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Chapter 4  

Air Stable Organic Field Effect 
Transistors 
 

In this Chapter two different methods of achieving air-stability for Organic Field 
Effect Transistors (OFETs) are discussed. First [84]PCBM was used as the organic 
semiconductor. For the first time air and light-stable ambipolar FETs were 
fabricated with electron mobilities of 3 x 10–3 cm2/Vs and hole mobilities in the 
range of 10–4 – 10–5 cm2/Vs. Complementary voltage inverters were fabricated to 
determine the environmental stability. After exposure to light and air for three 
months the devices still operated with voltage gain as high as 14. Second, a series 
of fluorinated PCBM analogues was synthesized. The fluorine atoms should act as 
a barrier for air and water penetration into the semiconductor layer of the FET. The 
FET devices prepared with these compounds, however, show no air-stability. 
Nevertheless, quite high electron mobilities approaching 10–1 cm2/Vs were 
obtained.  

 

 

 

 

 

 

 

 

*Part of this chapter was published:  

Thomas D. Anthopoulos, Floris B. Kooistra, Harry J. Wondergem, David Kronholm, 
Jan C. Hummelen and Dago M. de Leeuw, Advanced Materials, 2006, 18, 1679–
1684. 
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Air Stable Organic Field Effect Transistors 

4.1 Introduction 
 

Organic Field Effect Transistors (OFETs) have received much attention in recent 
years and have shown to possess great potential for use in low-end electronic 
applications.1-6 Obvious advantages over their silicium based counterparts are 
flexibility and low processing costs. In order to use organic materials for FET 
applications one must be able to fabricate large-scale integrated circuits at low 
cost. One way of achieving this is by use of complementary technology,4 as is 
known from silicon microelectronics. However, this is not at all an established 
process in organic FETs. The fabrication of organic complementary circuits is very 
challenging and requires the separate deposition of p- and n-channel 
semiconductors by vacuum sublimation techniques.4,7 Alternatively, inkjet printing 
is a potentially low cost method, processing separate p- and n-channel OFET’s.8,9  
Applying ambipolar materials would simplify processing even more. It is crucial in 
this case to use environmentally stable organic semiconductors. Especially n-type 
materials are scarce and air-stability is even rarer with these type of materials. 
Among the most promising organic molecules that show n-type mobility are the 
fullerenes. Electron mobilities in the order of 1 cm2/Vs have been measured.10-16 
Since fullerenes are usually very insoluble, derivitization is necessary.17,18 The 
application of soluble fullerene derivatives has led to good results.19-22 However 
FETs fabricated with fullerenes rapidly decay in air.12,15,19,21 

In the next subparagraphs air stable p- and n-type and ambipolar organic 
semiconducting materials will be discussed. The general FET principle has been 
discussed in paragraph 1.3.2. 

The research presented in this chapter was a collaboration between our labs and 
Dr. Thomas Anthopoulos, first at Philips Research labs Eindhoven, and later at 
Imperial College London. 

4.1.1 Air-Stable p-type organic semiconductors 
 

Air stability is not a major concern when using p-type organic semiconductors. A 
large number of p-type organic semiconducting materials that show environmental 
stability as well as high mobilities in excess of 0.1 cm2/Vs have been demonstrated 
(examples are compounds 4.1 and 4.3, see figure 4.1).23-26 One of the most 
promising p-type materials is polythiophene. Although regioregular poly(3-
hexyl)thiophene (P3HT 4.2) shows high mobilities up to 0.1 cm2/Vs it is not very 
stable under ambient conditions, due to its low ionization potential (4.8 eV).27-29 
However, adding some alkyl chains to some thienyl moieties (4.4) successfully 
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Chapter 4 

increases the ionization potential thus obtaining environmentally stable 
polythiophenes with high hole mobilities.30  

 

 

Fig. 4.1: Thiophene based hole conductors 

4.1.2 Air-stable n-type organic semiconductors 
 

The development of complementary organic circuits has been slowed down to 
some extent by the scarcity of n-type organic semiconductors. Fortunately, the 
availability of electron conducting organic materials is increasing rapidly in recent 
years.31,32 However, there are only few environmentally stable n-type materials 
known as of now (see figure 4.2).31,33-35 The main problem is the formation of 
anions at positive gate voltages. These anions have considerable reducing powers 
and can reduce oxygen and water molecules that have diffused into the 
semiconducting layer. One can think of two ways of circumventing this problem. 
First, protecting the active layer from diffusion of oxygen and water. This might be 
possible by introducing fluorine atoms which, due to their hydrophobic nature, 
might prevent the diffusion of water (and oxygen dissolved in water) into the 
semiconducting layer. A second possibility is tuning the redox properties of the 
semiconducting material itself in such a way that reactivity with respect to water 
and oxygen is low.36,37 
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Air Stable Organic Field Effect Transistors 

 
 

Fig. 4.2: Examples of air-stable n-type semiconductors. 

 

4.1.3 Air-stable ambipolar organic semiconductors 
 

Some materials are able to conduct both holes and electrons and show FET 
mobility for both charges. These materials are called ambipolar. When a negative 
gate voltage is applied, holes are conducted. Applying a positive gate voltage, in 
turn, causes electron conduction. These type of materials have been extensively 
reviewed by Zuamseil and Sirringhaus.32 Fig 4.3 gives an overview of organic 
ambipolar semiconducting materials that have been applied most successsfully.  

 

One of the major drawbacks of using organic materials in complementary circuits is 
that the deposition of two different organic materials requires advanced patterning 
techniques, which increases the costs of such circuitry. Using one material that can 
act as both n- and p-type would greatly simplify circuit fabrication and thus result in 
a large cost reduction. Ideally the hole and electron mobility would both be high. 
This, however, is rarely observed. Although PCBM does show high mobilities for 
both charges19,20 its air stability is low. The availability of an air-stable ambipolar 
materials would greatly simplify production. In this chapter the first air-stable 
ambipolar OFET will be shown. 
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Chapter 4 

 

Fig. 4.3.: Ambipolar organic semiconductors: PCBM (4.9)19; 9-(1,3-dithiol-2-
ylidene)thioxanthene-C60 system 4.1038; poly(3,9-di-tert-butylindeno[1,2-b]fluorene) 
4.11 (PIF)39; quinoidal terthiophene 4.12 (DCMT)40; oligothiophene/fullerene triad 
4.13 41; oligothiophene/fullerene diad 4.1441; bis[4-dimethylaminodithiobenzyl]nickel 
4.15.42 
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Air Stable Organic Field Effect Transistors 

4.1.4 Research Goal 
 

The goal of this investigation was to synthesize new fullerene n-type organic 
semiconductors which are solution processable under ambient conditions for use in 
fabrication of complementary circuits. We choose two different paths to achieve 
this goal. First we used [84]PCBM (see chapter 2) as an n-type organic material 
since its low lying LUMO level was believed to render it stable to reduction with 
oxygen and water. Also the photostability of C84 was expected to be benificial to 
device stability.43 Secondly a series of fluorine containing fullerenes was 
synthesized to test whether the presence of fluorine atoms in the semiconducting 
layer would prevent water and oxygen from diffusing into the layer. 

4.2 Synthesis 
 

The synthesis and characterization of [84]PCBM has been described in detail in 
chapter 2. The synthesis of F5-PCBM (4.21) has been discussed in chapter 3. In 
the next paragraphs the synthesis of several new fluorine containing fullerene 
derivatives will be discussed. The target molecules were choosen to differ both in 
fluorinated chain length and in position of the fluorine atoms (see figure 4.4).  

