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Chapter 5
Stability of doped fullerene derivatives: intro-

ducing a fullerene derivative with good stability
under electrical and thermal stress

Summary

In this chapter, we study the stability of the electrical conductivity of doped fullerene
derivative films using host molecules with different side chain lengths or polarities
and tetrabutylammonium fluoride (TBAF) as the dopant. The fullerene derivatives
with polar ethylene glycol (EG) side chains exhibit higher conductivity and better sta-
bility under thermal stress when doped than those with acetylene moieties in their
side chains or PCBM. By decreasing the length of the EG side chain, the stability of
the fullerene derivatives under the application of bias voltage was enhanced by an
order of magnitude.
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5.1 Introduction

Doping has been used extensively to increase the conductivity and improve charge col-
lection in a wide range of organic electronic devices, such as organic thermoelectrics,[1,
2] organic light emitting diodes (OLEDs),[3–5] organic field effect transistors (OFETs),[6,
7] and organic/hybrid photovoltaics.[8–14] The development of n-doped solution pro-
cessed organic films has been challenging, because of the low doping efficiency and the
small electron affinities of the materials, which result in poor air stability [15] and lower
conductivities, compared to their p-type counterparts. Since the long term operation of
electronic devices is influenced by the stability of all the components in the device, it
is important to ensure that the doped charge transport layers (both n-type and p-type)
also remain stable. However, maintaining the stability of the n-doped layers themselves,
is already a complex task, which becomes further complicated in working devices with
several layers and interfaces.

In general, three main factors determine the stability of doped organic layers under
operating conditions: stability under bias stress, stability under thermal stress, and sta-
bility in air. Air stability, in particular, has been a major challenge for n-doped organic
films because of the low ionization energy of n-type organic semiconductors.[15, 16] A
growing body of research has been devoted to improving the air stability of n-doped or-
ganic semiconductor films through various methods. For instance, organic molecules
have been encapsulated in carbon nanotubes which improved the stability in air.[17]
Incorporating reduced graphene oxide into PCBM electron transport layers (ETLs) has
also shown promise in planar inverted perovskite solar cells, allowing for an almost un-
changed open-circuit voltage after more than 100 h of continuous light soaking under
ambient conditions.[18] The high performance was attributed to an improved stabiliza-
tionof theETL/perovskite interfaceagainstphotodegradation.[18]Newair stablen-dopants
basedon1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (DMBI)derivativeshave
also been developed and used in charge transport layers of perovskite solar cells,[12]
OLEDs,[19] and organic thin film transistors (OTFTs).[20] Recently, novel organic n-type
semiconductors with a diradicaloid structure have shown to exhibit self doping effects
and high electrical conductivities (0.29 and 0.34 S cm-1).[21, 22] In proof of concept de-
vices, the conductivity of these single component n-typematerials showed a remarkable
stability after exposure to air for over 260 hours.[21] Furthermore, the addition of a nickel
chelate stabilizer into the active layer of organic photovoltaic devices can retard the short
circuit current loss in air by suppressing photooxidaton in the film.[23]

It has been shown by our group that fullerene derivatives with polar EG side chains,
have good miscibility with (polar) dopants and can show high molecular order in the
blend. This leads to improved stability in air and n-doping efficiency, compared to other
fullerene derivatives with alkyl side chains.[24–27]

Despite these examples of n-dopedfilms that show relative stability in air, fully air sta-
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ble films remain elusive. However, stability towards processing in the ambient is possibly
less demanding andmay provide a complementary route towards cost-effective fabrica-
tion of thin-films while maintaining device performance.

In addition to stability towards processing in ambient air, the stability of doped or-
ganic devices under electrical and thermal stress is of equal importance for many prac-
tical applications. However, there are only handful of reports to address this issue. For
example, Müller and co-workers have demonstrated reversible drift of dopant ions in
polymerfilmsuponapplicationof anelectrical field leading to the formationofde-doped
regions, which causes device destabilization.[28] In order to prevent dopant drift, Reiser
and co-workers reported amethod for in-situ generation of covalent bonds between the
host and the dopant molecules using UV illumination.[29] The study also revealed that
the formation of covalent bonds between the PCBM host and dopant makes the film
more thermally stable when approaching the desorption temperature of PCBM.[29] Li
and co-workers have shown that polar EG side chains in conjugated polymers can orient
around charged dopant molecules and thus improve stability under thermal stress.[30]

In this chapter, we investigate the stability of a variety of fullerene derivatives doped
with a fixed amount of the organic salt tetrabutylammoniumfluoride (TBAF) under elec-
trical and thermal stress. A series of fullerene derivatives with EG side chains of different
lengths are tested to find the relationship between the length of the polar side chain and
the stability of the doped films. Furthermore, we explore the stability of n-doped films
of fullerene derivatives with other side chains, e.g., including alkyne bonds. We find that
the fullerene derivative with a short EG polar side chain, PDEG-1, provides good electri-
cal conductivitywhich ismaintained under prolonged bias voltage andheat stress. Films
of this fullerene derivative can even be processed in ambient conditions without major
loss of performance, which is promising for the optimization of optoelectronic devices.

