P. Sijbesma,
Chem. Rev., 2001, 101, 4071-4097.

J. Mater. Chem. C, 2013, 1, 1812-1822 | 1821



Downloaded by Thuringer Universitats und Landesbibliothek Jana on 15/04/2013 15:51:20.

Published on 13 December 2012 on http://pubs.rsc.org | doi:10.1039/C2TC00552B

10 G. M. Whitesides and B. Grzybowski, Science, 2002, 295,
2418-2421.

11 R. Dobrawa and F. Wiirthner, J. Polym. Sci., Part A: Polym.
Chem., 2005, 43, 4981-4995.

12 T. F. A. De Greef, M. M. ]J. Smulders, M. Wolffs,
A. P. H. J. Schenning, R. P. Sijbesma and E. W. Meijer,
Chem. Rev., 2009, 109, 5687-5754.

13 T. Aida, E. W. Meijer and S. 1. Stupp, Science, 2012, 335, 813—
817.

14 J. P. Sauvage, J. P. Collin, J. C. Chambron, S. Guillerez,
C. Coudret, V. Balzani, F. Barigelletti, L. Decola and
L. Flamigni, Chem. Rev., 1994, 94, 993-1019.

15 C. Ulbricht, B. Beyer, C. Friebe, A. Winter and U. S. Schubert,
Adv. Mater., 2009, 21, 4418-4441.

16 R. Shunmugam and G. N. Tew, Polym. Adv. Technol., 2008,
19, 596-601.

17 U. S. Schubert, A. Winter and G. R. Newkome, Terpyridine-
Based Materials: For Catalytic, Optoelectronic and Life
Science Applications, Wiley-VCH, Weinheim, 2011.

18 S. Bonnet, J. P. Collin, M. Koizumi, P. Mobian and
J. P. Sauvage, Adv. Mater., 2006, 18, 1239-1250.

19 A. Wild, A. Winter, F. Schlitter and U. S. Schubert, Chem.
Soc. Rev., 2011, 40, 1459-1511.

20 Y.Y. Chen, Y. T. Tao and H. C. Lin, Macromolecules, 2006, 39,
8559-8566.

21 F. S. Han, M. Higuchi and D. G. Kurth, J. Am. Chem. Soc.,
2008, 130, 2073-2081.

22 A. Wild, C. Friebe, A. Winter, M. D. Hager, U. W. Grummt
and U. S. Schubert, Eur. J. Org. Chem., 2010, 1859-1868.

23 S. M. Brombosz, A. J. Zucchero, R. L. Phillips, D. Vazquez,
A. Wilson and U. H. F. Bunz, Org. Lett., 2007, 9, 4519-4522.

24 A. Wild, A. Winter, M. D. Hager and U. S. Schubert, Analyst,
2012, 137, 2333-2337.

25 A. Wild, A. Winter, M. D. Hager and U. S. Schubert, Chem.
Commun., 2012, 48, 964-966.

26 H. Padhy, D. Sahu, I. H. Chiang, D. Patra, D. Kekuda,
C.W. Chu and H. C. Lin, J. Mater. Chem., 2011, 21, 1196-1205.

1822 | J. Mater. Chem. C, 2013, 1, 1812-1822

View Article Online

27 A. C. Grimsdale, K. L. Chan, R. E. Martin, P. G. Jokisz and
A. B. Holmes, Chem. Rev., 2009, 109, 897-1091.

28 F. Schliitter, A. Wild, A. Winter, M. D. Hager, A. Baumgértel,
C. Friebe and U. S. Schubert, Macromolecules, 2010, 43, 2759—
2771.

29 Y. ]. Cheng, S. H. Yang and C. S. Hsu, Chem. Rev., 2009, 109,
5868-5923.

30 S. C. Yu, C. C. Kwok, W. K. Chan and C. M. Che, Adv. Mater.,
2003, 15, 1643-1647.

31 C. Friebe, A. Wild, J. Perelaer and U. S. Schubert, Macromol.
Rapid Commun., 2012, 33, 503-509.

32 W. Y. Wong, G. J. Zhou, Z. He, K. Y. Cheung, A. M. C. Ng,
A. B. Djurisic and W. K. Chan, Macromol. Chem. Phys.,
2008, 209, 1320-1332.

33 W. Y. Wong, X. Z. Wang, Z. He, A. B. Djurisic, C. T. Yip,
K. Y. Cheung, H. Wang, C. S. K. Mak and W. K. Chan, Nat.
Mater., 2007, 6, 521-527.

34 W. Y. Wong, X. Z. Wang, Z. He, K. K. Chan, A. B. Djurisic,
K. Y. Cheung, C. T. Yip, A. M. C. Ng, Y. Y. Xi, C. S. K. Mak
and W. K. Chan, J. Am. Chem. Soc., 2007, 129, 14372-
14380.

35 W. Y. Wong, W. C. Chow, K. Y. Cheung, M. K. Fung,
A. B. Djurisic and W. K. Chan, J. Organomet. Chem., 2009,
694, 2717-2726.

36 G. W.V. Cave and C. L. Raston, Chem. Commun., 2000, 2199-
2200.

37 W. Barford, I. Boczarow and T. Wharram, J. Phys. Chem. A,
2011, 115, 9111-9119.

38 J. Casado, M. Z. Zgierski, P. C. Ewbank, M. W. Burand,
D. E. Janzen, K. R. Mann, T. M. Pappenfus, A. Berlin,
E. Perez-Inestrosa, R. P. Ortiz and J. T. L. Navarrete, J. Am.
Chem. Soc., 2006, 128, 10134-10144.

39 Y. N. Hong, S. J. Chen, C. W. T. Leung, J. W. Y. Lam, J. Z. Liu,
N. W. Tseng, R. T. K. Kwok, Y. Yu, Z. K. Wang and B. Z. Tang,
ACS Appl. Mater. Interfaces, 2011, 3, 3411-3418.

40 E. Tekin, P. J. Smith and U. S. Schubert, Soft Matter, 2008, 4,
703-713.

This journal is © The Royal Society of Chemistry 2013



Publication 7

“zn" Bisterpyridine Metallopolymers: Improved Processability by the

Introduction of Polymeric Side Chains”

Andreas Wild, Anke Teichler, Christian von der Ehe, Andreas Winter, Martin D. Hager, Bing
Yao, Baohua Zhang, Zhiyuan Xie, Wai-Yeung Wong, Ulrich S. Schubert

Macromol. Chem. Phys. 2013, 214, 1072-1080.







<< Macromolecular
» Journals

Macromolecular
Chemistry and Physics

Full Paper

Zn' Bisterpyridine Metallopolymers: Improved
Processability by the Introduction of Polymeric
Side Chains

Andreas Wild, Anke Teichler, Christian von der Ehe, Andreas Winter,
Martin D. Hager, Bing Yao, Baohua Zhang, Zhiyuan Xie, Wai-Yeung Wong,*
Ulrich S. Schubert*

Introducing well-defined polymeric side chains to bisterpyridine coordination polymers ena-
bles the synthesis of materials with tailor-made optical and mechanical properties. The poly-
mers are introduced either by a copper-catalyzed azide—alkyne cycloaddition (grafting-onto)
or an atom transfer radical polymerization (polymerization-from) method. The resulting met-
allopolymers exhibit improved solubility in common organic solvents and can, therefore, be

1072 ©2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

inkjet-printed from chlorinated benzene solu-
tions. The photophysical properties of the so-
produced homogeneous films are investigated
and a proof-of-principle polymer light-emit-
ting device can be constructed.

1. Introduction

Metallopolymers represent, due to the combination of
both organic polymers and metal ions, via reversible
metal ion complexation, a fruitful approach to new func-
tional materials.'®! As a coordinative system, various
types of N-heterocyclic ligands (e.g., 2,2-bipyridine (bpy),
1,10-phenanthroline and 2,2:6",2"-terpyridine (tpy)) are
used, since they form stable coordination complexes with
various transition metal ions by dn—prn* bonding.*? In
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particular, tpy is ideally suited for the construction of
coordination polymers.[!! The prevention of A/A chirality or
facial isomers in comparison with related metal complexes
with bpy or 2,6-di(quinolin-8-yl)pyridine ligands and the
easy access to 4’-substituted terpyridines enables the effi-
cient coupling to stiff conjugated spacer molecules and,
therefore, offers the possibility to synthesize linear main-
chain metallopolymers.[111-14] Besides the heavy transition
metal ions, such as Rull, Os!, Ir', and Pt!, metal ions with
filled electron shells, in particular Zn", are also used as
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templates for the development of new photoluminescent
and electroluminescent materials as well as sensor sys-
tems.[101315-25] The photophysical behavior of such mate-
rials can easily be tuned by coordination to suitable metal
ions and choosing an appropriate spacer unit.[*-26!

However, a broad application of bisterpyridine coor-
dination polymers is still hindered by their low solu-
bility and, consequently, poor processability and film
morphology of the final devices. A promising pathway
to improve the solubility of these materials is the intro-
duction of polymeric side chains to the n-conjugated
element.l?”] Depending on the aimed application, tailor-
made polymeric side chains can be used to develop
materials with defined optical and mechanical proper-
ties. To reveal specific advantages and disadvantages,
poly(styrene) (PS) and poly(methacrylate) chains were
attached to the metallopolymers using two different
methods. The resulting highly soluble quasi-comb-
polymers could easily be processed via inkjet printing,
resulting in homogeneous films.

2. Experimental Section

2.1. Materials

Solvents were dried and distilled according to standard proce-
dures. All of the solvents or solutions were degassed by purging
with argon 1 h prior to use. Compounds 9, 11a, and 11b were
purchased from Sigma-Aldrich. The synthesis of 1,4-bis(3-
bromopropoxy)-2,5-diiodobenzene (1),28! 4’-(4-ethynylphenyl)-
2,2":6",2"-terpyridine (2),1¢! ethynyl-functionalized PS,soq (5),1°!
and 3,3’-[(2,5-diiodo-1,4-phenylene)bis(oxy)]bis(propan-1-ol)
(7)128 has been published elsewhere.

2.2. Instrumentation

1H and 3C NMR spectra were recorded on a Bruker Cryomagnet
BZH 400 (400 MHz) or Bruker AC 300 (300 MHz) instrument (at
298 K for all of the NMR spectra). Chemical shifts are reported
in parts per million (ppm, & scale) relative to the residual signal
of the solvent; coupling constants are given in Hertz. Prepara-
tive size-exclusion chromatography (SEC) was carried out on
Bio-Rad S-X1 beads (size exclusion 600—14 000 g mol™), swollen
in toluene. Size-exclusion chromatograms were recorded with
a Shimadzu system equipped with an SCL-A10 system con-
troller, an LC-10AD pump, a RID-10A refractive-index detector,
an SPD-10A UV detector at 254 nm, and a PL gel 5 mm Mixed-D
column at 50 °C utilizing a chloroform/NEts/2-propanol (94:4:2
ratio) mixture as eluent at a flow rate of 1 mL min!. The molar
masses were calculated against linear PS and poly(methyl
methacrylate) (PMMA) standards, respectively. Matrix-assisted
laser desorption—ionization time-of-flight (MALDI-TOF) mass
spectra were measured using a Voyager-DE PRO biospectrom-
etry workstation (Applied Biosystems) time-of-flight mass
spectrometer with dithranol as matrix. UV-vis absorption,
emission, and excitation spectra of thin films were recorded
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using a Infinite 200 PRO plate reader (Tecan). UV—vis absorption
and emission spectra of the solutions were recorded at 298 K
using Perkin—Elmer Lambda 45 and Jasco FP6500 instruments,
respectively. Measurements were carried out using CH,Cl,
(spectroscopy grade) in 1 cm cuvettes. Elemental analysis was
carried out using a CHN-932 Automat Leco instrument. Inkjet
printing was performed using an Autodrop professional system
from microdrop Technologies (Norderstedt, Germany). The
inkjet printer was equipped with piezo-based micropipettes
with an inner nozzle diameter of 70 pm. The polymers were dis-
solved in the solvent system chlorobenzene/ortho-dichloroben-
zene (CB/oDCB) in a ratio of 90/10 using a concentration of
5 mg mLL. In order to prevent nozzle clogging, the inks were fil-
tered using a polytetrafluroroethylene (PTFE) syringe filter with
a pore size of 0.45 um. A voltage of 75 V and a pulse length of
30 us led to a stable and reproducible droplet formation. The
films with a size of 6 mm x 6 mm were printed onto microscope
slides (Marienfeld). A drop count (i.e., the number of drops that
are dispensed at the set position) of 1 and a printing speed of
20 mm s~! were used as standard settings. Polymer light-emit-
ting devices were fabricated on indium tin oxide (ITO)-coated
glass substrates. The substrates were cleaned sequentially
with detergent, deionized water, and then dried at 130 °C for
0.5 h to remove the water before use. For device fabrication,
the emissive layer ({{Zn(13)](OAc),}, (10 w%): polyvinyl carba-
zole (PVK) (60 nm), chlorobenzene as solvent) was spin-coated
onto a UV-ozone-treated ITO substrate in a glovebox. Subse-
quently, the substrate was transferred into a vacuum chamber
and the layers of 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole (PBD) (30 nm), LiF (1 nm) and aluminum (150 nm)
were thermally evaporated in sequence under a vacuum of
5 x 1077 Torr. The device characteristics were measured with a
Keithley 2400 source meter and a coupled PR650 spectroscan
photometer. All of the measurements were carried out at room
temperature under ambient conditions.