 

Characterization of the compounds can be found in the experimental section. All 
compounds showed clean 19F spectra. H–F coupling was observed in all 1H NMR. 
C–F coupling was only visible for carbon atoms neighboring carbon centra 
containing fluorine atoms. Carbon atom resonances in the middle of fluorinated 
side chains are usually split up too much and are not visible anymore. Further 
structural proof was obtained from IR spectra, which all show a characteristic 
fullerene vibration at ~ 526 cm–1. Mass spectra, obtained from the LC-MS used to 
follow reactions, furthermore confirmed formation of the desired products. The 
analytical department of this lab does not have the necessary equipment to 
perform elemental analysis on fluorine containing compounds. Elemental analysis 
was performed, but could only give accurate analysis for carbon and nitrogen and 
not for fluorine and hydrogen.  
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Chapter 4 

 
 

Fig. 4.4: Targeted fluorine containing fullerenes 

 

4.2.1 Synthesis of PCB-F13 (4.16), PCB-F6 (4.17) and PCB-F3 (4.20) 
 

The compounds discussed here are all PCBM analogues and are synthesized in a 
similar way. Purification and reaction conditions do differ at times and are 
discussed in the experimental section of this chapter. 

 

As a first step benzoylbutyric acid was esterified with the appropriate alcohols. 
Nextly, the ketone functionality can easily undergo a condensation reaction with p-
tosylhydrazide forming a tosylhydrazone. Subsequently, the tosylhydrazone is 
transformed in situ to the active diazo species which can undergo a 1,3-dipolar 
addtion reaction with a double bond of C60, thus obtaining the desired fluorine 
containing fullerene derivatives (see scheme 4.1).  
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Air Stable Organic Field Effect Transistors 

 
 

Scheme 4.1.: Synthetic scheme. a) R = –CH2CH2C6F13 ; b) R = –CH(CF3)2 ;           
c) R = –CH2CF3. 4.16) R = –CH2CH2C6F13. 4.17) R = –CH(CF3)2.                      
4.20) R = –CH2CF3. 

 

4.2.2 Synthesis of PFP-F17 (4.18) 
 

A fairly straightforward Prato reaction44 was used in this synthesis. PFP-F17 (4-
(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11,-heptadecafluoroundecyloxy)phenyl 
fulleropyrolidine) was obtained by a reaction of C60 with sarcosine (4.25) and 
commercially available 4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecyloxy)benzaldehyde (4.26) in good yield of 32%. (see 
Scheme 4.1) The sarcosine first forms an iminium ion with the aldehyde. After 
subsequent loss of CO2, the resulting ylide can then react with a fullerene C=C 
bond via a 1,3-dipolar cycloaddition reaction. 
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Scheme 4.1: Synthesis of PFP-F17 (4.18) 

 

4.2.3 Synthesis of PCB-F17 (4.19) 
 

A Friedel-Crafts acylation between benzene and commercially available 
4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-undecanoyl chloride (4.26) 
was performed, quantitatively yielding 4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoro-phenyl-undecan-1-one (4.27). Next the ketone functionality was 
subjected to a condensation reaction with p-tosylhydrazide obtaining the 
corresponding tosylhydrazone (4.25) in 49% yield. In the last step, sodium 
methoxide was used to generate the diazo species in situ, which reacted with a 
fullerene double bond in a 1,3-dipolar cycloaddition reaction, resulting in the 
formation of PCB-F17 (4.19) in 15% yield (see scheme 4.3). The yield was low 
since purification proved extremely difficult. Multiple silica gel columns were 
necessary to remove all unreacted C60 from the product. It is well known in our labs 
that for separation purposes the introduction of some polarity in the fullerene 
adduct is necessary. Compound 4.19 is very apolar, causing these severe 
purification problems. 
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Air Stable Organic Field Effect Transistors 

 
 

Scheme 4.2: Synthesis of PCB-F17 (4.19) 

 

4.3 [84]PCBM Organic Field-Effect Transistors 
 

As discussed in paragraph 4.1.5 we expected [84]PCBM to be an interesting 
material for n-channel FETs. Its low LUMO level when compared to its C60 and C70 
analogues (paragraph 2.3.3) should allow for easy electron injection. Earlier work 
by Shibata already showed good electron mobilities of 2.1 x 10–3 cm2/Vs for 
crystalline C84.45 However, C84 itself is not solution processable due to its low 
solubility in organic solvents. [84]PCBM on the other hand is soluble enough for 
solution processing. Besides the expected ease of electron injection we also 
hypothesized that [84]PCBM FETs could show environmental stability. Again, its 
low LUMO level could play a favorable role since the [84]PCBM anion is not able to 
undergo redox reactions with ambient water and air.36 Also the photostability of C84 
should be of great benefit to device stability.43 
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4.3.1 Film Morphology 
 

The morphology of the [84]PCBM films that were used in FET devices was studied 
by X-ray diffraction (XRD) measurements. (see Fig. 4.5) 
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Fig. 4.5 XRD spectra for a drop-cast [84]PCBM film after recrystallization from 
dichlorobenzene. The corresponding d-spacings are shown for each peak.  

 

The peaks are of rather low intensity indicating poor crystallinity in the films, 
especially when compared to its [60]PCBM analogue.46 It seems that the films 
consist of small crystallites embedded in an amorphous background of randomly 
orientated [84]PCBM molecules.I Recrystallization from dichlorobenzene does not 
alter the film structure, but the FET performance differs to a great extent with the 
recrystallized films operating best. Due to the limited availability of [84]PCBM the 
film morphology was not optimized. 

                                                     
I From the full width at half the maximum of the peaks the crystallite size can be estimated 
using the Scherrer equation (D = kλ/βcosΘ), yielding in this case ca. 40 nm. The presence of 
the much wider peaks at 100 <2θ<250 is attributed to amorphous regions. 
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4.3.2 Field Effect Transistor properties 
 

[84]PCBM transistors were prepared in a bottom-contact configuration and 
measured under ambient air and light. The output curves for a freshly prepared 
device can be seen in figure 4.6. Small hysteresis can be observed. The electon 
mobilities are calculated in saturation and give a value in the order of 0.5 x 10–3 
cm2/Vs. The room temperatureII onset-voltage (VOS) was estimated to be –10 V. 
This value was obtained from the ID1/2 versus VG plot by extrapolating the linear 
region of the plot to the VG axis at (ID)1/2 = 0 A1/2. (see figure 4.7)  

 

The current on/off ratio was calculatedIII to be approximately 104. This relatively low 
value is contributed to the high background conductivity of the films at negative VG. 
The electron mobility remains the same after storage in ambient air for six months. 
This is to the best of our knowledge the first example of an air-stable 
methanofullerene based FET and one of the very few environmentally stable 
soluble n-type conducting organic semiconductors. We attribute the stability of 
these transistors to the stability of the [84]PCBM radical anion and to the fact that 
C84, in contrast to C60 and C70, does not convert to the triplet excited state upon 
optical excitation. Therefore [84]PCBM can not act as a singlet oxygen sensitizer. 
Self-sensitized degradation by singlet oxygen formation is strongly inhibited, at 
least. 

 

The influence of annealing on the semiconductor layer was studied by annealing 
the layer in high vacuum (10–7 mbar) at 373 K for 24h. The resulting FET 
characteristics can be seen in figure 4.6b. It can be clearly seen that hysteresis is 
reduced and that the mobility is greatly enhanced by a factor of six to µ > 3 x 10–3 
cm2/Vs. Since contact effects are known to play an important role in mobility 
determination47 we attribute this enhancement of the effective mobility to a lowering 
of the injection barrier (and therefore the contact resistance) at the Au/[84]PCBM 
interface. 

                                                     
II Measurements mentioned to be performed at room temperature, are measured at 40 0C to 
ensure reproducibility. 
III The on/off ratio is defined as the ratio of ID at maximum VG to ID at VG=VOS 
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Fig. 4.6: Output characteristics of a [84]PCBM transistor (L = 20 µm and W = 10 
mm) in the forward and backward sweep direction. (a) Output curves obtained from 
an as-prepared device under ambient conditions. Inset: Schematic diagram of the 
bottom contact transistor configuration employed. VG: gate voltage. (b) Room 
temperature output characteristics of the same transistor measured in high vacuum 
after annealing at 100 0C for 24 hours. (c) room temperature output characteristics, 
at VG = 30 V, measured after annealing at 100 0C in vacuum (squares), after 
exposure to ambient air for 24 hours (triangles) and 168 hours (circles). Inset: 
Evolution of the drain current (ID) versus exposure time to ambient air. VD: drain 
voltage. 
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Air Stable Organic Field Effect Transistors 

 

Fig. 4.7: Plot of (ID)1/2 vs VG at 40 0C. The linear region of the plot is extrapolated to 
the VG at (ID)1/2 = 0 A1/2. This point is the onset-voltage (VOS). 