5.2 Results and discussion

We determined the influence of the fullerene derivative side chain on the stability of
n-doped films under bias voltage stress, thermal stress, and when spin-casting in air.
Two sets of n-doped devices were fabricated. In one set, consisting of PDEG-1, PTEG-1,
PTeEG-1, and PPEG-1, the EG side chain length of the host molecule is varied. The other
set consists of F2Mwith twoacetylenemoieties, F2Dwith twodiacetylenemoieties in the
side chains, PTEG-2 with two EG side chains, and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM). The chemical structures of themolecules studied are displayed in Fig. 5.1.

The host molecules were blended with 20 mol% of TBAF to allow for n-doping, fol-
lowedby spin-casting the solutionsonto ann-doped silicon substratewith a 230nmther-
mally deposited oxide layer and lithographically patterned interdigitated Au electrodes.
The channel lengths, channelwidths and thicknesses of all the deviceswere 5µm, 10mm
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Figure 5.1: Chemical structure of the host molecules used in this study.

and 40 nm, respectively. Prior to themeasurements, each device was annealed at 120 ◦C

for an hour.
In order to test the stability under bias voltage stress, wemonitored the changes in the

electrical current over time while applying a constant bias voltage. Several bias voltages
were tested, and finally the electric field was set to 6Vµm−1 to ensure a large enough
electrical force to overcome the Coulombic interactions within the film and causemove-
ment of the ionic species, i.e., the dopant ions.[28] The ionicmovement destabilizes part
of the film and causes a current decay over time.[28]

Fig. 5.2 displays the current decay over time of the doped fullerene derivatives with
varying lengths of ethylene glycol (EG) side chains under continuous bias stress. It ap-
pears that the fullerene derivatives with longer EG side chain or with double side chains
show faster current decay. A recent study indicates that the ionic dopant mainly resides
in the plane of the polar side chains.[1] Poly(ethylene glycol), poly(ethylene carbonate),
and poly(ethylene oxide) are materials known for ionic conduction.[31–35] It is likely
that the ionized dopant mainly drifts through the EG phase formed by interactions of
the polar side chains. As such, the longer EG side chains or double side chains are ex-
pected to form wider pathways, favoring the ionic transport. This explains the superior
stability of dopedPDEG-1 as it has the shortest side chain. (4-(1,3-dimethyl-2,3-dihydro-
1Hbenzoimidazol-2-yl)phenyl)dimethylamine (n-DMBI)doped fullerenederivatives also
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Figure 5.2: Influence of the length of EG side chains on the host molecules on the stability of elec-
trical conductivity under an applied bias stress of 6Vµm−1.

show a similar trend (Figure 5.3): PDEG-1 doped with n-DMBI offers a more stable elec-
trical conductivity upon application of a bias voltage stress, which further supports that
in n-doped fullerene derivatives under a bias voltage stress, the shorter EG chain causes
stabilization of the electrical conductivity.

Theelectrical conductivityof thedopedfilmswithnon-EGsidechains (Fig. 5.4), namely
F2M, F2D, and PCBM, is more stable over time under bias voltage stress than the series
with EG side chains shown in Fig. 5.2. The relative stability of F2D and F2M under bias
stressmaybe related to the improvedordering that these fullerenederivatives showupon
annealing.[36, 37] EG side chains, on the other hand, are known to increase ionic con-
ductivity as shown by Reddy and co-workers.[38] However, the electrical conductivities
of TBAF doped F2M and F2D, fabricated andmeasured under inert atmosphere, are two
orders of magnitude smaller than the conductivities of the series with EG chains, and
that of doped PCBM also being one order of magnitude smaller (Table 5.1).

Host/dopant miscibility is one of the key factors determining the doping efficiency
and conductivity of n-doped films, as the host and dopant molecules need to be spa-
tially close in order for charge transfer to occur.[24] AFM images of the films (Figure 5.12)
showclearphase separation in the caseofdopedF2M,F2D, andPCBM.This suggests that
poor solubility of the dopant (in the host) due to the less polar environment offered by
the host, accounts for the lower conductivities of doped F2M, F2D, and PCBMfilms com-
pared with those containing EG side chains. The poor miscibility may also contribute to
hindering ionmovement in the film under bias stress. Overall, considering that PDEG-1
has both decent stability under bias stress and good conductivity (0.126 S cm-1), we think
TBAF doped PDEG-1 is an attractive host/dopant combination.