2.3. Synthesis

2.3.1.4’,4""-(((2,5-Bis(3-bromopropoxy)-1,4-
phenylene)bis(ethyne-2,1-diyl))bis(4,1-phenylene))
di-2,2":6’,2”-terpyridine (3)

A solution of 1,4-bis(3-bromopropoxy)-2,5-diiodobenzene (1)
(151 mg, 0.25 mmol) and 2 (171 mg, 0.51 mmol) in tetrahy-
drofuran (THF) (12 mL) and NEt; (6 mL) was degassed by bub-
bling with argon for one h. Subsequently, Pd(PPh;), (29 mg,
0.025 mmol) and Cul (0.012 mmol, 2 mg) were added and the
solution was stirred overnight at room temperature. The sus-
pension was filtered, washed with acetone (20 mL) and water
(10 mlL) to yield almost pure 3. Further purification was achieved
by gel filtration over aluminum oxide (dichloromethane) and
subsequent precipitation into methanol. 3 was obtained as a
yellow solid (213 mg, 0.21 mmol, 84%). 'H NMR (CDCl;, 300 MHz,
5): 8.78 (s, 4H, H3"%), 8.75 (d, J = 4.8 Hz, 4H, H%%"), 8.70 (d, J =
8.00 Hz, 4H, H33"), 7.96-7.86 (m, 6H, H**", H®Y), 7.69 (m, 2H, H?P),
7.38 (m, 4H, H>*"), 7.12 (s, 2H, H2Y), 4.24 (t, J = 5.6 Hz, 4H), 3.76 (t,
J=6.3 Hz, 4H), 2.44 (q, ] = 6.2 Hz, 4H). MALDI-TOF (MS) (dithranol):
m/z=1013.18 ([M + H]*). Anal. Calcd. for CsgH,,N¢O,Br,: C 68.65,
H4.17,N 8.28; found: C 68.92, H 4.47, N 7.93.
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2.3.2.4',4""-(((2,5-Bis(3-azidopropoxy)-1,4-
phenylene)bis(ethyne-2,1-diyl))bis (4,1-phenylene))
di-2,2":6’,2”-terpyridine (4)

3 (101.5 mg, 0.1 mmol) and NaNj; (26 mg, 0.4 mmol) were dis-
solved in N,N-dimethylformamide (DMF) (15 mlL) and stirred at
50 °C for 20 h. Subsequently, the suspension was precipitated
into water (150 mL). Further purification was carried out by gel
filtration over neutral aluminum oxide (dichloromethane) and
subsequent precipitation into methanol. 4 was obtained as a
yellow solid (66 mg, 0.07 mmol, 70%). *H NMR (CDCl;, 300 MHz,
8): 8.69 (s, 4H, H*®), 8.67 (d, J = 5.1 Hz, 4H, H5%"), 8.61 (d, J =
8.10 Hz, 4H, H3?%"), 7.68-7.82 (m, 6H, H**', H*P), 7.61 (m, 2H, H2Y),
7.30 (m, 4H, H>%"), 7.02 (s, 2H, H2YY), 4.12 (t, J = 5.8 Hz, 4H), 3.59 (t,
J=6.5 Hz, 4H), 2.08 (q, J = 6.1 Hz, 4H). MALDI-TOF MS (dithranol):
m/z = 939.36 ([M + H]"). Anal. Calcd. for CsgH,,N;,0,: C 74.18, H
4.51,N 17.90; found: C 74.41, H 4.83, N 17.59.

2.3.3. Poly(styrene)-Functionalized Bisterpridine 6

Compounds 4 (18.8 mg, 0.02 mmol) and 5 (150 mg, 0.06 mmol) were
dissolved in THF (5 mL). Subsequently, Cul (2 mg, 0.01 mmol) and
1,8-diazabicycloundec-7-ene (DBU) (3 mg, 0.02 mmol) were added
and the reaction mixture stirred at 50 °C. The reaction progress was
followed by SEC measurements and the reaction was quenched
by precipitating into methanol, when no further conversion was
observable (12 h). Subsequently, the polymer was dissolved in chlo-
roform, filtered over aluminium oxide, and precipitated into meth-
anol. The polymer was obtained as a pale yellow powder (130 mg,
0.016 mmol, 79%). The excess of 5 could not be efficiently removed
by preparative SEC (Biobeads) or precipitation. The exact terpyr-
idine content was determined by UV-vis titration with Fel (M, =
5650 g mol ™). *H NMR (CDCl;, 300 MHz, §): 8.80 (s, 4H, H**), 8.75
(d, J=5.3 Hz, 4H, H®%"), 8.76 (d, J = 8.00 Hz, 4H, H3?"), 7.96-7.86 (m,
6H, H**', H2Y), 7.71 (m, 2H, H2Y), 7.37-6.40 (PS backbone), 4.05 (m,
4H), 3.15 (m, 4H), 2.10-1.20 (backbone), SEC (PS calibration): M, =
5500 g mol?, polydispersity index (PDI) = 1.13.

2.3.4. Metallopolymer {[Zn(6)](PF¢).},

Zinc(ll) acetate (2.2 mg, 0.01 mmol) in NMP (0.5 mlL) was
added to the PS-functionalized bisterpyridine monomer 6
(81 mg, 0.01 mmol) in N-methylpyrrolidone (NMP) (3 mL). The
resulting solution was stirred at 100 °C for 12 h. To perform
anion exchange, NH,PF; (33 mg, 0.2 mmol) was added and stir-
ring continued for 1 h. Subsequently, the solution was poured
into methanol (30 mlL). The resulting metallopolymer was col-
lected by filtration and washed with toluene (10 mlL). Finally,
the polymer was dried under vacuum to obtain {[Zn(6)](PF¢).},
as a yellow solid (48 mg, 0.0076 mmol, 76%). *H NMR (300 MHz,
CD,Cl,, 8): 9.11-8.92 (broad m), 8.83—8.78 (broad m), 8.75-8.65
(broad m), 7.95-7.80 (broad m), 7.77-7.60 (broad m), 7.30-6.27 (PS
backbone), 3.99 (m, 4H), 3.35 (m, 4H), 2.05-1.16 (backbone). Anal.
Calcd: C 80.43, H 7.26, N 2.65; found: C 81.27, H 7.65, N 2.26.

2.3.5. 3,3’-((2,5-Bis((4-([2,2":6",2"-terpyridin]-4’-yl)phenyl)
ethynyl)-1,4-phenylene)bis(oxy))bis-(propan-1-ol) (8)

A solution of 3,3’-((2,5-diiodo-1,4-phenylene)bis(oxy))bis(propan-
1-0l) (7) (478 mg, 1 mmol), 4’-(4-ethynylphenyl)-2,2":6’,2"-
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terpyridine (2) (683 mg, 2.05 mmol) in THF (20 mL) and NEt;
(15 mL) was degassed by purging with argon for 1 h. Subse-
quently, Pd(PPh;), (116 mg, 0.1 mmol) and Cul (0.05 mmol, 10 mg)
were added and the solution stirred overnight at room tempera-
ture. The suspension was filtered and washed with acetone
(20 mL) and water (10 mL). Further purification was carried out
by gel filtration over neutral aluminium oxide (dichloromethane)
and subsequent precipitation into methanol. 8 was obtained as a
yellow solid (693 mg, 0.78 mmol, 78%). Due to its low solubility,
no NMR spectrum was measurable. MALDI-TOF MS (dithranol):
m/z = 889.34 ([M + HJY). Anal. Calcd. for CsgH,,NgO,: C 78.36, H
4.99, N 9.45; found: C 78.58, H 5.32, N 9.23.

2.3.6. ((2,5-Bis((4-([2,2":6",2"-terpyridin]-4’-yl)phenyl)
ethynyl)-1,4-phenylene)bis(oxy))bis(propane-
3,1-diyl)bis(2-bromo-2-methylpropanoate) (10)

NEt; (0.5 mL) and 2-bromo-2-methylpropanoyl bromide 9 (74 pL,
138 mg, 0.6 mmol) were added dropwise to a suspension of 8
(178 mg, 0.2 mmol) in dichloromethane (15 mL), and the mixture
was stirred overnight at 30 °C. Subsequently, aqueous NaHCO;
and dichloromethane were added, the phases were separated and
the organic phase was washed with water and dried over MgSO,.
The MgSO, was removed by filtration and the solvent was evapo-
rated. After gel filtration over neutral aluminum oxide (dichlo-
romethane) and precipitation into methanol, 10 was obtained as
a yellow solid (188 mg, 0.16 mmol, 79%). *H NMR (CDCl;, 300 MHz,
5): 8.78 (s, 4H, H*%), 8.75 (d, J = 4.4 Hz, 4H, H55"), 8.70 (d, J = 8.00
Hz, 4H, H33"), 7.97-7.86 (m, 6H, H**", H2P), 7.71 (m, 2H, H?P), 7.38
(m, 4H, H>%"), 7.11 (s, 2H, H*YY), 4.53 (t, J = 5.8 Hz, 4H), 4.24 (t, J =
6.5 Hz, 4H), 2.30 (q, J = 6.1 Hz, 4H), 1.96 (s, 12H). MALDI-TOF MS
(dithranol): m/z=1185.25 ([M + H]*), 1106.33 ([M—Br + H]"), 771.25
(IM-sidechains + H]*). Anal. Caled. for C¢¢Hs,NgO,Br,: C 66.78, H
4.59, N 7.08, Br 13.46; found: C 67.05, H 4.87, N 6.78, Br 13.12.

2.3.7. Macroligand 12

CuBr (29 mg, 0.2 mmol) and 10 (0.119 g, 0.1 mmol) were added
to a 10-mL round-bottomed flask. The flask was sealed with
a rubber septum and purged with argon. Methyl acrylate 11a
(1.72 g,0.02 mol) and N,N,N',N',N”-pentamethyldiethylenetriamine
(PMDETA) (0.084 mL, 0.4 mmol) were dissolved in anisole (2 mL)
and the solution was purged with argon. The solution was trans-
ferred to the reaction flask via a syringe. The flask was placed in
an oil bath for 2 h at 90 °C. Subsequently, the flask was taken from
the oil bath and the reaction mixture was precipitated in ice-cold
methanol. The crude product was separated by filtration, dissolved
in dichloromethane, passed through a basic aluminium oxide
column, and reprecipitated into ice-cold methanol to obtain 12 as
a yellowish solid. 'H NMR (CDCl,, 300 MHz, 8): 8.75-8.66 (m, 12H,
H3'5', H86", H33"), 7.88 (m, 8H, H**", H2Y), 7.68 (m, 4H, H??), 7.36 (m,
4H, H>*"), 3.61 (m, PMA backbone), 1.98-1.05 (PMA backbone), SEC
(PMMA calibration): M, = 7600 g mol* (Degree of polymerization
(DP) = 37 per arm), PDI = 1.18.

2.3.8. Macroligand 13.

Styrene 11b (3.51 g, 33.7 mmol) and PMDETA (57 pL, 0.27 mmol)
were dissolved in 5.0 mL anisole and the solution was degassed
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with argon for 2 h. CuBr (19.6 mg, 0.137 mmol) and hydroqui-
none dimethyl ether (318 mg, 2.3 mmol), as internal standard,
were placed in a second flask, sealed with a rubber septum and
purged with argon for 1 h. The degassed monomer solution was
added to the second flask with a degassed syringe. A solution
of 10 (80.0 mg, 0.067 mmol) in 5.2 mL anisole was purged with
argon for 2 h and subsequently added to the monomer/catalyst
solution. After taking a sample for kinetic analysis (100 uL), the
solution was placed in an oil bath and stirred at 110 °C for 4 to
5 h. Samples were taken periodically with a degassed syringe
for a kinetic study. After 171 min, 12 mL of the reaction mixture
was withdrawn with a degassed syringe, exposed to air to ter-
minate the polymerization and diluted with 20 mL chloroform.
The solution was eluted over a short aluminum oxide column to
remove the copper catalyst and the solvent was removed under
reduced pressure. The residue was precipitated from chloroform
into cold methanol and the precipitate was collected by filtration
and dried under vacuum to yield 13 as a yellowish solid (246 mg,
0.032 mmol). *H NMR (CDCl,, 300 MHz, §): 8.91-8.68 (broad m),
8.03-7.87 (broad m), 7.77-7.67 (broad m), 7.48-7.37 (broad m),
7.33-6.37 (PS backbone), 4.02 (m, 4H), 3.90 (m, 4H), 2.05-1.25
(backbone), SEC (PS calibration): M, = 7700 g mol (DP = 31 per
arm), PDI=1.11.

2.3.9. Metallopolymer {[Zn(12)](PFe),},

Zinc(II) acetate (2.2 mg, 0.01 mmol) in NMP (0.5 mL) was added
to the PMA-functionalized bisterpyridine monomer 12 (61 mg,
0.01 mmol) in NMP (3 mlL). The resulting solution was stirred
at 100 °C for 12 h. To perform anion exchange, NH,PF; (33 mg,
0.2 mmol) was added and stirring continued for 1 h. Subse-
quently, the solution was poured into diethyl ether (30 mL). The
resulting metallopolymer was collected by filtration and washed
with toluene (10 mlL). Finally, the polymer was dried under
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vacuum to obtain {[Zn(12)](PF),}, as yellow solid (43 mg, 0.0064
mmol, 64%). 'H NMR (300 MHz, DMF-d7, §): 9.41-9.16 (broad m),
8.75-8.61 (broad m), 8.30 (m), 7.90-7.81 (broad m), 3.92 (m), 3.57
(m, PMA backbone), 2.06—-0.95 (PMA backbone). Anal. Calcd: C
53.97, H6.61, N 2.52; found: C 54.51, H 6.91, N 2.29.

2.3.10. Metallopolymer {[Zn(13)](PFe),},

To the PS-functionalized bisterpyridine monomer 13 (77 mg,
0.01 mmol) in NMP (3 mL), zinc(II) acetate (2.2 mg, 0.01 mmol)
in NMP (0.5 mL) was added. The resulting solution was stirred
at 100 °C for 12 h. To perform anion exchange, NH,PF; (33 mg,
0.2 mmol) was added and stirring continued for 1 h. Subse-
quently, the solution was poured into methanol (30 mL). The
resulting metallopolymer was collected by filtration and washed
with toluene (10 ml). Finally, the polymer was dried under
vacuum to obtain {[Zn(13)](PFe),}, as a yellow solid (64 mg,
0.0081 mmol, 81%). 1H NMR (300 MHz, DMF-d7, §): 9.43-9.12
(broad m), 8.81-8.63 (broad m), 7.93-7.60 (broad m), 7.31-6.27 (PS
backbone), 4.03 (m), 2.15-1.26 (PS backbone). Anal. Calcd: C 80.43,
H 7.26, N 2.65; found: C 80.90, H 7.61, N 2.28.

3. Results and Discussion

3.1. Synthesis (Polymerization)

Two strategies were applied to introduce polymeric side
chains, as shown in Scheme 1 and 2. Either a preformed
polymer is attached to a bisterpyridine via an efficient
coupling reaction (“grafting-onto”, Scheme 1) or a bisterpy-
ridine is used as polymerization initiator (“polymerization-
from”, Scheme 2).

a) 2, Pd(PPh3),, Cul, THF, N(Et)s, 1t, 16 h; b) NaN3, DMF, 50 °C, 20 h; ¢) 5, Cul, DBU, THF, 50 °C, 12 h; d) Zn(OAG),, NMP, 100 °C, 12 h;

e) EDTA, CHCI, rt, 1 h.

[ Scheme 1. Schematic representation of the synthesis of metallopolymer {[Zn(6)](PFs),},-
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{1Zn(12))(PFg)2}, R = COOMe
{[Zn(13)1(PFe)z}n R = phenyl

A.Wild et al.

0 12 R = COOMe

O 13 R =phenyl
Br:
R/n

a) 2, Pd(PPhg),, Cul, NEt3, THF, rt, 16 h; b) 9, ¢) Monomer (11a or 11b), anisole, PMDETA, CuBr, 90 °C; d) Zn(OAc),, NMP, 100 °C, 12 h.