 

In figure 4.6c the FET characteristics of the annealed device are shown after re-
exposure to air. It is clearly visible that the good transporting properties are 
retained. The inset in figure 4.6c shows how the drain current evolves in time at a 
gate voltage of 30V. We can see that the drain current is reduced to about half its 
original value with µ ~ 1.5 x 10–3 cm2/Vs, but it seems to remain stable. The 
mobility values both before and after exposure to air are higher than any previously 
obtained value from C84

45 and endohedral C82, and C80 metallofullerene-based 
OFETs.10,16 Although the mobility stays good the on/off current reduces by two 
orders of magnitude to 3 x 102. Most likely this drop in on/off current is caused by 
degassing of oxygen during annealing. Oxygen is known to act as an electron trap 
and thus leads to a higher electron bulk current. Overall annealing seems to benefit 
the transporting materials of the material eventhough the on/off current is reduced. 

Figure 4.8 shows the temperature dependence of the transistors. Interestingly at T 
< 273K the FET shows ambipolar transfer characteristics with a strong hole 
accumulation observed at VG < –55V.  
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The dashed line in the figure shows the low leakage current of the gate, providing 
clear evidence that the observed current is caused by hole transport. Since the VOS 
shifts significantly with T, the pinch-off point moves with T as well. This is most 
likely caused by thermally activated traps at the insulator/semiconductor interface. 
At higher T more traps are filled by thermally activated charges (electrons) and 
therefore they do not influence the transport. At lower T these traps are empty and 
thus influence the charge transport. The hole mobility, deduced from the saturation 
curves at low temperature, has a value of 10–5 – 10–4 cm2/Vs and is slightly 
temperature dependent. This value is much lower (2 orders of magnitude) than the 
hole mobility of [60]PCBM19 and comparable to [70]PCBM.21 This is, however, the 
first time that ambipolar charge transport has been demonstrated in a C84–based 
compound.  

We propose that the low hole mobility in [70]PCBM and [84]PCBM is due the fact 
that these molecules are used as an isomeric mixture. Although cyclic voltammetry 
shows clean first reduction potentials in both cases, indicating that all isomers have 
the same LUMO level, it is possible that the HOMO levels are not the same. A 
difference in HOMO level could result in hole traps in the semiconducting layer, 
thus hindering hole transport. 

  

Fig. 4.8: Transfer characteristics (solid lines) of a [84]PCBM transistor ( L= 20 µm, 
W = 10 nm) at 193 K < T < 333 K (∆T = 20 K). Dashed lines are the gate leakage 
current (IG) as a function of VG measured at 193 and 213 K. 
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4.3.3 [84]PCBM complementary voltage inverters 
 

In order to prove that these transistors can lead to environmentally stable 
complementary circuits, voltage inverters with an n-channel fabricated from 
[84]PCBM and a p-channel fabricated from poly[2-methoxy-5-(3’,7’-
dimethyloctyloxy)]-p-phenylene vinylene (MDMO-PPV) were made. The 
characteristics of such an inverter measured after exposure to ambient air for three 
months(!!) is shown in figure 4.9. Voltage gain as high as 14 is obtained. However 
transfer hysteresis does increase significantly when increasing the VDD form 30 to 
60V. In figure 4.10 the response of the inverter is shown when driven by a 
sinusoidal input voltage of 5V. These results cleary show that we can indeed use 
[84]PCBM as a solution processable n-type organic air-stable semiconductor for 
complementary circuits. 

 

 

Fig. 4.9: Quasistatic transfer characteristics of a complementary voltage inverter 
consisting of an n-channel ([84]PCBM) transistor and a p-channel (MDMO-PPV) 
one (L = 10 µm, W = 2.5 mm) at different biasing conditions. Inset shows the 
complementary circuitry of the inverter. 
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Fig. 4.10: Inverter response to a sinusoidel input signal of 5 Hz with the straigt and 
dotted lines the input and output signals, respectively. 

4.4 Field Effect Transistors of fluorine containing fullerene 
derivatives. 

 

In total a series of six fullerene derivatives containing varying amounts of fluorine 
atoms was synthesized. Of these fullerenes three (4.16, 4.18 and 4.21) were 
tested in FET devices. Work on the other three derivatives is part of ongoing 
research. The preliminary results obtained with 4.16, 4.18 and 4.21 will be 
discussed in this section. 

4.4.1 PCB-F13 (4.16) based Field Effect Transistors 
 

First, the n-channel characteristics for a device, based on PCB-F13 (4.16), that has 
been placed in high vacuum (10–7 mbar) for 2 hours, were measured at room 
temperature (see Fig. 4.11). 

In
pu

t s
ig

na
l (

6 
vo

lt 
pe

r d
iv

is
io

n)
 

Time (200 ms per division) 

O
utput signal (1 µA

 per division)  

b



 

 

102 

 

 

 

 

 

   

Air Stable Organic Field Effect Transistors 

 

Fig. 4.11: n-channel characteristics of 4.16 prepared in high vacuum and measured 
at RT. 

 

Quite large hysteresis was observed and relatively low mobilities in the order of 10–

3 cm2/Vs were found. Next the device was annealed at 115 0C in high vacuum for 2 
hours after which its characteristics were measured at RT (see Fig. 4.12). 

 

 
Fig. 4.12: n-channel characteristics of 4.16 after annealing at 115 0C. Width (W) in 
micrometers. 

 

It is obvious that annealing resulted in improved device performance. The 
hysteresis priorly observed, had significantly decreased. Furthermore the mobilities 
had increased by a factor 10 to approximately 10–2 cm2/Vs. 

Finally, the characteristics for a FET that had been re-exposed to air for 10 minutes 
were measured at RT (see Fig. 4.13). 
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Fig. 4.13: n-channel characteristics of 4.16 after re-exposure to air for 10 minutes. 
Width (W) in micrometers. 

 

Clearly the FET behaviour of PCB-F13 dramatically decreased due to exposure to 
ambient air.  

4.4.2 PFP-F17 (4.18) based Field Effect Transistors 
 

The same experiments, as described for PCB-F13, were performed with FET 
devices based on PFP-F13.  

 

Fig. 4.14: n-channel characteristics of 4.18, prepared under high vacuum for 2 
hours and measured at room temperature. Width (W) in micrometers. 

Also in this case the FET characteristics were rather poor. Large hysteresis was 
observed and the mobility was rather low, around 10–3 cm2/Vs. Annealing the 
device at 115 0C resulted in minor improvements. The mobility was increased 
again by one order of magnitude to 10–2 cm2/Vs and the hysteresis had decreased 
somewhat (see Fig. 4.15). 
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Fig. 4.15: n-channel characteristics of 4.18 prepared under vacuum and annealed 
at 115 0C. Width (W) in micrometers. 

 

The devices also showed very poor air-stability as can be seen from the data 
presented in figure 4.16. 

 

Fig. 4.16: n-channel characteristics of 4.18 after exposure to air for 10 minutes. 
Width (W) in micrometers. 

4.4.3 F5-PCBM (4.21) based Field Effect Transitors 
 

The previously reported experiments were also performed using 4.21 as the 
semiconductor. When prepared under high vacuum the devices showed quite 
some hysteresis, comparable to 4.16 and 4.18. However, the mobility was 
significantly higher, approaching 10–2 cm2/Vs. 
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Fig. 4.17: n-channel characteristics of 4.21 prepared under high vacuum and 
measured at RT. Width (W) in micrometers. 

 

Annealing the device increased the device performance just like for 4.16 and 4.18. 
The hysteresis decreased significantly and the mobility was increased by one order 
of magnitude to ~10–1 cm2/Vs, which surpasses the mobility of [60]PCBM. 

 

 

Fig. 4.18: n-channel characteristics of 4.21 after annealing at 115 0C. Width (W) in 
micrometers. 

 

The air-stability of this device, unfortunately, was very poor again as can be seen 
in figure 4.19. 
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Fig. 4.19: n-channel characteristics of 4.21 after exposure to air for 10 minutes. 
Width (W) in micrometers. 