To test the possibility of processing these n-doped organic semiconductors in air, we
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Figure 5.3: Comparison of the stability of electrical conductivity in n-DMBI doped fullerene
derivatives with various lengths of EG side chains, under applied bias stress of 2Vµm−1.

Table 5.1: Electrical conductivities of n-doped fullerene derivatives spin-cast in nitrogen and air.
Upon air exposurewhile spin casting, the conductivity of dopedPDEG-1maintains 66%of its value
when spin-cast under nitrogen, which is the highest ratio among the studied devices.

Host material PDEG-1 PTEG-1 PTeEG-1 PPEG-1 PTEG-2 PCBM F2D F2M
σ1 [S/cm], spin cast in nitrogen 0.126 0.180 0.108 0.128 0.160 0.031 0.008 0.004
σ2 [S/cm], spin cast in air 0.080 0.063 0.039 0.066 0.044 0.008 0.003 0.0017
σ1/σ2 0.66 0.35 0.36 0.51 0.28 0.25 0.37 0.42

assessed the electrical conductivity of doped films that were spin-cast in ambient con-
ditions. After spin-casting, the measurements were still carried out under nitrogen. Ta-
ble 5.1 summarizes the results. Again, the fullerene derivatives bearing EG side chains
show higher electrical conductivities regardless of the processing environment. How-
ever, all doped fullerene derivatives show a decrease in the electrical conductivity when
processed in ambient conditions and there is no observable trend. An explanation for
the reduction of the conductivity is that n-type organics have low electron affinities and
may undergo oxidation when processed in air.[15]

Out of this series of fullerene derivatives, PDEG-1 has both the highest electrical con-
ductivity when processed in the ambient and the smallest drop in %; retaining 66% of its
electrical conductivity when compared to films spin-cast under nitrogen. This modest
decrease in conductivitymakesPDEG-1 themost suitedmaterial studied for spin-casting
in ambient conditions. The obtained conductivity of 0.08 S cm-1 is significantly higher
than, for example, the requiredminimum conductivity of charge transport layers in per-
ovskite solar cells.[39]

In order to investigate the stability of the devices under thermal stress, the doped
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Figure 5.4: A comparison of the stability of the electrical conductivity in n-doped fullerene deriva-
tives with less polar side chains of the host molecules (PCBM, F2M and F2D), under applied bias
stress of 6Vµm−1.

fullerene filmswere annealed at 120 ◦C in steps of 1 hour for up to 7 hours, and their con-
ductivities were measured at every step. In Fig. 5.5, the normalized conductivities of the
doped films are depicted against annealing time to provide a view of their stability under
thermal stress. Doped PTEG-2, PDEG-1, PTEG-1, PTeEG-1, and PPEG-1, the fullerene
derivatives containing EG side chains, show good thermal stability, while doped F2M,
F2D, and PCBM are less stable, with doped F2D being themost unstable film among the
whole series.

Togainmore insight into the thermal stability, differential scanningcalorimetry (DSC)
measurements were carried out on samples of the pristine host materials. The results
showed no distinct phase transitions in the temperature range -40 ◦C - 200 ◦C, which
suggests that the thermal stability of the host itself is not a factor (Figure 5.13). We note,
however, that although the melting point of the side chains may be a factor, it is difficult
to resolve subtle phase transitions in amorphous, small-molecules. It has been shown
that in doped films of conjugated polymers, interactions between polar side chains and
dopant ions stabilize the dopants under application of heat.[30] Furthermore, we have
similarly shown that ionizeddopantmolecules are stabilizedbyEGsidechains in fullerene
films.[27] With this in mind, in our AFM images (Figure 5.12), the films of F2D, PCBM,
and F2M showed phase separation due to less favorable dopant - side chain interac-
tions, whereas the films of host materials with EG side chains showed good solubility of
the dopant in the host. Considering the low melting temperature of TBAF itself (60 ◦C),
it could be that weaker interactions between host and dopant allow for melting which
may facilitate further phase separation in the film as well as possible evaporation of the
dopant from the film. Furthermore, it is known that the acetylene moieties in F2D and
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Figure 5.5: Stability of conductivity in n-doped fullerene derivatives under thermal stress.