I Scheme 2. Schematic representation of the synthesis of metallopolymers {[Zn(12)](PFs),}, and {[Zn(13)](PFs),},-

3.2. Grafting Onto Bisterpyridines

The synthesis of endgroup-functionalized polymers, in
particular those synthesized via controlled techniques
(anionic, controlled radical, Grignard metathesis), is well
known and enables the introduction of a variety of dif-
ferent polymers with defined properties.30-32]

Since the copper-catalyzed azide—alkyne cycloaddition
(CuAAc) is a very efficient reaction that tolerates a variety
of conditions and functionalities, it is suitable to be used
for the coupling of the polymer to the terpyridine unit.[*?!
For that reason, an azide-functionalized bisterpyridine 4
was synthesized starting from 1,4-bis(3-bromopropoxy)-
2,5-diiodobenzene (1). The terpyridine moieties were
subsequently introduced via Sonogashira coupling with
4’-(4-ethynylphenyl)-2,2":6",2"-terpyridine (2). The con-
version of the alkyl bromide to an azide was performed
in DMF with an excess of NaN; and resulted in the azide-
functionalized bisterpyridine 4 in 70% yield.

Figure 1 depicts the 'H NMR and MALDI-TOF MS spectra
of 4. The ethynyl-functionalized PS 5 (M, = 2500 g mol?,
DP = 23) was synthesized in an atom transfer radical
polymerization (ATRP), using a functionalized initiator.?°]
Due to the controlled character of the polymerization,
a narrow PDI (1.08) could be achieved (Figure 2a). The
CuAAc coupling of 4 and 5 was performed in THF solu-
tion with DBU as a base. SEC monitoring proved a fast
reaction progress (Figure 2a): after 12 h at 50 °C, the SEC
chromatogram revealed the end of the reaction by a
second signal at V, = 9.2 mL (refractive-index (RI) detec-
tion), which did not shift or increase further for longer
reaction times. The drawback of this reaction is the purifi-
cation process. To obtain full conversion, an excess of the
polymer is always required. The subsequent separation of
bisterpyridine 6 and the excess of 5, clearly visible in SEC
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(Ve = 10.1 ml, filled dots, Figure 2a), via preparative SEC
was not successful. For that reason, the crude product of 6
was polymerized using Zn(OAc), and the low solubility of
the Zn" coordination polymer in cold toluene was utilized

a)
35
6,6"
3’3”
55" O-CH
44" T
CH,
N,-CH,
'J T T T T T T T T
8 6 4 2
8 [ppm]
[M+H]"
b)
600 800 1,000 1,200 1,400
mass [m/z]

Figure 1. a)'H NMR spectrum of 4 (300 MHz, CDCl,). b) MALDI-TOF

MS of 4 (matrix: dithranol).
eels
Me e
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94:4:2 ratio, Rl detection). b) 'H NMR spectrum of 6 (300 MHz,

I Figure 2. a) SEC traces of 5 and 6 (chloroform:NEt,:2-propanol
CD,Cl,).

for separation (Scheme 1). After an anion exchange to
PFs-, washing with toluene and subsequent metallo
depolymerization using ethylenediaminetetraacetic acid,
the pure PS-functionalized bisterpyridine was obtained
(Figure 2a, open squares).

A comparison of the SEC before (Figure 2a, filled dots)
and after (empty squares) the purification revealed the
disappearance of the pure PS signal. The achieved molar
mass of 5500 g mol™?, according to PS standard, corre-
sponds well to the expected mass. Besides SEC, also 'H
NMR and MALDI-TOF MS spectra were used to estimate
the molar mass of the material. The 'H NMR spectrum
of 6 is depicted in Figure 2b. Integration of the terpy-
ridine signal at 8.7 to 8.8 ppm (3,3”, 6,6” and 3’,5") and
the whole aromatic region reveal a similar molar mass
as SEC. The MALDI-TOF MS spectrum of 6 (Figure S1a,
Supporting Information) shows two main distributions.
The second distribution with the higher m/z value also
indicates a molar mass of about 5500 g mol™. The one

’A\
M“Tliié

www.MaterialsViews.com

Macromol. Chem. Phys. 2013, 214, 1072-1080
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Macromolecular
Chemistry and Physics

www.mcp-journal.de

a)
I TR |

8 6 4 2 0

3 [ppm]
[M+H]"
b)
[M-side chains]" [W-BiE]
‘ . A
600 800 1,000 1,200

mass [m/z]

Figure 3. a) "H NMR spectrum of 10 (300 MHz, CDCl,). b) MALDI-
TOF MS of 10 (matrix: dithranol).

with a maximum at m/z = 2500 g mol™ corresponds to
a fragment due to the triazole cleavage. To ensure a high
degree of polymerization for the subsequent metallopo-
lymerization, the exact molar mass of 6 was determined
by UV-vis titration to be M, = 5650 g mol™ (Figure S2,
Supporting Information). The metallopolymerization of
6 was performed in NMP as solvent using Zn(OAc), to
give the coordination polymer {[Zn(6)](OAc),}, and, after
anion exchange with NH,PF,, {[Zn(6)](PFe),},. Due to
the dynamic nature of the Zn" bisterpyridine complex,
the degree of polymerization of the resulting Zn" bister-
pyridine metallopolymers could not be determined by
standard characterization methods like SEC or MALDI-TOF
MS. In both techniques, the labile Zn-terpyridine bond is
not stable under the measurement conditions. However,
1H NMR spectroscopy can be used to estimate the molar
masses (M,) and the absence of any end-group signal
indicate a high conversion.
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Figure 4. a) SEC traces of the bisterpyridines 12 and 13
(chloroform:NEt;:2-propanol (94:4:2 ratio), RI detection). b) 'H
NMR spectrum of 13 (300 MHz, CD,Cl,).

3.3. Polymerization with Bisterpyridine Initiators

The bisterpyridine 10, possessing two ATRP initiator
groups, was synthesized starting from 3,3’-((2,5-diiodo-1,4-
phenylene)bis(oxy))bis(propan-1-ol) (7)
(Scheme 2).

After reaction with
4’-(4-ethynylphenyl)-2,2":6’,2""-terpy-
ridine (2), the ATRP initiator groups were
introduced by esterification reaction with
2-bromo-2-methylpropanoyl bromide 9.

Figure 3 shows the 'H NMR and
MALDI-TOF MS spectra of 10. The sub-
sequent ATRPs of styrene and methyl
acrylate, respectively, resulted in
materials with molar masses around

{[Zn(6)I(PFe)}n

thickness = 60 nm
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7700 g mol~* and PDI values below 1.2 (Figure 4a). Owing
to the “polymerization-from” procedure, both polymers
(12, 13) could easily be purified by precipitation and
passing through a short aluminum oxide column, to
remove the remaining monomer and the copper cata-
lyst. The 'H NMR spectrum of 13 is shown in Figure 4b.
The molar mass estimated by integration of the char-
acteristic terpyridine signal at 8.7 to 8.8 ppm confirmed
the values as determined via SEC. The absence of a labile
triazole connecting unit, in comparison to 6, resulted
in a more simple MALDI-TOF MS spectrum (Figure S1b,
Supporting Information). The main signal corresponds
to the target structure 13, whereas the fragments are
caused by ester cleavage. Subsequent self-assembly with
Zn(OAc), and anion exchange resulted in the formation of
the metallopolymers {[Zn(12)](PFs),}, as well as {[Zn(13)]
(PFg),}n, respectively (Scheme 2). The introduced poly-
meric side chains increased the solubility of the materials
in common organic solvents, such as chloroform, THF and
chlorinated benzenes (i.e., typical solvents for the pro-
cessing of m-conjugated polymers).

3.4. Inkjet Printing of the Metallopolymers

To confirm the improved solubility and film-forming
behavior, the bottle-brush metallopolymers were inkjet-
printed and the optical properties of these films were inves-
tigated. The inkjet printing technique enables thereby an
efficient material usage, a flexible change of the processing
conditions, and a maskless digital processing.>4 Recently,
we proved the printability of Zn" bisterpyridine coordina-
tion polymers without polymeric side chains.[?¢! However,
only the solvent system DMF/acetophenone (90/10) at a
substrate temperature of 50 °C ensured a good film for-
mation. In contrast, the polymer-functionalized materials
{[Zn(6)](PFe),}, {[Zn(12)](PF¢),}, and {[Zn(13)](PFy)}, could
be printed using a CB/oDCB (90/10) solvent system, at
room temperature. All three polymers were printed from
5 mg mL?! solutions revealing a stable droplet formation
without satellites. A uniform film formation over a range
of dot spacings (140 to 200 um) enabled the preparation
of a variation of film thicknesses (50 to 100 nm). Figure 5

{[Zn(13)1(PFg)}y

10
s 23mm -
-

thickness = 55 nm

{[Zn(12)](PFg)2}

zgasgae

8 Y85 B8 Mg o 88 Wi 8 BE

thickness = 65 nm

surface roughness R, = 8 nm surface roughness R, = 6 nm

Figure 5. Optical profiler images and film properties of the polymer-functionalized
{[Zn(6)](PFe).}, {[Zn(12)](PFe),}n, and {[Zn(13)](PFg).}.
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a better mixing of PS and PMA side
41.0 chain, respectively, and main chain
metallopolymer.2”] Thereby, only a
small bathochromic shift occurs in the
40.8 thin films due to a “shielding” of the
polymeric aliphatic side chains.

4 0.6
3.5. Device Architecture

As a proof-of-principle demonstration,
a polymer light-emitting device with
the architecture ITO/{[Zn(13)](PF¢),}n
402 (10 wt%):PVK (60 nm)/PBD (30 nm)/
LiF (1 nm)/Al (150 nm) was fabricated.
Owing to the polymeric side chains, the

{0.4

normalized PL

00 X T v T U T T T U | ! T

0.0 processability was markedly improved.

. - . .
250 300 350 400 450 500 550 600 650 700 The turn-on voltage of the device is

A [nm]

Figure 6. Normalized absorption and photoluminescence spectra (dotted lines) of the

metallopolymers, (film or CH,Cl,,107® m, Aex = Aps)-

depicts the profilometer images of the most-homogeneous
inkjet-printed films with surface roughnesses below 10
nm using a dot spacing of 180 um.

A comparison of both PS-functionalized polymers
displayed thereby a slightly higher roughness for the
polymer {[Zn(6)](PFs),},, which was synthesized by the
grafting-onto method. As both polymers showed a good
solubility in the applied solvent system, the higher sur-
face roughness may originate from the lower molar mass
and the higher polydispersity of 6.

The photophysical investigation of all polymers was
done both in solution and in thin film. Due to an identical
chromophoric system, the solution spectra of all three
polymers are equivalent and the one of {[Zn(13)](PF¢),}
is shown representatively in Figure 6. The polymer solu-
tions show absorption and emission maxima at A, =
379 nm and Ap; = 432 nm, respectively. The spectra of the
inkjet-printed films were measured in an automated
fashion, using a plate reader. Owing to the polymeric
side chains, the usually observed m-stacking and the
consequent bathochromic shift in thin film was hardly
visible (Figure 6). The absorption spectra of the printed
films are very similar to the solution spectra. Also the
photoluminescence spectra differ only slightly. Polymer
{[Zn(6)](PF¢),},, possessing the shortest side chains and
the highest surface roughness, reveals also the strongest
stacking and, thereby, a redshift in emission (Ap =
456 nm), that is only visible as a shoulder in {[Zn(12)]
(PF)a}n (ApL = 441 nm) and {[Zn(13)](PFe),}, (Ap. = 439 nm).

Comparing these data to the ones obtained previously
from a similar bisterpyridine Zn" coordination polymer,
where poly(caprolactone) side chains were used, indicate

M
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around 10 V and it exhibits the highest
brightness (Ag = 424 nm) of 4 cd m~2 at
14 V. At a voltage of 12 V, the highest
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Figure 7. a) Electroluminescent spectrum of the device with archi-
tecture ITO/{[Zn(13)](OAC),}, (10 wt%): PVK (60 nm)/PBD (30 nm)/

LiF (1 nm)/Al (150 nm) at 14 V. b) Luminance-voltage—current den-
sity diagram of the respective device.
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current efficiency (0.07 c¢d A™!) and the peak external
quantum efficiency (0.07%) were obtained (Figure 7,
and Supporting Information, Figure S3). Expectedly, the
PS side chains act as an insulator, and, thereby, hamper
charge transport in the photoactive layer. To overcome
this problem, the introduction of well-defined, semi-con-
ductive side chains, like poly(thiophenes), could repre-
sent an alternative. Work is still underway to improve the
device performance.

4. Conclusion

The introduction of polymeric side chains to
n-conjugated bisterpyridine monomers enables the
assembly of materials with tailor-made optical and
mechanical properties. The well-defined polymers were
introduced to the bisterpyridine either by a grafting-onto
or a polymerization-from method. The use of a bister-
pyridine initiator for ATRP proved to be the best choice
for functionalization, even though only selected mono-
mers can be polymerized. The metallopolymerizations
using Zn' ions resulted in bottle-brush metallopolymers,
which revealed improved solubility in common organic
solvents. For that reason, homogeneous films of the met-
allopolymers could be produced via inkjet printing tech-
nique and a proof-of-principle polymer light-emitting
device was assembled.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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ABSTRACT: This work describes the polymerization of the free sec-
ondary amine bearing monomer 2,2,6,6-tetramethylpiperidin-4-yl
methacrylate (TMPMA) by means of different controlled radical
polymerization techniques (ATRP, RAFT, NMP). In particular,
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization enabled a good control at high conversions and a polydis-
persity index below 1.3, thereby enabling the preparation of
well-defined polymers. Remarkably, the polymerization of the sec-
ondary amine bearing methacrylate monomer was not hindered
by the presence of the free amine that commonly induces degra-
dation of the RAFT reagent. Subsequent oxidation of the polymer
yielded the polyradical poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl

INTRODUCTION Controlled radical polymerization (CRP) of
free amine bearing monomers is a demanding task. Although
reversible addition-fragmentation chain transfer (RAFT) poly-
merization excels in versatility with respect to the choice of
monomer, functional group tolerance as well as the required
experimental conditions, the RAFT polymerization of amines
has usually to be carried out with protected amine functional-
ities. This is necessary to omit the aminolysis of the thiocarbo-
nylthio chain transfer agents (Scheme 1) that commonly
occurs with free primary and secondary amines. Aminolysis
not only renders the polymerization of free amines impossible,
it is even used to intentionally cleave thiocarbonylthio end
groups. While the polymerization of tertiary amines such as 2-
(dimethylamino)ethyl methacrylate is possible, monomers
with primary and secondary amine functionalities may only
be polymerized in a controlled manner with the amine being
protected as an ammonium salt. Common examples include 2-
aminoethyl methacrylate hydrochloride and N-(2-aminoethyl)-
methacrylamide hydrochloride.' ™