4.5 Conclusions 
The use of fullerenes containing fluorine atoms did not result in air-stable FET 
devices. Apparently, the fluorine atoms do not prevent oxygen and water from 
diffusion into the semiconducting layer. Some promising results were obtained with 
respect to electron mobilities. The mobilities obtained with F5-PCBM (4.21) are 
very promising, already exceeding those of [60]PCBM. Optimization of FET 
devices with this methanofullerene are currently under way. Very promising results 
are being obtained.48 

Air-stable FET devices were obtained using [84]PCBM as the semiconducting 
layer. This air-stability is attributed to the low LUMO level of [84]PCBM. For the first 
time ambipolar transport was observed in a C84 fullerene. The transistors were 
combined with a polymeric p-type device to construct a complementary voltage 
inverter. This inverter was able to operate under ambient conditions, without 
encapsulation, due to the stability of the [84]PCBM semiconducting layer. These 
air-stable complementary inverters respresent a significant breakthrough in the 
search for air-stable molecular electronics. 

4.6 Experimental 

4.6.1 X-ray diffraction measurements 
 

X-ray diffraction measurements have been performed using a PANalytical X’Pert 
PRO MPD θ-θ diffractometer equipped with an X’Celerator scanning, position 
sensitive, solid-state detector.  
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The θ-2θ scan was made using the Bragg-Brentano geometry. A θ-compensating 
slit was used resulting in an irradiated area of 5 × 15 mm throughout the 
measurement. A scanning speed of 60s / 0.05° 2θ was used.  

4.6.2 Field Effect Transistors 
 

Field effect transistors were made using heavily doped Si wafers as the common 
gate electrode with a 200 nm thermally oxidized silica gel layer as the gate 
dielectric. Using conventional photolithography, gold source and drain electrodes 
were defined in a bottom contact configuration. A 10 nm layer of titanium was used 
acting as an adhesion layer for the gold on SiO2. The SiO2 layer was treated with 
the primer hexamethyldisilazane prior to semiconductor deposition in order to 
passivate its surface. Films were drop cast from a 10 mg/ml solution of [84]PCBM 
in chlorobenzene (CB) with substrate temperature maintained at 55 0C in ambient 
conditions. Films were then recrystallized by applying few drops of ODCB on the 
top of the films at the same substrate temperature. Electrical characterization was 
performed using an HP 4156B semiconductor parameter analyzer. Complementary 
voltage inverters where fabricated and tested in ambient conditions. The p-channel 
(MDMO-PPV) and an n-channel ([84]PCBM) transistors were fabricated in two 
separate silicon substrate chips. Films of MDMO-PPV were spun from a 2 mg/ml 
solution in CB. The two devices were then interconnected in a complementary 
configuration (figure 4.9, inset) using coaxial cables. Quasistatic characterisation of 
the inverters was performed using an HP 4156B semiconductor parameter 
analyser while dynamic characterisation was done using a 1 MΩ input impedance 
oscilloscope connected directly to the output node of the inverter circuit. 

4.6.3 Synthesis 
 

General: See paragraph 3.6.2 

 

Phenyl–C61–Butyric Acid 3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluoro-octyl ester (PCB–F13) (4.16):  

A flame dried 500 ml three-necked flask, equiped 
with stirring egg, condensor, thermometer and 
septum, was charged with 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl-5-{(Z)-2-

[(4-methylphenyl)sulfonyl]hydrazono}-5-phenyl-
pentanoate (4.23a) (1.54 g, 2.18 mmol, 1.09 eq.), 
pyridine (30 ml) and KOtBu (271 mg, 2.22 mmol, 

1.11 eq.). This dark brown mixture was stirred for 1 h. Then a solution of C60 (1.44 
g, 2.0 mmol) in ortho-dichlorobenzene (ODCB) (200 ml) was added.  
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The resulting purple mixture was degassed by three N2/vacuum purges and then 
heated to 80 0C with a hotgun and subsequently irradiated with a Na-lamp (400 W). 
After 21 h. the reaction was stopped and the mixture was concentrated in vacuo to 
dryness and then redissolved in CS2. A silica gel column (5 x 30 cm) was prepared 
with toluene. The column was pre-eluted with 125 ml of CS2. Then the reaction 
mixture was deposited and eluted with CS2 obtaining a purple C60 fraction. The C60 
fraction was concentrated in vacuo, redissolved in ODCB and precipitated in 
MeOH. The resulting brown pellet was washed twice with MeOH and dried in 
vacuo at 50 0C. Elution was continued with cyclohexane:toluene (1:1) obtaining two 
brown mono-adduct fractions. The first fraction had a HPLC purity of 100%, the 
second fraction of 93.1%. Therefore the second fraction was columned once more 
with a silica gel column (2.5 x 10 cm) and elution with cyclohexane:toluene (1:1). 
Both now pure mono-adduct fractions were concentrated in vacuo and redissolved 
in ODCB. Precipitation with MeOH resulted in a brown pellet, which was washed 
with MeOH (2x) then dried in vacuo at 50 0C, washed again once with pentane, 
dried in vacuo at 50 0C and washed once more with MeOH yielding a brown pellet 
which was dried in vacuo at 50 0C. The bis-adducts were obtained by elution with 
toluene, precipitation from ODCB with MeOH and washing with MeOH. Yield 
recovered C60: 712 mg (0.99 mmol, 49.4 %). Yield bis-adducts: 62 mg (3.5 10–2 
mmol, 1.8 %). Yield mono-adduct: 687 mg (0.55 mmol, 27.7 %). IR (KBr); ν (cm–1): 
2960 (m), 2329 (m), 1742 (s), 1495 (w), 1464 (w), 1428 (m), 1347 (w), 1237 (s), 
1204 (s), 1145 (s), 1081 (w), 1005 (w), 843 (w), 810 (w), 743 (w), 732 (w), 699 (m), 
652 (w), 586 (w), 573 (w), 559 (w), 550 (w), 526 (s), 480 (w), 424 (w), 408 (w). 1H 
NMR (CDCl3, 200 MHz); δ (ppm): 7.93 (d, J = 7.6 Hz, 2H), 7.58–7.47 (m, 3H), 4.38 
(t, J = 6.6 Hz, 2H), 2.95–2.87 (m, 2H), 2.59–2.46 (m, 4H), 2.23–2.19 (m, 2H). 19F 
NMR (CDCl3, 200 MHz); δ (ppm): –81.9 (t, J = 10.1 Hz, 3F), –114.6 – –114.8 (m, 
2F), –123.0 (br., 2F), –124.0 (br., 2F), –124.7 (br., 2F), –127.2 (br., 2F). 13C NMR 
(CDCl3, 75 MHz); δ (ppm): 171.56, 147.74, 146.73, 144.82, 144.19, 144.16, 
144.05, 143.80, 143.74, 143.67, 143.51, 143.43, 143.01, 142.75, 142.12, 142.04, 
142.01, 141.94, 141.91, 141.20, 141.17, 141.10, 140.00, 139.76, 137.01, 136.57, 
135.66, 131.07, 127.44, 127.28, 78.81, 76.19, 55.38, 50.73, 32.82, 32.61, 29.50 (t, 
J = 20.8 Hz, 1C), 21.18. Elemental Analysis: calcd. for C79H15O2F13: C: 76.34 %, 
Found: C: 75.86 %. Mass m/z: calcd: 1242.97, Found 1242.3. 