F2M undergo cross-linking reactions at higher temperatures.[37] Although the temper-
atures needed to facilitate cross-linking are much higher than the temperature chosen
for annealing (Fig. 5.6), it could be that prolonged application of heat could trigger reac-
tions of the side chains, leading to a decrease in the current. This effect would be more
pronounced in the case of F2D, which has a lower cross-linking temperature. Also, the
endothermic peak in Fig. 5.6 occurs at a lower temperature for F2D (120 ◦C) than F2M
(245 ◦C), indicating that F2Dmay startmelting upon thermal annealing, whichmay also
increase phase separation in the film and further allows for possible evaporation of the
dopant from the film. Overall, doped films of PDEG-1, the host material with the short-
est EG side chain, showed good stability under application of bias voltage and thermal
stress.

It isworth tomention that, basedona studybyLiuandco-workers ondoped fullerene
derivatives, n-DMBI offers a more thermally stable electrical conductivity than TBAF
with fullerene derivative host molecules.[1] Therefore, in addition to achieving high lev-
els of stability using PDEG-1 as the host molecule, we think the combination of PDEG-1
with n-DMBI as ann-type dopantmight offer evenbetter stability of the conductivity un-
der bias stress, heat, and possibly under processing in air, which can be a topic of further
research.

5.3 Conclusions

In conclusion, we explored the impact of EG side chain length and polarity on the sta-
bility of n-doped organic films using different fullerene derivative host molecules, and
TBAF as the dopant. We found that short EG side chains enable better stability under the
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Figure 5.6: Differential scanning calorimetry (DSC) scans of pristine a) F2M, and b) F2D showing
the cross-linking temperature of the side chains. In the first heating/cooling cycle a large exother-
mic peak can be seen which is no longer present in the second cycle. This is indicative of an irre-
versible reaction, in this case involving the acetylene moieties in these materials.

application of bias voltage stress than longer ones. Furthermore, PDEG-1, with the short-
est EG chain, largely retained its conductivity upon spin-casting in the ambient. Doped
films using fullerene derivatives with EG side chains were also found to be more stable
under thermal stress, than those with non-EG side chains. This was attributed to stabi-
lization of the dopant ions in the filmby the EG side chains. However, doped films of F2D
and F2Mmay cross-link under thermal stress, whichmay add further to the instability of
the doped films under prolonged application of heat.

Our study revealed that the fullerene derivative with a short EG side chain, namely
PDEG-1, overall, offers more stable doped organic semiconducting films under applica-
tion of bias voltage, heat, and when spin casting in air. This work can be beneficial for a
wide range of organic electronic devices containing n-doped layers.

5.4 Experimental procedures

Materials: PTEG-1, PTEG-2, PPEG-1 and F2Dwere synthesized according to a previously
reported procedure.[27, 37, 40] The synthesis of PDEG-1, PTeEG-1 and F2M is described
in the supporting information. PCBM was purchased from Solenne B.V, and TBAF solu-
tion (1.0 M in tetrahydrofuran (THF)) was purchased from Sigma-Aldrich.

Device fabrication: 15×15mm2 n-doped silicon substrates coated with 230 nm SiO2

and patterned with 30 nm Au interdigitated electrodes were used as substrate. The sub-
strates were ultra-sonicated with acetone (3 times, each for 20 min) to remove the resist
protection layer AZ7217, followed by iso-propanol ultra-sonication for 20 min. The sub-
strates were then dried with nitrogen gun and transferred into the oven at 140 ◦C, fol-
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lowed by UV-ozone treatment for 20 min.
TBAF solution was mixed with chloroform to get 5 mg ml−1 dopant solution, followed
by stirring for 1-2minutes. Different amounts of dopant solution were then added to the
host solutions (5mgml−1 in chloroform) to get 20mol% doped solutions, and stirred on
the hotplate at 40 ◦C for 15 min. The solutions were then spin-cast at 1000 rpm for 40
seconds, yielding films of ∼40 nm. The devices were annealed at 120 ◦C for one hour,
prior to I-V measurements.

Characterization: current-voltage and current- time measurements were conducted
in a probe station under nitrogen atmosphere, using a Keithley 2000 source meter. The
characterization of the surfacemorphology was performed on a Bruker AFMmultimode
MMAFM-2. PeakForce tapping AFM was performed with a ScanAsyst-Air probe (reso-
nant frequency 70 kHz, spring constant 0.4 N m−1, Bruker) at a scan rate of 0.8 Hz and
800 samples per line. The data were analysed with Nanoscope Analysis 1.5 (provided by
Bruker). DSC measurements were carried out with a Q20 DSC module from TA instru-
ments. The sample was measured in powdered form in a Tzero aluminium pan. The
heating/cooling rate was 10◦C/min.
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Appendices

5.A Synthesis of the fullerene derivatives

[60]PCBMwaspurchased fromSolenneB.V. andusedwithout furtherpurification. PTEG-
1 and PTEG-2 [41], F2D[42] and PPEG-1[43] were synthesized according to previously
reported procedures. The synthesis of PDEG-1, PTeEG-1 and F2M is described below.
The NMR spectra were measured using an Oxford NMR AS400 or an Agilent Technolo-
gies 400/54 NMRmachine. IR measurements were done on a Thermo Scientific Nicolet
iS50 FT-IR. High-resolution mass spectrometry (HRMS) was performed with a Thermo
Scientific LTQ Orbitrap XL.