Additional obstacles hinder the successful polymerization of
amine bearing monomers by atom transfer radical polymer-

© 2012 Wiley Periodicals, Inc.
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methacrylate), which represents a valuable material used in catal-
ysis as well as for modern batteries. The obtained polymers hav-
ing a molar mass (M,) of 10,000-20,000 g/mol were used to
fabricate well-defined, radical-bearing polymer films by inkjet-
printing. © 2012 Wiley Periodicals, Inc. J Polym Sci Part A:
Polym Chem 50: 1394-1407, 2012

KEYWORDS: atom transfer radical polymerization (ATRP); bat-
tery material; nitroxide mediated polymerization (NMP);
organic radical battery; radical polymerization; reversible addi-
tion fragmentation chain transfer polymerization (RAFT); sec-
ondary amine; TEMPO polymer

ization (ATRP). The growing polymer chain may displace the
ligand of the copper catalyst complex bringing the reaction
to a premature halt. Monomers that were successfully poly-
merized by ATRP, for example, supported by the use of poly-
dentate ligands, include the tertiary amine 2-(dimethylami-
no)ethyl methacrylate as well as the hydrochloride of the
primary amine 2-aminoethyl methacrylate.*®

The polymerization of the secondary amine bearing mono-
mer 2,2,6,6-tetramethylpiperidin-4-yl methacrylate (TMPMA)
is of special interest as its polymers can be further proc-
essed to obtain polyradical bearing polymers.® Up to now,
such polymers have been prepared in several different ways:
(i) polymer-analogous reactions, for example, transesterifica-
tion of poly(methyl methacrylate) (PMMA) with 2,2,6,6-tetra-
methyl-4-aminopiperidinyloxyl)” or poly(pentafluorophenyl
acrylate) with 4-amino-2,2,6,6-tetramethyl-1-oxyl-piperidine,®
(ii) free radical polymerization (FRP) with a subsequent oxi-
dation of the formed amine bearing precursor polymer® as
well as (iii) direct anionic polymerization of a free radical
bearing monomer.'® While the transesterification route (i) is
marked by only a low degree of functionalization (<25%)
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SCHEME 1 Schematic representation of the aminolysis of thio-
carbonylthio chain transfer agents by secondary amines.

that can be achieved, anionic polymerization (iii) permits
good functionalization but requests stringent reaction condi-
tions. As radical polymerizations are uncomplicated in their
general handling they are to be preferred over ionic proce-
dures. Nevertheless, an intrinsic drawback of free radical
polymerization is the lack of control over the molar mass
and the broad polydispersity index (PDI) value of the poly-
mers formed.

Our goal was to use the polyradical bearing polymers for
inkjet printing. For this advanced processing technique it is
essential to have well-defined polymers at hand. As the solu-
bility of the polymer and its solution’s viscosity have a signif-
icant influence on the printability of an ink-formulation the
molar mass needs to be adjusted accordingly. For this rea-
son, the preparation of the PTMA-NO precursor polymer
from TMPMA by CRP techniques such as ATRP, RAFT, and
nitroxide mediated polymerization (NMP) was evaluated.
When the limitations of the polymers prepared by free radi-
cal polymerization—like high viscosity and undefined molar
mass distribution—are overcome, inkjet printing can be used
to process the polymers. Inkjet printing is a noncontact and
drop-on-demand film preparation technique, which requires
only small amounts of solutions and serves over a high
reproducibility.'*~*® Furthermore, inkjet printing is a noncon-
tact patterning technique that does not need expensive
masks, showing clear advantages in comparison to other so-
lution deposition or film formation methods like doctor blad-
ing, spin-coating or gravure printing. This advanced process-
ing technique is able to bridge the gap between polymer
synthesis and solid-state property characterization, since this
particular technique opens the way for an automated prepa-
ration of thin-film libraries, with a systematic variation of pa-
rameters, such as the chemical composition or the film
thickness.'*

To our best knowledge, there have only been two previous
reports using CRP techniques for the preparation of TEMPO
radical bearing polymers.'® Surface-initiated ATRP was used
to fabricate patterned thin-film electrodes, whereas RAFT
was used in the preparation of the second block of an
amphiphilic copolymer subsequently used as ESR probe in
bioimaging. Even though the latter polymerization is the first
example of a polymerization of a free amine bearing mono-
mer by the RAFT process, no explanation for this noteworthy
exception is given. As the authors of the previously pub-
lished reports on CRP of piperidine bearing monomers
peruse an application-focused approach we herein investi-
gate the preparation by the most versatile CRP techniques in
detail from a synthetic point of view as to create a valid
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foundation for future applications of this resourceful mate-
rial. Special emphasis is focused on the optimization of the
reaction conditions to obtain polymers that exhibit good
printability as to permit a flexible and fast processing of rad-
ical bearing polymers by means of inkjet printing.

RESULTS AND DISCUSSION

Monomer Synthesis

Numerous industrial polymers are prepared by a radical po-
lymerization process. Because this technique is robust and
cost effective its use in the synthesis of radical-bearing poly-
mers is desirable. Although the radical polymerization tech-
nique is compatible with many monomers and versatile with
respect to the reaction conditions, the polymerization of free
radical (TEMPO) bearing monomers is not possible. For this
reason, a precursor polymer has to be prepared. Based on
the inexpensive and commercially available 2,2,6,6-tetrame-
thylpiperidin-4-ol the synthesis of a poly(methacrylate) rep-
resents an useful approach.

The preparation of the required methacrylate monomer
TMPMA, 1 by esterification is complicated by the simultane-
ous presence of, both, a hydroxyl and an amino group, since
both functionalities show similar reactivity towards carbox-
ylic acid derivatives. Previous publications have used metha-
cryloyl chloride without providing detailed information of
the synthetic protocol or the obtained yields.'®!” Our experi-
ments indicate that methacryloyl chloride is not a suitable
reagent because it shows no significant OH-selectivity. The
desired TMPMA is only obtained in low yields (<15%) with
the bis-substituted 2,2,6,6-tetramethylpiperidin-4-ol 1a being
the main product, as could be proven by mass spectrometry
(MS) and nuclear magnetic resonance (NMR) spectroscopy.

Using the less reactive methacrylic anhydride in combination
with 1 mol-% of a nucleophilic catalyst, 4-dimethylamino-
pyridine (DMAP), results in improved yields up to 60%
(Scheme 2); the formation of 1a was minimized. By using
the anhydride and catalytic amounts of DMAP the concentra-
tion of the active electrophilic reagent was constantly kept at
a low level, self-controlled by the reaction rate of the esteri-
fication. Since no excess of the active electrophilic reagent
was present and the reaction with the sterically less hin-
dered hydroxyl group was Kinetically favored, the formation
of a bis-substituted product is suppressed.

0
R CH,Cl, o R
O NEt; _

o
{:o DMAP
R N
H
R = CH3, 1
R=H,2

SCHEME 2 Schematic representation of the synthesis of the
free secondary amine bearing monomers 1 (TMPMA) and 2
(TMPA) by DMAP catalyzed esterification.
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SCHEME 3 Schematic representation of the preparation of
PTMA (P1 and P2) via the polymerization of TMPMA hydro-
chloride (top) and of the free amine (bottom) as well as of the
oxidation of PTMA to P1ox (middle).

The corresponding acrylate monomer 2,2,6,6-tetramethyl-
piperidin-4-yl acrylate (TMPA, 2) was prepared in a similar
manner in moderate yield. Therefore acrylic anhydride was
prepared by the reaction of acrylic acid with sodium hydride
and acryloyl chloride before use.'®

Free radical Polymerization

Methacrylates can be polymerized by conventional free radi-
cal polymerization using standard initiators. TMPMA was
polymerized in toluene at 70 °C initiated by 2,2’-azobis(2-
methylpropionitrile) (AIBN) to obtain poly(2,2,6,6-tetrame-
thylpiperidin-4-yl methacrylate), PTMA (Scheme 3, bottom).
The polymer obtained can easily be isolated and purified by
precipitation making this a robust and reliable method.
Nevertheless, the technique has to be marked rather ineffi-
cient, since the polymerization proceeds slowly resulting in
only 40% conversion after 48 hours of reaction time. The
reason for this slow reaction lies in the nature of the mono-
mer: As known from literature reports amines can function
as retarders in free radical polymerizations.®%°

When TMPMA is reacted with hydrochloric acid, the retard-
ing amine-functionality is protonated and rendered innocu-
ous. Polymerization of the ionic TMPMA-Cl 3 can be carried
out in a mixture of water and ethanol (1:1) using the water-
soluble 2,2'-azobis(2-methyl-propionamidine) dihydrochlor-
ide (VAO67) as initiator at 50 °C (Scheme 3, top). The use of
this system reduces the reaction time to 3 hours while dou-
bling the yield of the polymer. The slow addition of a solu-
tion of the protonated polymer in water/ethanol to a vigo-
rously stirred mixture of aqueous sodium hydroxide and
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chloroform was established as the most suitable procedure
for conducting the deprotonation of the prepolymer in ho-
mogeneous phases. PTMA P1 is finally isolated from the
chloroform layer in good yields. Its molar mass exceeds
M, > 300,000 g/mol as determined by size exclusion chro-
matography (SEC) using dimethylacetamide (DMAc) as mo-
bile phase and poly(styrene) as standard. An absolute molar
mass of M,, = 60,000 g/mol was obtained by universal cali-
bration using tetrahydrofuran/triethylamine (96:4) as mobile
phase. This result indicates an overestimation of the molar
mass with respect to a poly(styrene) standard on the dime-
thylacetamide based SEC system, which one needs to keep in
mind upon interpreting further results on this class of
polymers.

The precursor polymer obtained by free radical polymeriza-
tion was subsequently oxidized with hydrogen peroxide and
sodium tungstate as catalyst to form the nitroxide radical
bearing polymer.?* The orange colored, oxidized polymer
precipitates from the aqueous methanol solution, permitting
a simple separation of the oxidized polymer from the reac-
tion mixture and excellent yields.

The formation of the free nitroxide radical is indicated by
the typical orange color with absorption maxima at 251 nm
(m-7*) and 451 nm (n-n*). Further prove is provided by
infrared (IR) and electron spin resonance (ESR) spectroscopy
(Fig. 1). The IR spectrum exhibits a dominant signal at
1364 cm ! attributed to N—O stretching vibrations. This sig-
nal superimposes the much weaker symmetric C—H defor-
mation vibrations of the CH; groups at 1366/1377 cm .
These observations contrast with the precursor polymer’s IR
spectrum, where the d,(CH3) at 1366/1377 cm ' is the only
signal present in this region.

Quantitative ESR spectroscopy (internal standard: copper
sulfate), elemental analysis, and determination of the spin
concentration using a superconducting quantum interference
device (SQUID) indicate complete functionalization of the
polymer. The ESR spectrum (Fig. 1) of the polymer is domi-
nated by a broad signal at g = 2.0064, which is

20000 1
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0

-10000 -

Intensity / arb. units

-20000 -

3420 3450 3480 3510 3540
Magnetic field strength / G

FIGURE 1 ESR spectrum (X-Band) of PTMA-NO (P1) with

g = 2.0064.
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FIGURE 2 Optical profiler image (left) and 2D profile (right) of an inkjet printed film of the radical bearing polymer P1ox prepared
by free radical polymerization and subsequent oxidation. The film was inkjet-printed on glass from N-methylpyrrolidone at a poly-

mer concentration of 4 mg/mL.

characteristic for organic radical polymers. Radical-radical
interaction, due to close spatial proximity of the TEMPO moi-
eties, broadens the signal. Therefore, no hyperfine structure
is visible.

As a consequence of the oxidation process the high molar
mass polymer is partially cross-linked, decreasing its solubil-
ity in common organic solvents. For inkjet printing the only
suitable solvent was 1-methyl-2-pyrrolidone (NMP). How-
ever, even in NMP the polymer is only partially soluble
(<4 mg/mL). This makes the processing of P1lox via inkjet
printing difficult, but is inevitable when using high molar
mass PTMA as produced by free radical polymerization. The
topography of the printed films was studied with an optical
interferometric profiler and the results are summarized in
Figure 2. As a consequence of the polymer’s low solubility,
Plox exhibits poor film formation properties and a very
rough film surface as can be seen from the 2D profile of the
film. The use of the high boiling solvent NMP (b.p. = 202 °C)
resulted in a long drying time of the processed films, that is,
characteristic for the formation of rough surfaces. In addi-
tion, agglomeration occurs upon drying at elevated tempera-
tures. An optimization of the film formation by varying
either the concentration or the solvent could not be per-
formed due to the low solubility of the polymer. For these
reasons inkjet printing is no suitable technique to process
this kind of polymer prepared by free radical polymerization
and subsequent oxidation.

As the polymers prepared by FRP cannot be inkjet printed
properly, CRP techniques were used subsequently to obtain
more defined PTMA of a lower molar mass. To acquire a
complete picture the three most versatile techniques were
evaluated.

Nitroxide Mediated Polymerization

The high amount of propagating radicals, that is, caused by a
high activation-deactivation equilibrium constant compli-
cates the controlled homopolymerization of methacrylates
since it leads to irreversible termination reactions. This can,
theoretically, be overcome by (co)polymerization with sty-
rene that exhibits a low activation-deactivation equilibrium

MAL:"‘E,’s WWW.MATERIALSVIEWS.COM
|

constant leading to a strong reduction of the overall equilib-
rium constant and, thereby, improving the control.??

The (co)polymerization of TMPMA was studied, using SG1-
based alkoxyamine BlocBuilder™. In addition, the homopoly-
merization of the corresponding acrylate monomer TMPA,
that was expected to show better compatibility with the
NMP technique, was examined under similar conditions.

At a reaction temperature of 120 °C reference values for the
homopolymerization of TMPMA (conversion, molar mass,
PDI) were obtained. The polymer revealed a molar mass of
M,, = 5,800 g/mol after 6 hours reaction time (21% conver-
sion) with a PDI value of 1.8, indicating loss of the control
over the polymerization kinetics. Decreasing the temperature
to 90 °C did not improve the control but raised the molar
mass due to a lowered initial radical concentration at this
temperature (P3). In comparison to the reference homopoly-
merization the addition of 10 mol % styrene enabled an
improved PDI value of 1.4 suggesting a better control of the
polymerization. In accordance with the previous observa-
tions a lowered temperature caused no significant improve-
ment. All results are summarized in Table 1 showing that
the values do not meet the requirements.

In comparison with TMPMA the homopolymerization rate of
the corresponding acrylate monomer TMPA is much higher,
reaching 91% of monomer conversion after 6 hours (Table 2).
Expectedly, the reaction control is improved as indicated by
a significant decrease of the PDI to 1.51.