 

Phenyl–C61–Butyric Acid 1,1,1-3.3.3 hexafluoro 
isopropanol ester (PCB–F6) (4.17):  

A flame dried 250 ml three-necked flask, equiped with 
stirring egg, condensor, thermometer and septum, was 
charged with 2,2,2-trifluoro-1-(trifluoromethyl)ethyl-5-
(Z)-2-[4(-methylphenyl)sulfonyl] (4.23b) (285 mg, 0.6 
mmol, 1.1 eq.), pyridine (7.5 ml) and KOtBu (66,2 mg, 

0.59 mmol, 1.09 eq.). This light yellow mixture was stirred for 1 h.  
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Then a solution of C60 (390 mg, 0.54 mmol) in ODCB (50 ml) was added. The 
resulting purple mixture was heated to 85 0C with a hotgun and subsequently 
irradiated with a Na-lamp (400 W) reaching a Teq of 103 0C. After 20 h. the reaction 
was stopped and the mixture was concentrated in vacuo to dryness and then 
redissolved in CS2. A silica gel column (5 x 23 cm) was prepared with toluene. The 
column was pre-eluted with 125 ml of CS2. Then the reaction mixture was 
deposited and eluted with CS2 obtaining a purple C60 fraction and a brown mono-
adduct fraction. Since the mono-adduct fraction still contained some C60 a second 
silica gel column (3 x 15 cm) was prepared with toluene. Elution with CS2 resulted 
in a brown mono-adduct fraction with a HPLC purity of 99.7 %. Both the C60 
fraction from the first column and the mono-adduct fraction were concentrated in 
vacuo to dryness and redissolved in a minimal amount of ODCB. This was then 
transferred to a centrifugal tube and both the C60 and the mono-adduct were 
precipitated with MeOH, washed twice with MeOH and once with n-pentane. The 
resulting brown pellets were dried in vacuo at 50 0C overnight. The next day they 
were washed once more with methanol and dried again in vacuo at 50 0C. Yield 
recovered C60: 155 mg (0.22 mmol, 40 %). Yield mono-adduct: 73.7 mg (0.07 
mmol, 13 %). IR (KBr); ν (cm–1): 3026 (w), 2961 (m), 2926 (m), 2329 (m), 1781 (s), 
1601 (w), 1540 (w), 1495 (w), 1463 (w), 1428 (s), 1385 (m), 1356 (s), 1289 (w), 
1265 (s), 1228 (s), 1200 (w), 1110 (s), 1026 (w), 988 (w), 924 (m), 906 (m), 797 
(w), 755 (w), 731 (w), 698 (m), 585 (m), 573 (m), 527 (s), 481 (w). 1H NMR (CDCl3, 
200 MHz); δ (ppm): 7.93 (dd, J = 6.4 Hz, 2.0 Hz, 2H), 7.61–7.49 (m, 3H), 5.78 
(quintet, J = 6.1 Hz, 1H), 2.97–2.67 (m, 2H), 2.72 (t, J = 7.3 Hz, 2H), 2.33 – 2.21 
(m, 2H). 19F NMR (CDCl3, 200 MHz); δ (ppm): –74.5 (d, J = 5.6 Hz, 6F). 13C NMR 
(CDCl3, 100 MHz); δ (ppm): 169.28, 148.11, 146.98, 145.28, 144.71, 144.68, 
144.56, 144.51, 144.31, 144.25, 144.18, 144.03, 143.97, 143.54, 143.26, 142.64, 
142.56, 142.52, 142.45, 142.43, 141.72, 141.66, 141.63, 140.55, 140.27, 137.55, 
137.10, 135.95, 131.54, 128.04, 127.92, 79.12, 66.35 – 65.66 (m, 1C), 50.90, 
32.88, 32.51, 21.39. Mass m/z: calcd: 1046.90, Found: 1047.6 

 

4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecyloxy)phenyl 
fulleropyrolidine (PFP–17) (4.18):  

A 250 ml round flask was charged with C60 (1.255 
g, 1.74 mmol, 2 eq.), sarcosine (385 mg, 4.32 
mmol, 5 eq) and 

4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecyloxy)benzaldehyde (0.5 g, 0.859 mmol). Chlorobenzene 
(150 ml) was added and the mixture was brought to reflux in the dark. The reaction 
was stopped after 20 h. and the mixture was concentrated to dryness in vacuo. All 
was redissolved in CS2. A silica gel column (6 x 30 cm)  was prepared with toluene. 
Elution with CS2 yielded unreacted C60. Elution was continued with 
cyclohexane:toluene (1:1) to obtain the mono adduct. Work up C60: The C60 
fraction was concentrated in vacuo, redissolved in ODCB and precipitated with 
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MeOH resulting in a brown pellet. This was then washed with MeOH (2x) and 
pentane (1x). The resulting brown pellet was dried in vacuo at 50 0C. Then washed 
once more with MeOH and dried in vacuo at 50 0C. Work up mono-adduct: The 
mono adduct fraction was concentrated in vacuo, redissolved in ODCB and 
precipitated with MeOH resulting in a brown pellet, which was washed twice with 
MeOH. Drying in vacuo at 50 0C yielded a brown powder, which was washed once 
with MeOH and dried in vacuo at 50 0C. Yield recovered C60: 736 mg (1.02 mmol, 
59 %). Yield mono-adduct: 366 mg (0.275 mmol, 32 %). IR (KBr): ν (cm—1): 3425 
(s), 2782 (w), 1611 (w), 1512 (w), 1463 (w), 1428 (w), 1332 (w), 1244 (s), 1211 (s), 
1151 (s), 1030 (w), 842 (w), 832 (w), 788 (w), 766 (w), 737 (w), 704 (w), 656 (w), 
574 (w), 553 (w), 527 (s). 1H NMR (CDCl3, 300 MHz): δ (ppm): 7.71 (br. 2H), 6.94 
(d, J = 8.4 Hz, 2H), 4.98 (d, J = 9.5 Hz, 1H), 4.89 (s, 1H), 4.05 (t, J = 5.5 Hz, 2H), 
2.79 (s, 3H), 2.34–2.29 (m, 2H), 2.12–2.07 (m, 2H). 19F NMR (CDCl3, 200 MHz); δ 
(ppm): -82.0 (t, J = 10.1 Hz, 3F), -115.5 (br., 2F), -123.0 (br., 6F), -123.8 (br., 2F), -
124.5 (br., 2F), -127.2 (br., 2F). 13C NMR (CDCl3, 75 MHz); δ (ppm): 157.56, 
155.34, 153.08, 152.57, 146.30, 145.76, 145.49, 145.29, 145.19, 145.11, 144.94, 
144.76, 144.53, 144.45, 144.30, 144.27, 144.22, 143.69, 143.58, 143.37, 142.14, 
141.97, 141.67, 141.55, 141.25, 141.15, 141.12, 141.08, 141.02, 140.95, 140.78, 
140.68, 140.52, 139.16, 139.13, 138.88, 138.53, 135.79, 135.50, 134.80, 134.72, 
129.55, 128.36, 113.46, 82.11, 76.30, 76.20, 68.97, 67.95, 65.20, 38.97, 27.00 (t, J 
= 23.2 Hz, 1C), 19.60.  Elemental Analysis: calcd. for C80H16ONF17: C: 72.25 %, N: 
1.05 %, Found: C: 71.98 %, N: 1.18 %. Mass m/z: calcd: 1329.99, Found: 1330.3. 

 

1-phenyl-1-[60]fullerene–4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,- 
11,11-heptadeca-fluoroundecane (PCB–F17) (4.19):  