Figure 5.7: Synthetic route for fullerene derivatives PDEG-1 and PTeEG-1

Synthesis of tetraethylene glycol monoethyl ether 1:
Triethylene glycol (2.25 g, 15mmol) in 30mL of anhydrous THFwas added dropwise to a
suspension of NaH (60% dispersion inmineral oil) (0.78 g, 19.5 mmol) in 15mL of anhy-
drous THF at 0 ◦C. This mixture was stirred for a further 1 h at 0 ◦C, and then, a solution
of 2-ethoxyethyl 4-methylbenzenesulfonate (3.6 g, 15mmol) in 15mL of THFwas added
dropwise. Thismixturewas allowed towarmto rt for 1hand thenheated to reflux for 12h.
The reactionmixturewas cooled to rt andfiltered, andall volatilematerialswere removed
by rotary evaporation. The yellow oil was dissolved in toluene (25 mL), and the organic
layer was extracted with water. The aqueous layer was extracted with dichloromethane,
and the combined organic layer was dried with Na2SO4; the solvent was then removed
by rotary evaporation. The yellow oil obtained was purified by column chromatography
(silica gel, dichloromethane/ethyl acetate 3:1 to 1:1) to give the desired compound 1 as a
light yellow oil (2.4 g, 72%).1H NMR (400 MHz, Chloroform-d) δ 3.74 – 3.70 (m, 2H), 3.68
– 3.57 (m, 14H), 3.52 (q, J = 7.0 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H).
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General procedure synthesis of compounds 2a and 2b:
Sodium hydroxide (0.16 g, 4 mmol) dissolved in water (1 mL) and the desired EGmono-
ether chain (2.7 mmol) dissolved in THF (2 mL) were placed in a three-necked, 25 mL
round-bottom flask. Themixture was cooled on an ice bath and p-toluenesulfonyl chlo-
ride (0.48 g, 2.6 mmol) in THF (3 mL) was added dropwise to the mixture. The solution
was stirred at 0 ◦C for an additional 3 h and then poured into ice-water (20 mL) and
extracted with ethyl acetate. The organic layer was washed with water and dried over
Na2SO4. The solvent was evaporated in vacuo. The crude product obtained was used
directly in the next step.

2-(2-methoxyethoxy)ethyl 4-methylbenzenesulfonate 2a:
Startingwith 30mmol diethylene glycolmonomethyl ether (6.95 g, 90.8%). 1H-NMR (400
MHz, CDCl3) δ 7.76 (d, J = 8.0, 2H), 7.31 (d, J = 8.0, 2H), 4.13 (t, J = 4.8, 2H), 3.65(t, J = 4.8,
2H), 3.55 3.53 (m, 2H), 3.45 - 3.43 (m, 2H), 3.31 (s, 3H), 2.41 (s, 3H).

2-(2-[2-(2-ethoxyethoxy)ethoxy]ethoxy)ethyl 4-methylbenzenesulfonate 2b:
Starting with 2.7 mmol of compound 1 (0.8g, 82%). 1H NMR (400 MHz, CDCl3) δ 7.79
(d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 4.18 – 4.12 (m, 2H), 3.70 – 3.66 (m, 2H), 3.65-
3.60 (m, 6H), 3.59 – 3.56 (m, 6H), 3.51 (q, J = 7.0Hz, 2H), 2.44 (s, 3H), 1.19 (t, J = 7.0Hz, 3H).