Another parameter that was changed to decrease the overall
reaction rate is the dynamic equilibrium between the dor-
mant and the active species. By adding an excess of the free
nitroxide radical SG-1 or by releasing free SG-1 radicals
in situ by means of preheating BlocBuilder™ the equilibrium
is pushed towards the dormant species.?® Before the addi-
tion of TMPA a BlocBuilder™ solution was heated at 60 °C
for 40 minutes. The free nitroxide radical formed has a
strong influence on the reaction kinetics, slowing down the
reaction by factor 10 with respect to a procedure without
additional SG-1. After 16 hours of reaction the monomer
conversion amounted to merely 28%. On the other hand,
adding 0.1 mol-% of free SG-1 to the standard reaction

JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2012, 50, 1394-1407
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TABLE 1 Selected Polymerization Conditions and
Characterization Data of PTMA and PTMA-co-PS
Prepared by NMP

[TMPMA]: T Conv. t M, M.,

[styrenel Cc) (%) (h)  (g/mol)®  (g/mol)®  PDI

1:0 120 21 6 5,800 10,400 1.78
9:1 120 12 6 6,500 17,500 1.45
1:0 9 17 6 9,600 9,500 1.81
9:1 90 13 6 11,100 15,900 1.43

@ Conversions determined by GC.
® Molar mass determined by SEC (CHCI3, PS calibration).

mixture did not slow down the reaction, concluding that a
higher amount of the free nitroxide is formed during the pre-
heating step. To obtain results that can be compared with
the preheating procedure, the reaction was not quenched
before 16 hours of reaction time. The polymer formed exhib-
its a molar mass and a monomer conversion similar to the
polymer prepared without additional SG-1.

Considering the results of the NMP polymerization of
TMPMA and TMPA as a whole, it appears that this radical
polymerization technique is not suitable to prepare the pre-
cursor polymers in a controlled manner. In view of the gen-
eral restraints of the NMP of (meth)acrylates the choice of
another polymerization technique was required.

Atom Transfer Radical Polymerization

N,N,N',N",N"-Pentamethyldiethylenetriamine (PMDETA) was
chosen for the polymerization of TMPMA in combination
with copper(I) bromide and the initiator ethyl 2-bromoisobu-
tyrate. First experiments were conducted in anisole at
130 °C. The polymer obtained revealed a molar mass of
M, = 3,500 g/mol and a PDI value of 1.51 (SEC, DMAc, PS
calibration), indicating poor control over the polymerization
process. The ideal reaction temperature, which was conse-
quently used for all additional experiments, was found to be

A
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2 20000-
= ) g P H
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10000+ 4 PMEA
T ® bpy
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TABLE 2 Selected Polymerization Conditions and
Characterization Data of PTMA and PTA Prepared by NMP

Monomer Conv. (%)* t(h) M, (g/mol)> M, (g/mol)® PDI

TMPMA 22 6 5,900 10,600 1.80
TMPA 91 6 3,900 5,900 1.51
TMPA® 5 4 3,700 4,600 1.24
TMPA® 28 16 13,900 21,500 1.55
TMPA“ 92% 16 3,800 6,400 1.69

@ Conversion determined by GC.

® Molar mass determined by SEC (CHCls, PS calibration).
° Preheating of the initiator.

4 Addition of free SG-1.

90 °C. The resulting polymer P4 exhibits a molar mass of
M, = 33,900 g/mol while having a PDI value of 1.14 (20%
yield).

For further investigations of the living character kinetic stud-
ies were conducted (Figs. 3 and 4). When using PMDETA as
ligand, the reaction stopped after about 3 hours of reaction
time and a monomer conversion of 15% (GC). All samples
taken after this point of time revealed no significant change
of the molar mass of polymers and the monomer conversion,
respectively. To ensure that no contamination occurred when
sampling the reaction mixture the polymerization of a mono-
mer stock-solution was carried out in five separate micro-
wave vials and each vial was only probed once. As a conse-
quence, any disturbance of the reaction can be ruled out as
origin of the early termination.

From literature it is known that the use of highly active
ligands, such as MesTREN, entail equilibrium constants too
high to achieve a controlled ATRP polymerization of metha-
crylates.** With the intention to rule out the catalyst system
as possible source of the polymerization’s termination two
less reactive ligands, N-(pyridin-2-ylmethylene)ethanamine
(PMEA) and 2,2’-bipyridine (bpy), were tested. Using bpy
resulted in similar values as the use of PMDETA does. When

monomer
Kact

P-X + Cu')(/Ln ~— Py +Cu"X2;'Ln
! kdeact E
SRTP— ;

v . y
PAmin= 070

Cu'-PAmin m
decreased H

Cu'X/L,-concentration

FIGURE 3 Molar masses and PDI values (SEC in DMAc, PS calibration) of the amine bearing precursor polymer PTMA, which was
prepared by ATRP using three different ligands, as a function of reaction time (left). Schematic representation of the proposed
deactivation mechanism of the polymerization of the amine bearing monomer TMPMA by ATRP (right). The complexation of cop-
per by the growing polymer chain inhibits the activation of the dormant species.
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FIGURE 4 SEC traces (DMAc) of the kinetic study of the poly-
merization of the monomer TMPMA by the ATRP technique
using N-(pyridin-2-yl-methylene) ethanamine (PMEA) and 2,2'-
bipyridine (bpy) as ligand for the catalyst system.

using PMEA as ligand, the reaction terminated after 3 hours
and 18% conversion. Furthermore, the PDI value increased
to 1.5 and the molar mass decreased to M, = 27,600 g/mol
after it had already reached 31,100 g/mol. These observa-
tions indicate poor control over the polymerization Kinetics
when PMEA is used since side reactions occur, for example,
chain transfer.

Because the use of three different catalysts showed compara-
ble results, the catalyst system can be eliminated as possible
reason for the termination of the polymerization after 15 to
20% of monomer conversion. It is more reasonable to
assume that the growing polymer chain itself inhibits the
reaction as illustrated in Figure 3: The polymer formed
exhibits an amine functionality in every single repeating unit
and may also act as chelating agent forming a complex with
the copper ions of the catalyst system (Cu'-PAmin). Thereby,

——PTMA-NO, P4ox
1--- PTMA, P4

\

Normal. detector signal / arb. units

150 165 180 195
Retention volume / mL

the active catalyst is removed from the equilibrium resulting
in a decrease of the activation rate of the dormant species
and a decrease of the overall reaction rate. When no free cat-
alyst is present anymore, the reaction eventually terminates.

This mechanism may also enhance the persistent radical
effect. If the total amount of the activating catalyst is lower
than the concentration of the chains that terminate, for
example, because it formed a complex with the growing
polymer chain, the polymerization will stop at low conver-
sion since all of the catalyst is present as a persistent
radical. ?®

In an additional reaction step polymer P4 was oxidized with
hydrogen peroxide/sodium tungstate according to the proce-
dure explained before. Thereby the molar mass, as deter-
mined by SEC measurement (DMAc, PS calibration),
decreased from M, = 33,900 g/mol to 26,300 g/mol while
the PDI value increased from 1.14 to 1.31 for the oxidized
polymer P4ox (Fig. 5, left). This change is an indicator for
degradation reactions taking place during oxidation of PTMA.
Nevertheless, the polymer obtained was soluble in toluene,
dichloromethane, tetrahydrofuran, N-methylpyrrolidone, and
chlorobenzene, making it processable by inkjet printing.
Cross-linking phenomena, which hindered the proper proc-
essing of the polymer prepared by free radical polymeriza-
tion, had no significant influence due to the lower molar
mass of the polymers.

The precursor polymer P4 and the radical bearing P4ox
revealed a good solubility in printable solvents and readily
formed films when printed from toluene/ortho-dichlorobenzene
90/10 (5 mg/mL). By using toluene as main solvent that has
a lower boiling point (111 °C) than NMP a smoother film
could be obtained, even though some agglomeration
occurred upon drying (Fig. 5, right). It is known that by
using a solvent mixture which contains a few percentages of
a higher boiling solvent, the coffee-drop-effect, which
describes the phenomenon of material accumulation at
the rim of a dried feature, can be reduced.?® For this

FIGURE 5 SEC trace (DMAc) of the secondary amine bearing precursor polymer P4 prepared by ATRP and of its oxidized form
P4ox (left). A shift in the elution volume is clearly visible. Optical profiler image of an inkjet printed film of the stable radical bear-
ing polymer P4ox on glass (right). The film was inkjet-printed from toluene/ortho-dichlorobenzene (ratio 90/10) at a polymer con-

centration of 5 mg/mL.
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FIGURE 6 SEC traces (DMAc) of the kinetic study of the polymerization of the monomer TMPMA-CI exhibiting a amine functional-
ity protected by formation of its hydrochloride (left). Comparison of SEC traces (DMAc) of polymer P5 prepared from the protected

monomer and of its oxidized polymer P5ox (right).

purpose, ortho-dichlorobenzene (179 °C) was used to
decrease the coffee-drop-effect and, subsequently, to improve
the film formation, but Figure 5 shows that still more material
is located at the edge of the film. These results confirm that
an enhanced film formation can be obtained from P4 and
P4o0x in comparison to P1ox, but further investigations need
to be done to identify a solvent or solvent system that leads
to a film formation without agglomeration and the reduction
of a coffee-ring. Although this represents an improvement in
comparison to the FRP prepared polymers, a consolidated
view of the experimental results indicates that polymerization
of TMPMA cannot be the method of choice, since the conver-
sion of the monomer does not exceed 20%.

RAFT Polymerization

Aminolysis of thiocarbonylthio chain transfer agents by pri-
mary and secondary amines commonly renders the polymer-
ization of amines impossible. Therefore the polymerization
of TMPMA, which bears a secondary amine functionality,
appears to be a challenging task. Nevertheless, RAFT poly-
merization of the hydrochloride TMPMA-Cl 3 and even of
the free amine bearing TMPMA 1 is possible.

Polymerization of the Hydrochloride TMPMA-CI

Hydrolysis of the chain transfer agent represents a known
problem of RAFT polymerization in aqueous media. In partic-
ular basic conditions facilitate the hydrolysis of thiocarbo-
nylthio compounds, while they are rather stable in an acidic
environment.?” To take advantage of the only moderately
decreased stability in acidic media a polymerization of
TMPMA in water/ethanol (1:3) adjusted to pH = 2 with hy-
drochloric acid was performed, generating the desired
TMPMA-Cl hydrochloride in situ. The reaction was carried
out at 50 °C using 2-cyano-2-butyl dithiobenzoate (CBDB) as
chain transfer agent (CTA 1) and VA067 as initiator. Never-
theless, only 5% monomer conversion were observed after
22 hours of reaction time (M, = 13,100 g/mol, PDI = 1.35).
This is an indication of termination reactions, most likely hy-
drolysis of the chain transfer agent due to the low pH value.
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Since a polymerization at a low pH value with in situ genera-
tion of the hydrochloride resulted in hydrolysis, TMPMA-Cl
was prepared in advance and the polymerization was con-
ducted at an increased pH value of 5.5 in phosphate buffer/
ethanol (3:1). After 23 hours reaction time a well-defined
polymer (M, = 5,400 g/mol, PDI = 1.17) with a yield of
60% was obtained. This proofs that polymerization of
TMPMA-CI hydrochloride is possible in slightly acidic envi-
ronments using CBDB as chain transfer agent.

A mixture of water and ethanol is required to ensure the sol-
ubility of all reactants. When using phosphate buffer as
aqueous component the ethanol fraction has to be kept low
to ensure the stability of the buffer. This is prejudicial to the
other reactant’s solubility. For this reason polymerization in
water/ethanol (1:3) is desirable. When polymerizing
TMPMA-Cl in unbuffered water/ethanol the pH ranges
between six and three, enabling smooth polymerization of the
monomer. The well-defined polymer P5 (M, = 24,500 g/mo],
PDI = 1.18) was obtained in 90% yield after deprotonation
and oxidized according the procedure described earlier. As
for ATRP the molar mass of the oxidized polymer P5ox
decreases upon oxidation to 16,100 g/mol, this may be
attributed to degradation reactions or a change in the poly-
mer’s hydrodynamic volume (Fig. 6). In contrast to the ATRP
polymer P4ox the polymer P50x did not show an increase
of the PDI upon oxidation. The polymer obtained is soluble
in dichloromethane, tetrahydrofuran, N-methylpyrrolidone,
and chlorobenzene making it processable by inkjet printing
(vide infra).

The polymerization of TMPMA-Cl in water/ethanol (1:3)
with CBDB and VA067 as well as subsequent deprotonation
can be established as standard procedure for the preparation
of PTMA by the RAFT technique. To gain further understand-
ing of the reaction a kinetic study was carried out (Figs. 6
and 7).

Following pseudo first order kinetics the data revealed a linear
behavior in the semilogarithmic kinetic plot (Fig. 7, left). This
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FIGURE 7 Kinetics plots of the RAFT polymerization of the monomer TMPMA-CI exhibiting an amine functionality protected by
formation of its hydrochloride. Monomer concentration determined by 'H NMR spectroscopy (DMSO-d6; 300 MHz); M, and PDI

values determined by SEC in DMAc, PS calibration.

indicates a constant radical concentration throughout the reac-
tion due to the absence of termination processes. Moreover, the
molar mass of the polymer increases linearly with increasing
monomer conversion as illustrated in Figure 7, right. Conclud-
ing from the y-intercept being at M, = 8,900 g/mol and not
at zero, the initializing radicals add several monomers before
the main equilibrium is established. In summary one can
state that the RAFT polymerization of TMPMA-CI can be per-
formed in a controlled manner.

Polymerization of the Free Amine Bearing TMPMA

Aminolysis of the chain transfer agent represents a funda-
mental problem. Nevertheless, RAFT polymerization of
TMPMA, which is bearing a secondary amine functionality, is
possible. This exceptional property of TMPMA can be attrib-
uted to the steric hindrance of the amine functionality as
well as solvent effects: The basicity of a nucleophile is gener-
ally raised while its nucleophilicity decreases upon increased
steric hindrance, on the one hand. On the other hand, the
nucleophile TMPMA is further stabilized by a polar solvent,
resulting in decreased reactivity. While the polymerization in

apolar aprotic solvents like toluene is not successful, the use
of water/ethanol (1:3) enables the polymerization, because
the amine is stabilized through the formation of hydrogen
bonds.

Nevertheless, polymerization is only possible if the initiator
concentration is raised in comparison to standard RAFT con-
ditions. While the experiments presented before were car-
ried out at a monomer to chain transfer agent to initiator ra-
tio of 80:1:0.33, the polymerization of free amine bearing
TMPMA had to be performed at ratios of 80:1:0.5 to even
80:1:1. At lower initiator concentration proper and reproduc-
ible initiation of the polymerization is not ensured.