A 100 ml flame-dried three-necked flask, equiped with 
condensor, stirring egg, N2-inlet and thermometer, was 
charged with 1-phenyl-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecane-1-tosylhydrazone (4.28) (367 mg, 
0.51 mmol, 1.02 eq.), Sodium methoxide (30 mg, 0.55 mmol, 
1.1 eq.) and pyridine (7.5 ml). The resulting suspension was 

stirred at RT for 1 hour. Then a solution of C60 (360 mg, 0.5 mmol) in ODCB (50 ml) 
was added. The resulting mixture was degassed with three N2 / vacuum purges. 
The reaction mixture was heated to 80 0C with a hotgun and irradiation with a 150 
W Na-lamp was started. After 4 hours the mixture was allowed to cool to RT under 
illumination. The reaction mixture was concentrated in vacuo to dryness. The 
resulting black solid was redissolved in CS2. A silica gel column (2,5 x 35 cm) was 
prepared with toluene. Elution with CS2 gave enriched product/C60 fractions. The 
enriched fractions were collected and redissolved in CS2 (200 ml). Precipitation 
with THF (400 ml) was attempted without success. The entire mixture was 
concentrated in vacuo and redissolved in ODCB (25 ml). Addtion of THF (50 ml) 
resulted in precipitation.  
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The entire mixture was transferred to a 100 ml centrifugal tube and centrifuged for 
20 min. A brown pellet and a dark brown supernatant were obtained. The 
supernatant consists of enriched product/C60 (HPLC: 73/17, and 7% bis-adducts) 
and the pellet of enriched C60 (HPLC: 31/69). The supernatant was concentrated in 
vacuo and redissolved in ODCB (10 ml). Precipitation with THF (30 ml) and 
centrifugation gave a brown pellet (49% mono, 51% C60) and a dark brown 
supernatant (70 % mono, 12% bis, 15% C60). The supernatant was concentrated in 
vacuo and THF (50 ml) was added. This suspension was stirred overnight and then 
centrifuged obtaining a dark supernatant (3% C60, 64% mono, rest is bis and 
solvent peaks). This supernatant was purified by column chromatography (2 times) 
with CS2 as the eluent. All the pellets were combined and stirred overnight in THF 
and centrifuged (78% mono, 12% C60). The supernatant was concentrated in 
vacuo and purified by column chromatography with CS2 as the eluent. The purest 
fractions (97%) were combined and concentrated in vacuo. These fractions were 
combined with the previous almost pure fractions and purified by column 
chromatography (silica gel  2.5 x 25 cm) with CS2 as the eluent. Yielding 92.6 mg 
mono-adduct (7.4 10—2 mmol, 14.7 %). HPLC purity 98.8 %. IR (KBr) = ν (cm–1): 
1450 (m), 1428 (m), 1240 (s), 1207 (s), 1148 (s), 1134 (m), 1116 (m), 1022 (m), 
764 (w), 742 (w), 733 (w), 721 (w), 700 (m), 655 (m), 586 (m), 572 (m), 559 (m), 
550 (m), 528 (s).1H NMR (CDCl3, 300 MHz); δ(ppm): 7.92 (d, J = 7.3 Hz, 2H), 
7.61—7.52 (m, 3H), 3.23—3.17 (m, 2H), 2.64—2.59 (m, 2H). 19F NMR (CDCl3, 200 
MHz); δ (ppm): -81.93 (t, J = 10.1 Hz, 3F), -114.63 (m, 2F), -122.96 (m, 6F), -
123.87 (m, 4F), -127.20 (m, 2F). 13C NMR (CDCl3, 75 MHz); δ(ppm): 147.17, 
145.71, 144.63, 144.22, 144.09, 143.88, 143.82, 143.72, 143.58, 143.53, 143.11, 
142.73, 142.07, 141.97, 141.26, 141.12, 141.08, 140.13, 139.79, 137.15, 136.67, 
134.64, 130.89, 127.80, 127.77, 78.16, 76.19, 48.84, 27.80 (t, J = 23 Hz, 1C), 
24.61. Elemental Analysis: calcd. for C77H9F17: C: 73.58 %. Found: 72.44 %. Mass 
m/z: calcd: 1256.89, Found: 1256.6 

 

Phenyl-C61-butyric acid 2,2,2-trifluoroethanol ester 
(PCB–F3) (4.20):  

A flame dried 3-necked flask equiped with stirring egg, 
condensor, thermometer and septum was charged with 
2,2,2-trifluoroethyl-5-{(Z)-2-[(4-methylphenyl) sulfonyl] 
hydrazono} -5-phenyl-pentanoate (4.22c) (491 mg, 1.1 
mmol, 1.1 eq), KOtBu (122.4 mg, 1.09 mmol, 1.09 eq.) 

and dry pyridine (15 ml). This yellowish solution was stirred for 45 min. Then C60 
(720 mg, 1 mmol) in ODCB (100 ml), which was sonicated for 2 h, was added. The 
resulting purple solution was heated to 80 0C with a hotgun. Irradiation was started 
with a 400 Na lamp. Teq ~ 85 0C. After 2 h, reaction was complete and the mixture 
was concentrated to 1/3 rd volume. A silica gel column was prepared (6 x 40 cm) 
with toluene. Elution with CS2 yielded unreacted C60 and elution was continued with 
cyclohexane:toluene (1:1) mono-adduct. The mono-adduct fractions were 
concentrated to dryness. The resulting solid was redissolved in a minimal amount 
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of ODCB and precipitated with MeOH. Centrifugation yielded a brown pellet. The 
supernatant was decanted. The pellet was then washed twice with MeOH and 
once with pentane. The resulting pellet was dried in vacuo at 50 0C overnight and 
then washed once more with MeOH. The obtained pellet was dried in vacuo at 50 
0C. Yield: 378 mg (0.386 mmol, 38,6 %). IR (KBr); ν (cm–1): 3425 (w), 2961 (w), 
1759 (s), 1494 (w), 1434 (w), 1446 (w), 1428 (w), 1410 (w), 1281 (s), 1168 (s), 
1142 (s), 1076 (w), 1026 (w), 976 (w), 841 (w), 755 (w), 742 (w), 731 (w), 715 (w), 
699 (w), 586 (w), 573 (w), 550 (w), 527 (s), 480 (w), 443 (w), 424 (w), 417 (w), 407 
(w). 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.95–7.91 (m, 2H), 7.60–7.48 (m, 3H), 
4.47 (q, J = 8.5 Hz, 2H), 2.97–2.89 (m, 2H), 2.64 (t, J = 7.3 Hz, 2H), 2.26–2.18 (m, 
2H). 13C NMR (CDCl3, 100 MHz); δ (ppm): 170.40, 147.68, 146.63, 144.80, 144.19, 
144.16, 144.03, 143.78, 143.74, 143.66, 143.51, 143.44, 143.01, 142.75, 142.12, 
142.04, 141.99, 141.92, 141.20, 141.15, 141.11, 140.01, 139.74, 137.02, 136.57, 
135.56, 131.06, 123.26, 120.50, 78.71, 59.31 (m, 1C), 50.60, 32.49, 32.36, 21.05. 
19F NMR (CDCl3, 200 MHz); δ (ppm): –74.94 (t, J = 9.1 Hz, 3F).  HPLC purity: 99,8 
%. Elemental Analysis: calcd. for C73H14O2F3: C: 89.57 %, Found: C: 88.91 %. 
Mass m/z: calcd: 979.91, Found: 978.7 

 

5-Oxo-5-phenyl-pentanoic acid 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl ester 
(4.22a):  

1H,1H,2H,2H-perfluoro-1-octanol (4 g, 11 mmol) was dissolved in toluene (20 ml). 
Added was benzoyl butyric acid (2.11 g, 11 mmol) and two drops of concentrated 
sulfuric acid. The solution was refluxed using a Dean-Stark setup for 17 h. The 
resulting yellow solution was dissolved in ethyl acetate (25 ml) and washed with 10 
% NaHCO3 solution (2 x 25 ml). The obtained organic layer was then washed with 
water (3  x 50 ml), dried over Na2SO4 and concentrated in vacuo to 15 ml volume. 
A silica gel column (2 x 20 cm) was prepared with toluene. The mixture was 
deposited and eluted with toluene:EtOAc (up to 5 % EtOAc). A yellow oil was 
obtained, which crystallized upon standing into an off-white wax-like solid. (5.01 g, 
9.31 mmol, 85 %). IR (KBr): ν (cm—1): 3057 (w), 2970 (s), 2911 (m), 1740 (s), 1676 
(s), 1599 (m), 1581 (m), 1475 (m), 1415 (m), 1402 (m), 1380 (m), 1367 (m), 1320 
(m), 1283 (s), 1235 (s), 1207 (s), 1145 (s), 1089 (s), 1001 (w), 940 (w), 895 (w), 
843 (w), 809 (w), 781 (w), 771 (w), 736 (s), 696 (s), 652 (w), 567 (w), 533 (w). 1H 
NMR (CDCl3, 200 MHz); δ (ppm): 7.98–7.93 (m, 2H), 7.60–7.41 (m, 3H), 4.39 (t, J 
= 6.6 Hz, 2H), 3.06 (t, J = 7.1 Hz, 2H0, 2.59–2.35 (m, 4H), 2.15–2.01 (m, 2H). 13C 
NMR (CDCl3, 50 MHz); δ (ppm): 198.19, 171.84, 135.74, 132.13, 127.60, 126.97, 
55.26, 36.24, 29.46 (t, J = 21.4 Hz, 1C), 18.08. 19F NMR (CDCl3, 200 MHz); δ 
(ppm): -82.03 (t, J = 10.1 Hz, 3F), -114.75 – -114.92 (m, 2F), -123.06 (br, 2F), -
124.03 – -124.77 (m, 2F), -127.21 – -127.36 (m, 2F). HRMS calcd. for C19H15O3F15: 
538.08131 Found: 538.08296. 
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5-Oxo-5-phenyl-pentanoic acid 2,2,2-trifluoro-1-
trifluoro methyl-ethyl ester (4.22b):  