4-(2-(2-methoxyethoxy)ethoxy)benzaldehyde 3a:
A three-necked, 100 mL round-bottom flask was charged with p-hydroxybenzaldehyde
(440g, 3.63 mmol), 2-[2-methoxyethoxy]ethyl p-tosylate (1.17 g, 4.28 mmol), K2CO3 (800
mg, 5.8mmol) and dryDMF (15mL). The reactionmixturewas stirred overnight at 90 ◦C.
After cooling, the crude reaction mixture was poured into water (50 mL, pH = 2) in a 100
mL Erlenmeyer flask and the product was extracted with ethyl acetate. The organic layer
waswashed subsequentlywithwater (325mL)andbrine (125mL)anddriedoverNa2SO4.
The solvent was evaporated in vacuo to give compound 3a as a light yellow oil (800 mg,
3.3 mmol, 90.9%). 1HNMR (400 MHz, CDCl3) δ 9.87 (s, 1H), 7.81 (d, J = 8.0, 2H), 7.01 (d,
J = 8.0, 2H), 4.21 (t, J =4.0, 2H), 3.87 (t, J = 4, 2H), 3.74 3.68 (m, 2H), 3.58 3.53 (m, 2H), 3.42
(s, 3H); 13C-NMR (100MHz, CDCl3) δ 190.74, 163.80, 131.92, 130.01, 114.84, 72.30, 70.83,
69.81, 67.71, 59.08.

4-[2-(2-[2-(2-ethoxyethoxy)ethoxy]ethoxy)ethoxy]benzaldehyde 3b:
A three-necked, 250 mL round-bottom flask was charged with p-hydroxybenzaldehyde
(0.24 g, 1.93mmol), 2b (0.8 g, 2.12mmol), K2CO3 (0.8 g, 5.8mmol) andDMF (10mL). The
reactionmixturewas stirred overnight at 90 ◦C. After cooling, the crude reactionmixture
was poured into water (100 mL, pH = 2) and extracted with ethyl acetate. The organic
layer was washed subsequently with water (3 x 25 mL) and brine (1 x 25 mL) and dried
over Na2SO4. The solvent was evaporated in vacuo. The resulting light yellow oil, 3b, was
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pure enough to be used directly in the next step (0.49 g, 78%). 1HNMR (400MHz, CDCl3)
δ 9.88 (s, 1H), 7.82 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 4.25–4.16 (m, 2H), 3.95–3.85
(m, 2H), 3.72 (d, J = 5.5 Hz, 2H), 3.65 (d, J = 8.1 Hz, 8H), 3.57 (s, 2H), 3.51 (q, J = 7.0 Hz,
2H), 1.20 (t, J = 7.0 Hz, 3H); 13C NMR (100MHz, CDCl3) δ 193.4, 166.5, 134.6, 132.7, 117.5,
73.6, 73.3, 72.5, 72.1, 70.4, 69.3, 17.8; IR (KBr, cm-1): 3553, 2865, 1685, 1598, 1574, 1507,
1254, 1101, 1051, 829.

PDEG-1:
An oven-dried three-necked, 250 mL round-bottom flask was charged with C60 (720 mg,
1 mmol), 4-(2-(2 methoxyethoxy) ethoxy)benzaldehyde 3a (240 mg, 1 mmol), sarcosine
(270mg, 3mmol) and dry o-dichlorobenzene (100mL). The reactionmixture was stirred
under N2 at 90 ◦C for 72 h. The mixture was concentrated in vacuo to 15 mL, and the
crude residue was purified by column chromatography (silica gel; toluene/ethyl acetate
4:1) to afford the pure compound as a brown solid. The product was dissolved in 10 mL
of chloroform, precipitated with MeOH, washed repeatedly with MeOH (2 times) and
pentane (2 times), and dried in vacuo at 50 ◦C. This procedure gave 400 mg (0.41 mmol,
41%) of PDEG-1. 1H-NMR (400 MHz, CDCl3) δ 7.70 (s, 2H), 6.96 (d, J = 8.0, 2H), 4.97
(d, J = 12.0, 1H), 4.87 (s,1H), 4.23 (d, J = 12.0, 1H), 4.14 (t, J= 4.0, 2H), 3.85 (t, J= 4.0, 2H),
3.72-3.69 (m, 2H), 3.57-3.55 (m,2H), 3.37 (s, 3H), 2.78 (s, 3H); 13C-NMR (100MHz, CDCl3)
δ 158.80, 156.37, 154.10, 153.64, 153.61, 147.29, 147.27, 146.77,146.51, 146.32, 146.29,
146.24, 146.19, 146.13, 146.11, 146.07, 145.92, 145.90, 145.76, 145.53, 145.47,145.44, 145.31,
145.29, 145.25, 145.21, 145.13, 144.68, 144.62, 144.38, 143.12, 142.96, 142.65, 142.56,142.53,
142.52, 142.27, 142.24, 142.14, 142.10, 142.01, 141.94, 141.82, 141.66, 141.52, 140.13, 140.09,
139.88, 139.58, 136.75, 136.54, 135.77, 135.75, 130.41, 129.12, 114.67, 83.15, 77.20, 71.94,
70.75, 69.98, 69.77, 68.96, 67.33, 59.06, 39.97; IR (KBr, cm-1) 2846, 1609, 1509, 1312, 1259,
1225, 1174, 1128, 1103, 846, 600, 573, 551, 526; Mass m/z : Calculated for C74H21NO3:
971.2. Found: 971.8; Anal. Calculated for C74H21NO3: C, 91.45; H, 2.18; N, 1.44. Found:
C, 91.35; H, 2.11; N, 1.60.