Although the initiator concentration of the latter reaction
was twice the concentration of the chain transfer agent, it
proceeded in a controlled manner up to conversions of 85%,
as proven by a kinetic study (P6; Figs. 8 and 9). At higher
conversions termination reactions occurred and the reaction
did not follow pseudo first order kinetics anymore. As a con-
sequence, the semilogarithmic kinetic plot exhibited no lin-
ear behavior after 2 hours of reaction time (equates 85%
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FIGURE 8 Kinetics plots of the polymerization of the free amine bearing monomer TMPMA by the RAFT technique using a dithio-
benzoate-type chain transfer agent (CTA 1). Monomer concentration determined by 'H NMR spectroscopy (DMSO-d6; 300 MHz);

M, and PDI values determined by SEC in DMAc, PS calibration.
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FIGURE 9 SEC traces (DMAc) of the kinetic study of the poly-
merization of the monomer TMPMA exhibiting an amine func-

tionality via the RAFT technique using a dithiobenzoate-type
chain transfer agent (CTA 1).

conversion). Nonetheless, full conversion could be reached in
5 hours yielding a well-defined, low-PDI polymer P6.

To reference the results of the SEC measurement, a mere
relative method for molar mass determination, the absolute
molar mass of the polymer P6 was determined by vapor
pressure osmometry in chloroform revealing a value of
M, = 5,700 g/mol. This result indicates an overestimation
of the material's molar mass determined by SEC
(M, = 24,500 g/mol). The same holds true for the corre-
sponding radical polymer P6ox that was obtained by oxida-
tion of P6 with hydrogen peroxide/Na,W0O, x 2H;O0.
Although SEC indicated a shift in the molar mass from
M, = 24,500 to 16,100 g/mol, vapor pressure osmometry
measurements prove this to be a only an effect attributed to
a change in the materials hydrodynamic volume, as the
molar mass is, as expected, slightly increased upon oxidation
(M, = 5900 g/mol). Further verification by absolute SEC
techniques, for example, using a multiangle laser light scat-
tering (MALS) detector, were not successful due to the low
molar mass of these polymers.

The cyclic voltammogram of the oxidized polymer P6ox
revealed a distinct and reversible redox reaction at 0.38 V (vs.
Fc/Fc™) that has been absent in the corresponding monomer
TMPMA and the precursor polymer P6, respectively (Fig. 11).
The reaction can be attributed to the oxidation of the free
radical units to the related oxammonium cations. This highly
reversible and fast redox reaction is of special interest in the
development of organic radical batteries.?®

Applying the developed technique well-defined polymers
with varying molar masses (M,) covering the area from
3,000 to 25,000 g/mol could be prepared (Table 3). While
increased temperatures lead to lower reaction times the dis-
advantage of obtaining less well-defined polymers becomes
obvious.
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A MALDI-TOF mass spectrum of the low molar mass polymer
revealed the expected variations of the desired distributions
(Fig. 10). Cleavage of the dithiobenzoate-type CTA occurs
during the measurement which is known in literature for
this type of end group. In addition partial cleavage of the
side group can be observed.

The precursor polymer P6 and the radical bearing P6ox
show a good solubility and form homogeneous films with a
thickness of 200 nm when inkjet printed from toluene/
ortho-dichlorobenzene 90/10 (5 mg/mL). No agglomeration
was observed yielding much improved results in comparison
to the polymers prepared by the other polymerization
techniques (Fig. 11). The polymer films, readily usable in a
variety of applications, can be prepared with various film
thicknesses and shapes by changing the concentration of the
printed solutions or varying the drop-to-drop distance of the
deposited droplets.

Besides the described dithiobenzoate CTA a trithiocarbonate
RAFT agent was applied for the polymerization of TMPMA.
Using 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl penta-
noic acid (CTA 2) increased the control over the polymeriza-
tion. While preparation of low molar mass polymers
(M, = 3,800 g/mol; PDI = 1.13) enabled the analysis via
MALDI-TOF mass spectrometry, the synthesis of polymers
with higher molar mass (M, = 15,400 g/mol; PDI = 1.17)
was possible as well without losing control over the poly-
merization. A Kinetic study indicating the controlled charac-
ter of the polymerization is depicted in Figures 12 and 13.

The MALDI-TOF mass spectrum of the polymers prepared by
RAFT polymerization using the trithiocarbonate type CTA 2
shows several distributions, which, however, can be assigned
to the desired structure with an increasing loss of the TMP-
side groups (Fig. 14). This is probably caused by the MALDI-
TOF MS measurement process itself due to the higher laser
energy which is necessary to desorb the polymer.

EXPERIMENTAL

Materials and Preparation

All chemicals and solvents were received from Aldrich, Fluka
and Acros. Unless otherwise stated, the chemicals and sol-
vents were used without further purifications.

2,2,6,6-Tetramethylpiperidin-4-yl methacrylate (1)
To 2,2,6,6-Tetramethylpiperidin-4-ol (100 g, 0.64 mol) in dry
dichloromethane (500 mL) were added N,N-dimethylpyridin-

TABLE 3 Characterizing Data of PTMA Prepared via RAFT
Polymerization

[TMPMAJ/[CTA] T(°C) t (h) M, (g/mol)? PDI

25 50 24 3,100 1.18
100 50 13 11,000 1.21
100 70 4 25,200 1.31

2 Molar mass determined by SEC (DMAg, PS calibration).
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FIGURE 10 MALDI-TOF mass spectrum of the free secondary amine bearing polymer PTMA prepared via RAFT polymerization
using a dithiobenzoate type chain transfer agent; matrix: trans-3-indoleacrylic acid; reflector mode (bottom) and assigned struc-
tures as well as m/z values for the exemplary structure n = 7 + Na™ (top).

4-amine (7.8 g, 64 mmol) and dry triethylamine (180 mL)
under argon atmosphere. Methacrylic anhydride (98 g,
0.64 mol), dissolved in dry dichloromethane (150 mL), was
added dropwise under stirring. After stirring the mixture for
40 hours at room temperature the solution was washed
twice with saturated aqueous sodium carbonate solution

Normalized intensity / arb. units

(250 mL) and brine (250 mL). The organic layer was dried
over magnesium sulfate, filtered, and evaporated. Recrystalli-
zation from cyclohexane gave 1 (83 g, 58% yield) as a white
powder (alternative purification: flash silica gel column
chromatography using hexane and ethyl acetate with 3% of
methanol as eluent).

—s=— Monomer, TMPMA
——PTMA, P6
—e— PTMA-NO, P6ox

-0.5

00 05 10 15

E/V (vs. Fe/Fch)

FIGURE 11 Optical profiler image of an inkjet printed film of the radical bearing polymer P6ox prepared from an amine precursor
polymer P6 by the RAFT technique and subsequent oxidation (left). The film was inkjet-printed on glass from toluene/ortho-
dichlorobenzene (ratio 90/10) at a polymer concentration of 5 mg/mL. Cyclic voltammograms of the amine bearing polymer PTMA
(P6), the stable radical bearing polymer PTMA-NO (P6ox), and the corresponding monomer (TMPMA) in CH,CI,, 200 mV/s, 0.1

mol/L TBAPFg (right).
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FIGURE 12 Kinetics plots of the polymerization of TMPMA by RAFT using a trithiocarbonate type chain transfer agent (CTA 2).

Monomer concentration determined by "H NMR spectroscopy (30!

'H NMR (250 MHz, CDCls, 6, ppm): 1.19 (m, 14H; 4xCHs,
CHy), 1.96 (m, 5H; CH,=C—CHj3;, CH;), 5.24 (m, 1H; CH—O0),
5.53 (s, 1H; C=CH,), 6.07 (s, 1H; C=CH,). *C NMR (63
MHz, CDCl;3, 6, ppm): 18.2 (CH,=C—CHj3), 29.1 (2xCHs),
34.7 (2xCH3), 43.8 (2xCq), 51.4 (2xCHy), 69.1 (CH—O),
1249 (C=CHy), 136.8 (ROOC—C=C), 166.9 (COOR). FTIR
(ATR, cm 1): 752 (s), 945 (s), 972 (s), 1165 (vs, vas(O-
CC=0)), 1300 (s, vas(CC=00)), 1365 (m, d5(CH3)), 1456 (w,
0(CHy)), 1633 (m, v(C=CH,)), 1701 (vs, v(C=0)), 2970 (m,
v(CH)), 2999 (w, v(CH)), 3300 (w, v(NH)). MS (EI, 70 eV) m/
z: 107 (9), 124 (100), 410 (3), 210 (6), 225 (0.3, M"). Anal.
caled. for Cy3H23NO,: C, 69.29; H, 10.29; N, 6.22; found: C,
69.22; H, 10.53; N, 5.93.

2,2,6,6-Tetramethylpiperidin-4-yl acrylate (2)

Acrylic anhydride was freshly prepared following a literature
procedure by the reaction of acrylic acid with sodium
hydride and acryloyl chlorid.'®

To 2,2,6,6-tetramethylpiperidin-4-ol (5.0 g, 31.8 mmol) in
dry dichloromethane (50 mL) and dry triethylamine (10 mL)
N,N-dimethylpyridin-4-amine (390 mg, 3.18 mmol) was
added. The mixture was stirred at room temperature while
acrylic anhydride (4.0 g 31.8 mmol), dissolved in dry
dichloromethane (10 mL), were added dropwise. Subse-
quently, the reaction was quenched after 20 hours by the
addition of saturated aqueous sodium carbonate solution
(30 mL). The organic layer was washed twice with aqueous
sodium carbonate solution (50 mL) and brine (50 mL), dried
over calcium sulfate, and evaporated to dryness. The crude
product was purified by flash silica gel column chromatogra-
phy using hexane and ethyl acetate with 3% of methanol as
eluent to give 2 (1.96 g, 30% yield).

'H NMR (250 MHz, CDCls, d, ppm): 1.21 (m, 14H; 4xCHs,
CHy), 1.96 (m, 2H; CH), 5.27 (m, 1H; CH—O), 5.80 (dd,
%J(H,H) = 1.6 Hz, ¥J(H,H) = 10.3 Hz, 1H; CH=CH,), 6.11 (dd,
3J(HH) = 10.3 Hz, 17.3 Hz, 1H; CH,=CH), 6.39 (dd, %J(H,H)
= 1.6 Hz, ¥J(HH) = 10.3 Hz, 1H; CH=CH,). *C NMR (63
MHz, CDCls;, d, ppm): 29.0 (2xCHs), 34.8 (2xCH3), 43.9
(2xCHy), 51.4 (2xC,), 69.0 (CH—0), 129.0 (CH,=CH), 130.3
(CH,=CH), 165.7 (COOR). FTIR (ATR, cm 1): 719 (m), 813
(s, 7(C=CH,)), 981 (s), 972 (s), 1055 (vs, vas(0CC=0)), 1190
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0 MHz); M,, and PDI determined by SEC in DMAc, PS calibration.

(m), 1278 (s, vas(CC=00)), 1366 (m, 5,(CHs)), 1452 (w,
5(CHp)), 1616 (m, v(C=CH,)), 1701 (vs, v(C=0)), 2972 (m,
v(CH)), 3005 (m, v(CH)), 3315 (w, v(NH)). MS (EI, 70 eV)
m/z: 107 (10), 124 (100), 196 (6), 211 (0.2, M*). Anal.
caled. for Ci,H;NO,: C, 68.21; H, 10.02; N, 6.63, found: C,
68.21; H, 10.16; N, 6.27.

4-(Methacryloyloxy)-2,2,6,6-tetramethylpiperidinium
chloride (3)

To TMPMA (50 g, 0.22 mol) dissolved in ethanol (250 mL)
hydrochloric acid (4.1 mol/L, 65 mL, 0.27 mol) were slowly
added at room temperature. The solution was stirred for 1
hour, evaporated to dryness, and the product was dried at
80 °C (20 mbar) to give 3 (58 g, 99% yield).

'H NMR (250 MHz, DMSO-de, 6, ppm): 1.45 (m, 12H; CHs),
1.71 (m, 2H; CH,), 1.86 (s, 3H; CH,=C—CH3), 2.02 (m, 2H;
CH,), 5.16 (m, 1H; CH—0), 5.70 (s, 1H; C=CH,), 6.01 (s, 1H;
C=CH,), 8.55 (d, ¥JJ(H,H) = 11 Hz, 1H; NH,), 9.35 (d, %J(H,H)
= 11 Hz, 1H; NH,). 3C NMR (63 MHz, DMSO-de, d, ppm):
183 (CH,=C—CH3), 25.7 (2xCHs), 29.4 (2xCHj), 39.5

—e— 60 min

—4+— 120 min
1—— 240 min
—— 330 min

Normal. detector signal / arb. units

Retention volume / mL

FIGURE 13 SEC traces (DMAc) of the kinetic study of the poly-
merization of the monomer TMPMA exhibiting an amine func-
tionality via the RAFT technique using a trithiocarbonate type
chain transfer agent (CTA 2).
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FIGURE 14 MALDI-TOF mass spectrum of the free secondary amine bearing polymer PTMA prepared via RAFT polymerization
using a trithiocarbonate type chain transfer agent (CTA2); matrix: trans-3-indoleacrylic acid; linear mode (bottom) and assigned
structures as well as m/z values for the exemplary structure n =5 + Na™ (top).

(2xCq), 56.9 (2xCH3), 66.23 (CH—0), 126.6 (C=CH,), 136.2
(ROOC—C=C), 166.2 (COOR). FTIR (ATR, cm 1): 661 (s),
929 (m), 1016 (s), 1047 (s, y(C=CHy)), 1170 (vs, vas(O-
CC=0)), 1219 (s, v,s(CC=00)), 1390 (m, 65(CHz)), 1442 (w,
0(CH3)), 1587 (m, v(C=CH;)), 1705 (vs, v(C=0)), 2465 (m),
2592 (m), 2738 (bs), 2943 (bs, v(CH)), 3020 (m, v(CH)),
3171 (m, v(NH)). Anal. calcd. for C;3H,4CINO,: C, 59.64; H,
9.24; N, 5.35; Cl, 13.54; found: C, 59.33; H, 9.28; N, 5.24; Cl,
13.76.

Polymerization

The polymerizations were carried out in sealed microwave
vials under nitrogen atmosphere. Solutions were degassed
by bubbling with nitrogen for 30 minutes. Samples for
TH-NMR spectroscopy, GC, and SEC measurements were
taken under inert conditions via a microliter syringe. Oxida-
tion of the precursor polymer PTMA was generally carried
out in methanol with hydrogen peroxide catalyzed by
N32WO4.