Benzoylbutyric acid (2.4 g, 12,5 mmol) was dissolved in 
1,1,1-3,3,3-hexafluoro-isopropanol (30 ml), two drops of 

concentrated sulfuric acid were added and the resulting solution was refluxed for 
48 h. The crude reaction mixture was purified by column chromatography (silica gel 
2 x 20 cm). Elution was carried out with toluene : EtOAc (9:1). Two fractions were 
obtained. The second fraction was purified by column chromatography again over 
a small silica gel column (2 x 5 cm) with toluene as the eluent. Both fractions were 
now combined and concentrated in vacuo yielding an off-white wax like solid (2.37 
g, 6.9 mmol, 55.4 %). IR (KBr) = ν (cm—1): 3066 (m), 2970 (m), 2946 (m), 2916 (m), 
1773 (s), 1677 (s), 1641 (w), 1597 (m), 1581 (m), 1449 (m), 1412 (s), 1385 (s), 
1355 (m), 1321 (m), 1272 (s), 1204 (s), 1175 (m), 1163 (m), 1134 (s), 1107 (s), 
1062 (m), 1050 (m), 1001 (w), 980 (w), 934 (m), 907 (m), 864 (m), 773 (m), 745 
(m), 734 (m), 691 (s), 661 (w), 578 (w), 531 (w), 481 (w). 1H NMR (CDCl3, 300 
MHz); δ (ppm): 7.95 (d, J = 8.4 Hz, 2H), 7.58 (t, J = 7.7 Hz, 1H), 7.47 (t, J = 8.1 Hz, 
2H), 5.79 (t, J = 6.2 Hz, 1H), 3.08 (t, J = 7.0 Hz, 2H), 2.68 (t, J = 7.3 Hz, 2H), 2.20 
– 2.13 (m, 2H). 13C NMR (CDCl3, 50 MHz); δ (ppm): 197.16, 168.52, 135.10, 
131.77, 127.16, 126.43, 121.73, 65.59, 64.90, 35.24, 30.88, 17.31. 19F NMR 
(CDCl3, 200 MHz); δ (ppm): –74.60 (d, J = 6.8 Hz, 6F). HRMS calcd. for 
C14H12O3F6 : 342.06903 Found: 342.06741 

 

5-Oxo-5-phenyl-pentanoic acid 2,2,2-trifluoro-ethyl 
ester (4.22c):  

Benzoylbutyric acid (2.5 g, 13 mmol) was dissolved in 
2,2,2-trifluoroethanol (23 ml), two drops of concentrated sulfuric acid were added 
and the resulting solution was refluxed for 48 h. The crude reaction mixture was 
purified by column chromatography (silica gel 2 x 20 cm). Elution was carried out 
with toluene : EtOAc (9:1). A clear oil was obtained, which solidified upon standing. 
(2.76 g, 10.07 mmol, 77.5 %). IR (KBr) = ν (cm—1): 2977 (s), 2947 (m), 2921 (m), 
2905 (w), 1755 (s), 1676 (s), 1597 (m), 1580 (m), 1449 (s), 1413 (s), 1385 (s), 
1320 (m), 1288 (s), 1210 (m), 1178 (s), 1150 (s)m 1089 (m), 1063 (m), 1052 (m), 
1033 (m), 968 (s), 942 (m), 921 (m), 845 (m), 772 (m), 736 (s), 696 (m), 659 (m), 
640 (m), 572 (w).  1H NMR (CDCl3, 300 MHz); δ (ppm): 7.96 (d, J = 7.7 Hz, 2H), 
7.57 (t, J = 7.3 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 4.48 (quartet, J = 8.4 Hz, 2H), 3.07 
(t, J = 7.0 Hz, 2H), 2.57 (t, J = 7.0 Hz, 2H), 2.12 (quintet, J = 7.0 Hz, 2H). 13C NMR 
(CDCl3, 50 MHz); δ (ppm): 197.97, 170.60, 150.00, 135.70, 132.15, 127.60, 
126.96, 59.92, 59.44, 58.95, 36.05, 31.70, 17.99. 19F NMR (CDCl3, 200 MHz); δ 
(ppm): –75.11 (t, J = 7.9 Hz, 3F). HRMS calcd. for C13H13O3F3: 274.08165 Found: 
274.08242. 
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5-Oxo-5-phenyl-pentanoic acid 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl ester p-
tosyl hydrazone (4.23a): 

Compound 4.22a (3 g, 5.58 mmol) and p-
tosylhydrazide (1.25 g, 6.7 mmol, 1.2 eq.) were 
dissolved in methanol (35 ml). The resulting solution 
was refluxed for 10 h. and then placed in the freezer. 
Product crystallized as a white powder consisting of 

two isomers in a 4:1 (Z:E) ratio (3.46 g, 4.9 mmol, 88%). IR (KBr): ν (cm–1): 3186 
(s), 2977 (m), 1734 (m), 1712 (s), 1600 (w), 1471 (w), 1445 (w), 1402 (m), 1364 
(m), 1346 (m), 1289 (m), 1231 (s), 1202 (s), 1167 (s), 1143 (s), 1121 (s), 1081 (m), 
1046 (m), 1020 (m), 992 (w), 930 (m), 879 (w), 839 (w), 811 (w), 770 (w), 752 (w), 
732 (w), 697 (w), 671 (w), 582 (w), 548 (w), 527 (w). Major Z-isomer: 1H NMR 
(CDCl3, 200 MHz); δ (ppm): 9.0 (s, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.67–7.61 (m, 
2H), 7.45–7.05 (m, 5H), 4.49 (t, J = 6.4 Hz, 2H), 2.67–2.26 (m, 9H), 1.80–1.64 (m, 
2H). 13C NMR (CDCl3, 50 MHz); δ (ppm): 172.96, 152.57, 142.81, 135.05, 128.96, 
128.67, 128.54, 128.48, 127.44, 126.92, 125.64, 125.17, 56.07, 36.05, 31.11, 
29.81, 29.38, 28.96, 24.70, 20.55, 19.69. 19F NMR (CDCl3, 200 MHz); δ (ppm): -
81.99 (t, J = 10.1 Hz, 3F), -114.69 – -114.85 (m, 2F), -123.01 (br. s, 2F), -124.02 
(br. s, 2F), -124.69 (br. s, 2F), -127.28 (br. s, 2F). HRMS calcd. for 
C26H23O4F13SN2: 706.1170 Found: 706.1156. 