PTeEG-1:
Anoven-dried three-necked, 250mLround-bottomflaskwas chargedwithC60 (1.08 g, 1.5
mmol), compound 3b (1.6 mmol), sarcosine (0.44 g, 4.9 mmol) and o-dichlorobenzene
(100 mL). The reaction mixture was stirred under N2 at 90 ◦C for 72 h. The mixture was
concentrated in vacuo to 15 mL, and the crude residue was purified by column chro-
matography (silica gel; toluene/ethyl acetate 4:1) toafford thepurecompoundasabrown
solid. The products were each redissolved in 7 mL of chlorobenzene, precipitated with
MeOH, washed repeatedly with MeOH and pentane, and dried in vacuo at 50 ◦C to give
purePTeEG-1 (36%). 1HNMR(400MHz, CDCl3) δ 7.69 (s, 2H), 6.96 (d, J = 8.4Hz, 2H), 4.93
(d, J = 31.7Hz, 2H), 4.25 (d, J = 8.5Hz, 1H), 4.17–4.09 (m, 2H), 3.91–3.77 (m, 2H), 3.73–3.55
(m, 12H), 3.50 (q, J = 7.0 Hz, 2H), 2.79 (s, 3H), 1.19 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz,
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CDCl3) δ 158.9, 157.9, 153.5, 147.3, 146.3, 146.2, 146.1, 146.0, 145.8, 145.5, 145.3, 145.2,
145.1, 144.7, 144.6, 144.4, 143.1, 143.0, 142.7, 142.6, 142.5, 142.2, 142.0, 141.9, 141.7, 141.5,
140.1, 140.0, 139.6, 136.9, 136.6, 135.8, 130.5, 114.7, 83.1, 70.8, 70.7, 70.6, 69.8, 69.7, 68.9,
67.3, 66.6, 40.0, 15.2; IR (KBr, cm-1): 2862, 2777, 2328, 1609, 1509, 1456, 1249, 1110, 1062,
927, 765; HRMS (ESI) calcd. for C79H32NO5[M+H]+: 1074.22750, found: 1074.22795.

Figure 5.8: Synthetic route for F2M

1-bromoundeca-4-yne 4:
A solution of n-BuLi in hexane (1.6 M, 9.5 mL, 15.1 mmol) was added dropwise to a so-
lution of 1-octyne (1.99 g, 18.1 mmol) in dry THF (20 mL) at -78°C over a period of 20
min and the mixture was stirred for 1h. After addition of DMPU (1,3-dimethyl-3,4,5,6-
tetrahydro-2-pyrimidinone) (1.8 mL), the resultingmixture was transferred to a solution
of 1,3-dibromopropane (3.0 g, 15.1 mmol) in dry THF (15mL) and the mixture was al-
lowed to warm to room temperature over 1h. After stirring for 20h saturated aqueous
solution of NH4Cl (30 mL, saturated aqueous solution) was added. The alkyne was ex-
tractedwith ether three times (3 x 40mL). The combined extractswerewashedwith brine
and dried over Na2SO4. The solvent was removed under reduced pressure. Purification
was achieved by column chromatography (silica gel; hexane/ethyl acetate 9:1) to give 4
as a colorless oil (69% , 2.4 g). 1H-NMR (400 MHz, CDCl3) δ 3.50-3.53 (t, J = 6 Hz, 2H),
2.30-2.35 (m, 2H), 2.15-2.11 (m, 2H),2.01-1.98 (m, 2H), 1.50-1.45 (m, 2H), 1.30-1.22 (m,
6H), 0.88 (t, J = 6.0 Hz, 3H).