Free Radical Polymerization

4-(Methacryloyloxy)-2,2,6,6-tetramethylpiperidinium chloride
(58.0 g, 0.22 mol) were dissolved in a mixture of ethanol
(90 mL) and water (90 mL). After degassing the solution
with argon 2,2’-azobis(2-methyl-propionamidine) dihydro-
chloride (2.0 g, 7.3 mmol) were added and the mixture was
stirred for 3 hours at 50 °C. The viscous solution was diluted
with ethanol (300 mL) and added dropwise to a vigorously
stirred mixture of chloroform (500 mL) and aqueous sodium
hydroxide (500 mL, 1.25 mol/L). The mixture was stirred
for 15 hours, the organic layer was subsequently separated
and washed with water (500 mL) as well as brine (500 mL).

M‘L:‘"lif‘s WWW.MATERIALSVIEWS.COM
|

Precipitation in hexane (2000 mL) yielded 49.7 g PTMA (P1)
as white powder, which was dried at 40 °C (20 mbar).

Oxidation. PTMA P1 (25.0 g), disodium ethylenediamine
tetraacetate (0.7 g 1 mmol), and Na,WO0,x2H,0 (0.4 g
1.5 mmol) were dissolved in methanol (250 mL). Hydrogen
peroxide (150 mL) were added portion wise (40 mL) every
10 hours and the mixture was stirred at room temparatur
for a total of 48 hours. A red precipitate formed, which was
separated and washed thoroughly with water (300 mL) and
methanol (300 mL). Upon drying at 40 °C (20 mbar) 24.0 g
PTMA-NO (P1ox) were obtained.

ATRP. The required amount of copper(l)-bromide, ligand,
and half of the required amount of toluene were placed in a
microwave vial. In a second vial, (1) and the initiator ethyl
2-bromoisobutyrate were dissolved in the other half amount
of toluene, required to reach the desired concentration of
1 mol/L. After transferring the degassed monomer/initiator
solution to the catalyst solution, the reaction mixture was
placed in an oil bath (90 °C).

RAFT. Two stock solutions, one of the chain transfer agent
2-cyano-2-butyl dithiobenzoate (CTA 1) or 4-cyano-4-(dode-
cylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CTA 2) and
the other one of the initiator 2,2’-azobis(2-methyl-propiona-
midine) dihydrochloride, were prepared in 1 mL ethanol/
water (3:1). To (1) an ethanol/water (3:1) mixture was
added in a microwave vial to reach the desired concentration
of 1 mol/L. After the addition of the required amount of ini-
tiator and CTA solution (momomer/initator/CTA ratio
80:1:4), the vial was salad, degassed, and placed in an oil
bath (60 °C).
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NMP. Procedure I: 0.15 g of (1) or (2) and BlocBuilder™
(ratio 100:1) were placed in a microwave vial. After the
addition of anisole (1 mol/L), the vial was sealed, degassed,
and placed in an oil bath (90 or 120 °C). Procedure II:
0.15 g of (1) or (2), BlocBuilder™ (ratio 100:1), and SG-1
free radical (0.1% related to BlocBuilder™) were placed in a
microwave vial. After the addition of anisole (1 mol/L), the
vial was sealed, degassed, and placed in an oil bath pre-
heated at 120 °C. Procedure III: BlocBuilder™ (ratio 100:1)
was dissolved in anisole and placed in a sealed microwave
vial. In a second microwave vial, 0.15 g of (2) was dissolved
in anisole (1 mol/L). Subsequently, the degassed BlocBuil-
der™ solution was placed in an oil bath preheated to 60 °C.
After 40 minutes the temperature was raised to 120 °C and
the degassed solution of (2) was transferred to the pre-
heated BlocBuilder™ solution.

Analytical Data of the Printed Polymers. P1: SEC (DMAc,
PS-standard): M,, > 300,000 g/mol (exclusion limit of the
SEC column). SEC (THF/NEts, univ. calibration): M, =
60,000 g/mol. 'H NMR (300 MHz, CDCls, d, ppm): 0.65-1.55
(17H), 1.60-2.40 (4H), 5.06 (1H). FTIR (ATR, cm™Y): 970
(m), 1152 (vs, v,5(0CC=0)), 1236 (s, v,s(CC=00)), 1377 (m,
0s(CH3)), 1456 (m, J(CHy)), 1718 (vs, v(C=0)), 2960 (m,
v(CH)), 3332 (m), 3427 (m, v(NH)). Anal. calcd. for repeating
unit: C, 69.29; H, 10.29; N, 6.22; found: C, 68.17; H, 10.36; N,
6.33. T, = 143 °C.

Plox: SEC (DMAc, PS-standard): M, > 300,000 g/mol (exclu-
sion limit of the SEC column; only soluble portion of poly-
mer tested). FTIR (ATR, cm 1): = 966 (w), 1141 (vs, v,s(0-
CC=0)), 1238 (m, v,5(CC=00)), 1364 (m, v(N—O0)), 1463
(m, 6(CHy)), 1724 (s, v(C=0)), 2974 (m, v(CH)). Anal. calcd.
for repeating unit: C, 64.97; H, 9.23; N, 5.83; found: C, 64.62;
H, 9.49; N, 5.51. ESR: g = 2.0062, Ny = 4.02 x 10*' g
T, = 168 °C.

P4: 'H NMR (300 MHz, CDCls, 6, ppm): 0.65-1.55 (17H),
1.60-2.40 (4H), 5.06 (1H). SEC (DMAc, PS-standard): M, =
33,900 g/mol; M,, = 38,800 g/mol; PDI = 1.14. FR-IR (ATR,
em ) 970 (m), 1148 (vs, v,(0CC=0)), 1238 (s,
v,s(CC=00)), 1377 (m, J5(CH3)), 1460 (m, 6(CHy)), 1720
(vs, v(C=0)), 2956 (m, v(CH)). Anal. calcd. for repeating unit
and bromine end-group: C, 67.93; H, 10.08; N, 6.09; Br, 1.56;
found: C, 67.74; H, 10.08; N, 6.06; Br, 1.51. T, = 113 °C.

P4ox: SEC (DMAc, PS-standard): M, = 26,300 g/mol; M,, =
34,700 g/mol; PDI = 1.31. FTIR (ATR, cm™Y): 964 (w), 1144
(vs, v45(0CC=0)), 1232 (m, v,5(CC=00)), 1364 (m, v(N—0)),
1464 (m, 6(CHy)), 1724 (s, v(C=0)), 2974 (m, v(CH)). Anal.
calcd. for repeating unit and bromine end-group: C, 57.75; H,
8.20; N, 5.18; found: C, 57.36; H, 851; N, 5.10. ESR: g =
2.0064, N = 1.09 x 10*' g 1. T, = 162 °C.

P6: SEC (DMAc, PS-standard): M, = 24,500 g/mol; M,, =
29,100 g/mol; PDI = 1.18. Vapor pressure osmometry
(CHCl3): M, = 5720 g/mol. 'H NMR (300 MHz, CDCls, 4,
ppm): 0.65-1.55 (17H), 1.60-2.30 (4H), 5.06 (1H). FTIR
(ATR, cm™Y): 970 (m), 1147 (vs, vas(0CC=0)), 1238 (s,
v,s(CC=00)), 1377 (m, J4(CH3)), 1460 (m, 6(CHy)), 1720
(vs, v(C=0)), 2956 (m, v(CH)). Anal. Calcd. for repeating
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unit without endgroups: C, 69.29; H, 10.29; N, 6.22; found: C,
69.06; H, 10.47; N, 6.16. T, = 128 °C.

P6ox: SEC (DMAc, PS-standard): M, = 16,100 g/mol;
M,, = 18,400 g/mol; PDI = 1.15. Vapor pressure osmometry
(CHCl3): M, = 5960 g/mol. FTIR (ATR, cm™'): 966 (w),
1145 (vs, v,5(0CC=0)), 1232 (m, v,5(CC=00)), 1364 (m,
v(N—0)), 1463 (m, 6(CH3)), 1724 (s, v(C=0)), 2970 (m,
v(CH)). Anal. Calcd. for for repeating unit without endgroups:
C, 64.97; H, 9.23; N, 5.83; found: C, 64.03; H, 8.42; N, 5.49.
ESR: g = 2.0064, Ny = 1.61 x 10°' g~ '. T, = 160 °C.

Instrumentation

Size exclusion chromatography (SEC) was used to determine
the molar masses and polydispersity indices of the polymer
samples with respect to polystyrene standards. Either an
Agilent 1200 series system (degasser: Polymer Standard
Service Mainz, pump: G1310A, auto sampler: G1329A, oven:
Techlab, diode array detector: G1315D, RI detector: G1362A)
using a pC/PSS GRAM 1000/30 A column and dimethylaceta-
mide (40.21% lithium chloride) as eluent at a flow rate of 1
mL/min (40 °C) or a Shimadzu system (controller: SCL-10A
VP, degasser: DGU-14A, pump: LC-10AD VP, auto sampler:
SIL-10AD VP, oven: Techlab, UV detector: SPD-10AD VP, RI
detector: RID-10A) using a PSS SDV pre/lin S column and
chloroform/iso-propanol/triethyl-amine [94:2:4] as eluent at
a flow rate of 1 mL/min (40 °C). Absolute molar masses
were determined on a Shimadzu system (controller: SCL-10A
VP, degasser: DGU-14A, pump: LC-10AD VP, auto sampler:
SIL-10AD VP, oven: CTO-10A VP, detectors: UVD: SPD-10AD
VP, RID: RID-104, Visco: PSS ETA-2010, MALS: PSS SLD 7000
(BIC) at 4 = 635 nm) using a PSS SDV pre/10%/10% A col-
umn and tetrahydrofurane as eluent at a flow rate of 1 mL/
min (40 °C). Vapor pressure osmometry was measured on a
Knauer vapor pressure osmometer (K 7000) using chloro-
form solutions (temperature: 30 °C). Conversion was deter-
mined by gas chromatography on a Shimadzu GC-2010 (car-
rier gas helium; flame ionization detector with hydrogen and
air as detector gases; Restek Rtx-5 column, 30 m length, 0.25
mm ID, 0.25 um film thickness, 5% diphenyl polysiloxane
95% dimethyl polysiloxane). NMR spectra were obtained on
a Bruker AC 300 spectrometer. The MALDI-TOF MS spectra
were measured on an Ultraflex III TOF/TOF (Bruker Dalton-
ics GmbH) equipped with a Nd:YAG laser and a collision cell.
All spectra were measured in the positive reflector or linear
mode using 2,5-dihydroxy benzoic acid (DHB) or «-cyano-4-
hydroxycinnamic acid (CHCA) as matrix. Elementary analysis
was performed using a A EuroVector EuroEA3000 instru-
ment. The inkjet printing experiments were carried out on
an Autodrop system (Microdrop Technologies). The printer
was equipped with a piezo-based printhead (micropipette
system AD-K-501). The inner diameter of the used nozzle
was 70 um. Voltages between 60 and 70 V and pulse lengths
between 40 and 50 us were found as typical print settings
to create stable droplets for all tested polymers. Surface to-
pography as well as film thicknesses were measured using
an optical interferometric profiler Wyko NT9100 (Veeco,
Mannheim, Germany). Electrochemical measurements were
performed on an Autolab PGSTAT30 model potentiostat. For
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cyclic voltammetry a standard three-electrode configuration,
using a platinum-disk working electrode, a platinum-rod aux-
iliary electrode, and an Ag/AgCl reference electrode. The
experiments were carried out in acetonitrile and dichlorome-
thane containing tetra-n-butylammonium hexafluorophos-
phate (0.1 mol/L) and using several scan rates. At the end of
each measurement ferrocene was added as an internal
standard. Spin concentrations were determined on a X-Band
ESR spectrometer (Bruker) using copper bromide as internal
standard.

CONCLUSIONS

RAFT polymerization represents the most suitable technique
to prepare well-defined, PTMA. Both, the hydrochloride of
the monomer TMPMA and even the free secondary amine
bearing monomer itself can be polymerized in a controlled
manner. Aminolysis of the chain transfer agent, which com-
monly renders the RAFT polymerization of primary and sec-
ondary amines impossible, is no issue in the polymerization
of TMPMA. This extraordinary behavior can be attributed to
the steric hindrance of the amine functionality as well as sta-
bilizing solvent effects. Opposite to ATRP and NMP, which
both show major drawbacks, the RAFT technique enables a
practical and fast access to precursor polymers required to
produce TEMPO free radical bearing polymers of excellent
solubility. This readily allows the preparation of tailor-made
polymer-films of defined thickness and shape by means of
inkjet printing. Considering the electrochemical and catalytic
properties of TEMPO functionalized polymers, the use of
these films as printed electrodes for organic radical batteries
or as catalytically active layer in a chemical reactor repre-
sents promising potential application.
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Reactive Inkjet Printing of Cathodes for Organic Radical

Batteries

Tobias Janoschka, Anke Teichler, Bernhard Hdupler, Thomas Jdhnert, Martin D. Hager,

and Ulrich S. Schubert*

Mobile electrical appliances perpetually require improved bat-
teries. For lightweight and flexible low-cost applications, bat-
teries have to become thin, easy to produce, and also flexible.
In this context, printing technology could pave the way for
the cost-efficient manufacturing of flexible batteries — compa-
rable to the production of organic solar cells.'”) While printed
organic electronics, like organic photovoltaic-powered electro-
chromic displays® or LED lamps, receive significant atten-
tion, these devices lack flexible organic energy storage and still
employ traditional battery concepts.P!

Most (printed) batteries rely on metal-based electrode mate-
rials, which often show unwanted environmental properties
(e.g., release of toxic waste upon mining of metal ores, from
landfill disposal sites, and municipal waste combustors);
the rapidly evolving class of organic radical batteries (ORB)
employs organic polymers as active electrode material.lo% A
general problem of printed batteries is the cathode material. In
primary cells, the use of manganese dioxide (MnO,|Zn) is wide-
spread, while secondary cells often employ lithium cobalt oxide
(LiCoO,|Li) or nickel oxyhydroxide (NJIOOH|MH). Organic rad-
ical batteries, on the other hand, make use of a more environ-
mentally favorable (polymeric) material that carries redoxactive
stable radicals, such as 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), Scheme 1. The increasing interest in this new class
of fast charging, high rate/load capable batteries is reflected in
numerous studies with their major focus ranging from polymer
design (poly(methacrylate)s,1% poly(norbornene)s!'!l etc.) and
electrolytes (organic carbonates,!”) water,'?! ionic liquid)! to
the use of suitable conductive additives (vapor grown carbon
fibers (VGCF),[13l graphite,” graphene).'Y On the other hand,
up to now, only little attention was paid to the processing of
these materials. Simple, solution-based wet processing tech-
niques like spin-coating!®® and doctor blading!'® are generally

T. Janoschka, [T A. Teichler, [Tl B. Haupler, T. Jihnert,
Dr. M. D. Hager, Prof. U. S. Schubert
Laboratory of Organic

and Macromolecular Chemistry (IOMC)
Friedrich Schiller University Jena

Humboldtstr. 10, D-07743 Jena, Germany

Jena Center for Soft Matter (JCSM)
Philosophenweg 7, D-07743 Jena, Germany
E-mail: ulrich.schubert@uni-jena.de

A. Teichler, Prof. U. S. Schubert

Dutch Polymer Institute (DPI)

P.O. Box 902, 5600 AX Eindhoven, Netherlands

[T]1A.T. and T.). contributed equally to this work.