 

5-Oxo-5-phenyl-pentanoic acid 2,2,2-trifluoro-1-
trifluoro methyl-ethyl ester p-tosylhydrazone 
(4.23b):  

5-Oxo-5-phenyl-pentanoic acid 2,2,2-trifluoro-1-trifluoro 
methyl-ethyl ester (4.22b) (1.0 g, 2.92 mmol) was 
dissolved in methanol (17 ml). p-Tosylhydrazide (663 
mg, 3.51 mmol, 1.2 eq.) was added and the resulting 
mixture was refluxed for 18 h. After cooling to RT 

crystallization commenced and the mixture was put in the refrigerator yielding white 
powder. Combined yield: 1.162 g (2.28 mmol, 78%). IR (KBr); ν (cm–1): 3235 (s), 
2975 (m), 1775 (s), 1599 (m), 1482 (m), 1445 (m), 1404 (m), 1387 (m), 1352 (m), 
1337 (m), 1316 (m), 1304 (m), 1275 (s), 1257 (s), 1238 (s), 1193 (s), 1166 (s), 
1129 (s), 1107 (s), 1086 (m), 1059 (m), 1028 (m), 978 (m), 937 (m), 907 (w), 860 
(w), 815 (w), 781 (w), 763 (w), 745 (w), 962 (m), 674 (m), 617 (w), 590 (w), 557 
(w), 529 (w). 1H NMR (DMSO, 200 MHz); δ (ppm): 10.70 (br.s, 1H), 7.75 (d, J = 8.1 
Hz, 2H), 7.60 – 7.56 (m, 2H), 7.39–7.32 (m, 5H), 6.77 (quintet, J = 6.1 Hz, 1H), 
2.68–2.61 (m, 4H), 2.33 (s, 3H), 1.63–1.56 (m, 2H). 19F NMR (DMSO, 200 MHz); δ 
(ppm): –73.75 (d, J = 5.6 Hz, 6F). 13C NMR (DMSO, 50 MHz); δ (ppm): 168.69, 
153.44, 142.34, 135.11, 135.07, 128.47, 128.39, 127.42, 126.35, 124.94, 122.44, 
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116.84, 64.8 (m, 1C), 30.97, 24.53, 19.92, 19.67. HRMS calcd. for C21H20O4N2SF6: 
510.10475, Found: 510.10463. 

 

5-Oxo-5-phenyl-pentanoic acid 2,2,2-trifluoro-ethyl 
ester p-tosylhydrazone (4.23c):  

5-Oxo-5-phenyl-pentanoic acid 2,2,2-trifluoroethyl ester 
(4.22c) (822 mg, 3.0 mmol) was dissolved in methanol 
(17 ml). p-tosylhydrazide (670 mg, 3.6 mmol, 1.2 eq.) 
was added and the resulting mixture was refluxed for 
18 h. After cooling to RT no crystallization commenced. 
The mixture was concentrated to 2/3 rd volume and put 

in the refrigerator yielding white crystals. Combined yield: 1.12 g (2.53 mmol, 
84.5%). IR (KBr); ν (cm–1): 3219 (s), 2966 (m), 1755 (s), 1598 (w), 1483 (w), 1450 
(w), 1416 (m), 1385 (m), 1353 (m), 1329 (m), 1306 (m), 1282 (s), 1250 (m), 1162 
(s), 1085 (m), 1061 (m), 1025 (m), 978 (m), 940 (m), 855 (m), 816 (m), 786 (m), 
771 (m), 700 (m), 672 (m), 637 (m), 624 (m), 615 (m), 571 (m), 551 (m), 528 (w). 
1H NMR (DMSO, 200 MHz); δ (ppm): 10.68 (br.s, 1H), 7.75 (d, J = 8.1 Hz, 2H), 
7.60–7.56 (m, 2H), 7.39–7.31 (m, 5H), 4.70 (quartet, J = 9.0 Hz, 2H), 2.69–2.62 
(m, 2H), 2.47–2.45 (m, 2H), 2.33 (s, 3H), 1.57 (m, 2H). 19F NMR (DMSO, 200 
MHz); δ (ppm): –73.65 (t, J = 9.1 Hz, 3F). 13C NMR (DMSO, 50 MHz); δ (ppm): 
170.13, 153.72, 142.33, 135.14, 128.47, 128.35, 127.42, 126.37, 125.23, 124.97, 
119.71, 58.63 (quartet, J = 35.1 Hz, 1C), 31.33, 24.60, 19.93, 19.84. HRMS calcd. 
for C20H21O4N2SF3: 442.11738, Found: 442.11643. 

 

4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoro-
phenyl-undecan-1-one (4.27):  

A 250 ml three-necked flask equiped with stirring egg, 
thermometer, condensor (with CaCl2 tube) and dropping funnel, was charged with 
AlCl3 (1.38 g, 10.35 mmol, 2.6 eq.) and 10 ml benzene (a.g.). The orange 
suspension was cooled to 0 0C with ice and stirred for 1 h. Then 
4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-undecanoyl chloride (2.0 g, 
3.92 mmol) in benzene (25 ml) was dropped to the solution. Heat and HCl gas 
formation was observed. The mixture was allowed to warm up to RT and was 
stirred for 20 h. The resulting black mixture was poored onto ice/water and CHCl3 
(50 ml) was added. After all the ice had molten, 25 ml of water and three drops of 
HCl were added to dissolve all salts. The layers were separated and the aqeous 
layer was extracted with CHCl3 (2 x 50 ml). The combined organic (orange) layers 
were washed with water (1 x 50 ml) and brine (2 x 50 ml), dried over Na2SO4 and 
concentrated in vacuo yielding a light orange solid (2.45 g). A silica gel column (2 x 
10 cm) was prepared with petroleum ether (40:60). Mixture was deposited in CHCl3 
and eluted with EtOAc: petroleum ether (40:60) 1:4. An off-white solid was 
obtained, but not completely pure.  
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A second silica gel column (2 x 15 cm) with CHCl3. Solid was deposited and eluted 
with chloroform, obtaining a white powder: 2.14 g (3.88 mmol, 99%). IR (KBr) = ν 
(cm—1): 3091 (w), 3064 (w), 2965 (w), 2925 (w), 1686 (s), 1649 (w), 1599 (m), 1583 
(m), 1450 (s), 1436 (s), 1424 (m), 1372 (m), 1337 (s), 1302 (s), 1202 (s), 1146 (s), 
1116 (s), 1099 (s), 1077 (m), 1059 (m), 1001 (s), 979 (s), 953 (m), 926 (m), 873 
(w), 853 (w), 800 (w), 744 (s), 721 (w), 705 (s), 689 (s), 658 (s), 620 (w), 576 (m), 
560 (m), 530 (m), 478 (w).  1H NMR (CDCl3, 200 MHz); δ (ppm): 8.0 – 7.97 (m, 
2H), 7.65–7.45 (m, 3H), 3.36–3.28 (m, 2H), 2.75–2.48 (m, 2H). 19F NMR (CDCl3, 
200 MHz); δ (ppm): –82.03 (t, J = 10.1 Hz, 3F), –115.2 – –115.39 (m, 2F), –123.02 
(br., 6F), –123.86 (br., 2F), –124.55 (br., 2F), –127.24 (br., 2F). 13C NMR (CDCl3, 
50 MHz); δ (ppm): 195.44, 132.65, 127.78, 127.02, 28.51, 24.53. HRMS calcd. for 
C17H8OF17: 551.0303, Found: 551.0294. 

 

1-Phenyl-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecane-1-tosylhydrazone (4.28): 

To a solution of 4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoro-phenyl-undecan-1-one (4.27) (1.1 g, 2.0 
mmol) in toluene (25ml) was added p-tosylhydrazide (447 mg, 
2.4 mmol, 1.2 eq) and a spatula tip of p-toluenesulfonic acid. 
The mixture was refluxed under Dean-Stark conditions for 19h 
obtaining a light yellow suspension. The suspension was 

placed in the refrigerator allowing crystallization to take place. After filtration a 
white powder (1.06 g) was obtained which was dried on air. The thus obtained 
powder was recrystallized from methanol. The obtained solid however was not 
completely pure. Therefore a silica gel column was prepared with chloroform. A 
sticky white solid was obtained (710 mg, 0.98 mmol, 49%). 1H NMR (DMSO-d6, 
200 MHz); δ (ppm): 10.88 (s, 1H), 7.78 (d, J = 8.1Hz, 2H), 7.55 – 7.52 (m, 2H), 
7.41 – 7.35 (m, 5H), 3.04–2.96 (m, 2H), 2.35 (br., 5H). 19F NMR (DMSO-d6, 200 
MHz); δ (ppm): –81.59 (t, J = 9.0 Hz, 3F), –115.15 (br., 2F), –122.90 (br., 6F), –
123.72 (br., 2F), –124.12 (br., 2F), –126.94 (br., 2F). HRMS calcd. for 
C24H17O2N2SF17: 720.0739, Found: 720.0751. 
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