DOI: 10.1002/aenm.201300036

Adv. Energy Mater. 2013, 3, 1025-1028

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

employed for the fabrication of ORB electrodes. The disadvan-
tages of such techniques — their tendency to waste much of the
employed material and the inflexibility in shape and size of
the electrode layout — encouraged us to look for an improved
methodology. Advanced processing techniques such as inkjet
printing, being contactless and highly flexible, can greatly
improve the manufacturing of organic radical battery elec-
trodes. Due to its additive nature, inkjet printing permits easy
patterning and layered deposition of materials.

When taking the research from material design to device/
electrode design, reconsideration of the polymer composi-
tion becomes necessary. On the one hand, the polymer needs
to be highly soluble in solvents, which are suitable for the
inkjet printing process. Typically, high boiling point solvents
(>100 °C) such as chlorobenzene reveal a reliable droplet for-
mation and good rheological properties of the ink.l'”] On the
other hand, the polymer has to be insoluble in the electrolyte
solution (e.g., organic carbonates, acetonitrile) employed in the
assembled device.

As shown earlier, electroactive radical polymers can be inkjet
printed.'”! Nevertheless, the requirement in good solubility, i.e.,
low and controlled molar mass, renders the printed films use-
less, as the polymer films are readily soluble in the organic elec-
trolyte solutions commonly used in ORBs. The charge storage
capacity is completely lost after only two charging/discharging
cycles.

In order to overcome this predicament, defined low molar
mass polymers need to be prepared, printed, and subse-
quently crosslinked in order to provide sufficient stability of the
electrode.

As commonly employed ORB polymers, such as the poly-
radical poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate)
(PTMA), are poor electric conductors, the polymers need to be
mixed with conductive additives such as graphite.”! The inkjet
printing and subsequent crosslinking of such composites is a
highly demanding task. Numerous crosslinking techniques,
which have been described before, are incompatible with the
printing process. In situ crosslinking during the polymeriza-
tion process, as described for the copolymerization with mul-
tifunctional co-monomers,'#1% is not an option for inkjet
printing due to the insolubility of these materials. In addition,
approaches based on photocrosslinking, e.g., of TEMPO-sub-
stituted poly(norbornene)s, also work insufficiently with black
colored, strongly light absorbing graphite/polymer compos-
ites.!%20] One possible option to overcome this problem is to
introduce a polymerizable co-monomer in the ORB polymer,
printing this co-polymer and, subsequently, initiating the
crosslinking process by an external stimulus (e.g., heat). The
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Scheme 1. Schematic representation of the reversible redox reaction of a TEMPO radical (top). Schematic representation of the synthesis of radical
polymer poly(2,2,6,6-tetramethyl-piperidinyloxy-4-yl methacrylate) (PTMA) by RAFT polymerization, oxidation, and subsequent thermal crosslinking

with a multifunctional epoxide (bottom).

disadvantages of this methodology are numerous: a) The co-
monomer needs to have two orthogonal polymerizable groups;
b) The preparation of co-polymers is more laborious than of
simple homo-polymers; c) The initiator needed to start the
crosslinking reaction contaminates the electrode composite
and may have disadvantageous effects on its electro chemistry;
d) Obviously, simple radical-induced methods are not suitable
due to the presence of the free TEMPO radical.

For these reasons, we have developed a simple crosslinking
approach that is compatible with inkjet printing and does nei-
ther require an additional initiator nor the preparation of a
co-polymer. This reactive inkjet printing approach is based on
the printing of a functional redoxactive polymer and the cor-
responding crosslinker. For a recent overview on reactive inkjet
printing, see a feature article by Smith and Morrin.[2!l

Crosslinking method: The TEMPO radical based polymer
PTMA, the most promising of the studied radical polymers in
terms of preparation and stability, is commonly prepared from
the monomer 2,2,6,6-tetramethylpiperidin-4-yl methacrylate by
free radical polymerization and subsequent oxidation of the
amine bearing pre-polymer 1 in order to form the redoxactive
TEMPO radical bearing polymer 2.%10.1422.23] [f the oxidation
step, affected by m-chloroperbenzoic acid® or hydrogen per-
oxide,” is incomplete a co-polymer is obtained (Scheme 1).
The residual amino moieties, which are not oxidized to the
nitroxide radicals, can therefore be used for further functionali-
zation or crosslinking.

In order to avoid the use of additional initiators multifunc-
tional epoxides (Scheme 1) were chosen as crosslinking agent.
Epoxides readily react with amines and can therefore affect the
crosslinking of the radical polymer. Since the polymer shows
a good thermal stability (decomposition above 200 °C), the
crosslinking could easily be initiated by thermal treatment of
the printed patterns.

For inkjet printing the polymer needs to be readily soluble
and the solutions require good rheological behavior (viscosity:
0.4 to 20 mPas). For this reason, reversible addition-fragmen-
tation chain transfer (RAFT) polymerization was used as

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

controlled radical polymerization technique to prepare the
polymers.[17]

Ink formulation: An ink is commonly made of a solvent and
the polymer that is to be printed. For ORB-electrodes the ink
has to contain a conductive additive as well. Additives, such as
VGCF! and graphite,! are commonly used in literature. For
inkjet printing these materials proved to be unsuitable, as they
cause clogging of the printing nozzle (inner diameter 70 um).
Carbon nanopowder, a material of much lower particle size
(<50 nm), was found to be best suited. PTMA is well soluble
in many solvents, including dichloromethane, acetonitrile,
toluene, N,N-dimethylformamide (DMF), o-dichlorobenzene,
and N-methyl-2-pyrrolidone (NMP). Several combinations of
these solvents were tested. DMF was found to be most suitable,
because it not only dissolves PTMA but also forms excellent
dispersions of the carbon nanopowder. Since inkjet printing
from a single solvent causes the preferential accumulation of
the ink material at the rim of a dried film (coffee-ring-effect),?*l
a co-solvent (NMP) in a content of 10 vol.% was added. As a
result, the deposited material is homogeneously distributed all
over the film. The dispersions made of other solvents were not
sufficiently stable to permit inkjet printing.

Besides the active polymer and the conductive additive the
crosslinking agent is the most important component of the
ink. To ensure a high degree of crosslinking tetraphenylo-
lethane glycidyl ether was chosen, as it can react with up to
four amines. As materials inkjet printed from the described
ink caused the formation of brittle films, which peel off in the
electrolyte solution, a plasticizer (ethylene carbonate (EC)) was
used. Upon addition of EC to the prescribed ink formulation
in an amount of 5 vol.%, a homogeneous and stable film was
formed. Ethylene carbonate, as many other organic carbonates
used in battery applications, is electrochemically inert within
a broad voltage window. It not only facilitates the formation
of stable films but is also miscible with the electrolyte solu-
tion used in battery cycling experiments as well, thereby pro-
moting the penetration of the polymer electrode film with the
electrolyte.

Adv. Energy Mater. 2013, 3, 1025-1028
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Figure 1. SEM micrographs of inkjet printed PTMA/carbon-nano-powder composite elec-
trodes, (a-c) before charging/discharging, (d) after charging/discharging (left). Optical profiler
image of a crosslinked inkjet printed film (right). Ink composition: active polymer PTMA (con-
centration: 5 mg/mL), crosslinking agent tetraphenylolethane glycidyl ether (concentration:

0.7 mg mL™"), and solvent mixture DMF/NMP in a ratio of 9:1.

Electrochemical studies: In order to study the stability of the
inkjet printed electrodes half-cells were built and charged/
discharged repeatedly. The experiments were carried out in a
temperature controlled cell at 30 °C employing a three elec-
trode setup (Ag/AgCl reference electrode, platinum counter
electrode, printed working electrode) and a 0.1 M solution of
tetrabutylammonium hexafluorophosphate in propylene car-
bonate as electrolyte.

Inks that did not contain a crosslinking agent revealed a
fast decrease in charge storage capacity. After only two cycles
no active polymer was left. The stability of the electrode was
enhanced by crosslinking the electrode using the optimized
procedure described above. About 75% of the initial capacity
was retained after 150 charging/discharging cycles. The decline
can be attributed to a slow degradation of the electrode due to
active polymer being washed out of the polymer composite.
Scanning electron microscope (SEM) pictures of the cycled
electrodes reveal minor changes in the electrode’s surface mor-
phology (Figure 1b/d). Because high molar mass/insoluble
PTMA polymer can be considered electrochemically stablel®!
and cyclic voltammetry (CV) experiments confirm that even an
excess of the epoxy-crosslinker does not influence the redox
chemistry of the polymer, the electrode’s stability is most likely
limited due to the necessity of crosslinking. Even an increase of
the amount of the epoxide-crosslinker as well as using PTMA
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with up to 40% of free amine groups (60%
oxidized to form TEMPO) did not result in
a significantly improved stability. About
carbon/epoxy resin composites it is known
that the interfacial contact between the high
surface area of carbon and the crosslinking
agents strongly affect the kinetics and the
final crosslinking state.?>*’l As the carbon
nanopowder appears to be affecting the
crosslinking process, epoxidized carbon nan-
opowder was prepared by reacting the virgin
powder with m-chloroperoxybenzoic acid.l?®l
The epoxidized carbon can react with the free
amine groups of the PTMA polymer and act
as crosslinking agent itself, covalently linking
the active polymer to the insoluble conduc-
tive additive. Thereby an increased cycling
stability was achieved (Figure 2). After a slight increase of the
charge storage capacity within the first cycles due to wetting/
activation of the electrode the initial capacity was retained even
after 150 cycles.

Subsequently, a beaker type battery consisting of a printed
polymer composite cathode, a zinc-anode, and a ZnBF,-electro-
lyte in propylene carbonate was assembled. The cell exhibits an
average discharge voltage of 1.25 V and a capacity of 20.5 nAh
(ca. 50 mAh g™, theor. capacity of the polymer is 66 mAh g7%).

In summary, a reactive inkjet printing strategy for the
manufacturing of printed electrodes used in organic radical
batteries was developed. Being contactless and highly flexible
inkjet printing is superior to conventional solution-based wet
processing techniques. The low molar mass, electroactive poly-
radical poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate)
(PTMA), that was used for inkjet printing, was prepared by
RAFT-polymerization and a subsequent partial oxidation. The
incomplete oxidation is an easy way of obtaining a reactive co-
polymer, which not only bears electroactive sites but also chem-
ically reactive amine groups; advanced co-polymerization strate-
gies are not necessary. An optimized ink containing the electro
active polymer, an epoxy-based crosslinker, carbon nanopowder,
and additives/solvents was developed and inkjet printed. Elec-
trodes of good stability, as proven by repeated charging/dis-
charging experiments, were prepared by initiator-free, thermal
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Figure 2. Cycling stability of inkjet printed electrodes at 1.5 A m~2 over 150 cycles (left). Discharging curves of inkjet printed electrodes at 1.5 A m~2
using a solution of tetrabutylammonium hexafluorophosphate in propylene carbonate as electrolyte (right).
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crosslinking of the free amine-bearing PTMA and the epoxy-
based crosslinker. By employing epoxidized carbon nanopowder
as chemically reactive conductive additive a further improve-
ment could be observed. The printed electrodes are stable for
over one hundred cycles. This technique might be of interest
for the manufacturing of patterned, flexible organic radical bat-
teries used in sensor devices, smart packaging, DNA chips, or
battery-powered smart cards.

Experimental Section

Synthesis: PTMA was prepared according to literature by means of
RAFT polymerization and subsequent oxidation with hydrogen peroxide
and a sodium tungstate catalyst.'’]

Polymer 1: M,, = 35,600 g mol™', M,, = 39,800 g mol~!, M,,/M, =1.12,
amine/nitroxide radical ratio = 2/8.
Polymer 2: M, = 51,000 g mol™', M,, = 58,200 g mol~', M,,/M, =1.14,

amine/nitroxide radical ratio = 4/6.

The polymer's degree of nitroxide radical functionalization was
determined using UV-vis spectroscopyl’ (280 nm) on a Perkin-
Elmer Lamda-45 UV-vis spectro-photometer at room temperature in
tetrahydrofurane (1 cm cuvettes). A fully functionalized PTMA prepared
by group transfer polymerization was used as reference standard.

Molar masses were determined by size exclusion chromatography
(SEC): Agilent 1200 series system (degasser: Polymer Standard Service
Mainz, pump: G1310A, auto sampler: G1329A, oven: Techlab, diode
array detector: G1315D, RI detector: G1362A) using a pC/PSS GRAM
1000/30 A column and dimethylacetamide (+0.21% lithium chloride) as
eluent at a flow rate of 1 mL/min (40 °C).

Carbon nanopowder (Aldrich) was epoxidized by refluxing with
m-chloroperoxybenzoic acid in dichloromethane.[?8!

Electrochemical ~ characterization: A Princeton Applied Research
VersaSTAT potentiostat/galvanostat was used for all charging/
discharging experiments. The experiments were carried out in a
temperature controlled cell (30 °C) using an Ag/AgCl reference
electrode and a platinum counter electrode. A 0.1 M solution of
tetrabutylammonium hexafluorophosphate in propylene carbonate was
used as electrolyte. Before the first charging the printed electrodes were
immersed in the electrolyte until a constant open current potential was
observed.

Inkjet printing: Inkjet printing was performed using an Autodrop
professional system from microdrop technologies (Norderstedt,
Germany). The printer was equipped with a micropipette with an
inner diameter of 70 um. The carbon nanopowder (particle size <
50 nm, Aldrich) dispersion was prepared by ultrasonication for 5 h in the
solvent system N,N-dimethylformamide/N-methyl-2-pyrrolidone 90/10.
Afterwards the dispersion was filtered by a syringe filter (pore size:
5 um) to prevent nozzle clogging. The ink was prepared by addition of
the dissolved polymer (concentration: 5 mg/mL), the crosslinking agent
tetraphenylolethane glycidyl ether and the plasticizer ethylenecarbonate
(5 vol.%). The ink contained the polymer and the carbon nanopowder in
a ratio of 1/1 by weight. The content of crosslinker was varied according
to the content of free amine groups of PTMA. Printing was performed
by using a drop count of 100 drops, a dot spacing of 100 um, a printing
speed of 20 mm/s and a substrate temperature of 50 °C. As substrate a
graphite foil was used. After drying of the film at 50 °C, crosslinking was
carried out for 12 h at 130 °C in an oven.
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