3,5-bis(undeca-4-ynyloxy)benzaldehyde 5:
A three-necked, 50mLround-bottomflaskwaschargedwith3,5-dihydroxybenzaldehyde
(500 mg, 3.63 mmol), K2CO3 (1.6 g, 11.58 mmol), 1-bromoundec-4-yne (2.08g, 9 mmol)
and dryDMF (25mL). The reactionmixturewas stirred over night at 90 ◦C underN2. The
solution was cooled to room temperature, and water (15 mL) was added. The aqueous
solution was extracted with EtOAc (3 x 40mL). The combined organic phases were dried

151421-Rahimichatri_BNW.indd   92151421-Rahimichatri_BNW.indd   92 04-05-2021   12:0404-05-2021   12:04



5

5.A. Synthesis of the fullerene derivatives 87

overMg2SO4, concentrated in vacuo, andpurifiedby columnchromatography (silica gel;
hexane/ethyl acetate 10:1) affording the product as an off-white solid (0.81 g, 51%).1H-
NMR (400 MHz, CDCl3) δ 9.88 (s, 1H), 6.99 (d, J = 3 Hz, 2H), 6.7 (t, J = 3 Hz, 1H), 4.10-
4.07 (t, J = 6 Hz, 4H), 2.37-2.34 (m, 4H), 2.15-2.11 (m, 4H), 1.97-1.94 (m, 4H), 1.48-1.34
(m, 4H),1.33-1.24 (m, 12H), 0.85 (t, J = 4.0 Hz, 6H); 13C-NMR (100 MHz, CDCl3) δ 191.88,
160.59, 138.32, 108.08, 107.65, 81.21, 78.59, 66.85, 31.33,29.00, 28.60, 28.53, 18.71, 15.41,
14.09, 14.02.

F2M:
An oven-dried three-necked, 250 mL round-bottom flask was charged with C60 (720 mg,
1 mmol), benzaldehyde 5 (438 mg, 1 mmol), sarcosine (270 mg, 3 mmol) and dry o-
dichlorobenzene (100 mL). The reaction mixture was stirred under N2 at 110 ◦C for 72
h. The solvent was evaporated in vacuo. The crude residue was resolved in CHCl3 and
passed through a chromatography column (silica; toluene) to afford the desired com-
pound as a brown solid. The product was redissolved in 7mLof chloroform, precipitated
with MeOH, washed repeatedly with MeOH and pentane, and dried in vacuo at 50 ◦C.
This procedure gave 600mg (0.50mmol, 50%) of F2M. 1H-NMR (400MHz, CDCl3) δ 6.99
(br s, 2H), 6.43 (s, 1H), 6.96 (d, J = 8 Hz, 1H), 4.82 (s,1H), 4.23 (d, J = 8 Hz, 1H), 4.07-
4.04 (m, 4 H), 2.82 (s, 3H), 2.33-2.29 (m, 4H), 2.13-2.09 (m, 4H),1.93-1.86 (m, 4H), 1.49-
1.41 (m, 4H), 1.36-1.23 (m, 12H), 0.87 (t, J = 8.0 Hz, 6H); 13C-NMR (100 MHz, CDCl3):
δ 160.13, 156.09, 154.08, 153.62, 153.44, 147.28, 147.01, 146.44,146.29, 146.23, 146.20,
146.13, 146.09, 146.06, 145.93, 145.92, 145.77, 145.53, 145.51, 145.46, 145.31,145.26, 145.22,
145.12, 144.67, 144.62, 144.35, 143.10, 142.94, 142.66, 142.55, 142.20, 142.18, 142.14,142.12,
142.10, 142.01, 141.99, 141.90, 141.79, 141.66, 141.58, 140.15, 140.09, 139.78, 139.61, 139.14,
136.60, 136.43, 135.75, 135.73, 101.99, 83.70, 81.08, 78.87, 76.96, 76.69, 69.96, 69.03, 66.69,
40.09, 31.37, 29.08, 28.64, 28.61, 22.59, 18.80, 15.51, 14.11; IR (KBr, cm-1) 2923, 2852, 2777,
2325, 2188, 1591, 1447, 1428, 1330, 1291, 1154, 1060, 849, 766, 689,597, 573, 552; Mass:
m/z calcd. for C91H47NO2: 1186.4, Found : 1187.0; Anal. Calcd. For C91H47NO2: C, 92.13;
H, 3.99; N, 1.18. Found : C, 92.32; H, 3.93; N, 1.33.
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5.B NMR spectra

Figure 5.9: 1H NMR (top) and 13C NMR (bottom) spectra of PDEG-1 in CDCl3
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Figure 5.10: 1H NMR (top) and 13C NMR (bottom) spectra of PTeEG-1 in CDCl3

151421-Rahimichatri_BNW.indd   95151421-Rahimichatri_BNW.indd   95 04-05-2021   12:0404-05-2021   12:04



5

90
5. Stability of doped fullerene derivatives: introducing a fullerene derivative with good

stability under electrical and thermal stress

Figure 5.11: 1H NMR (top) and 13C NMR (bottom) spectra of fullerene derivative F2M in CDCl3
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5.C AFM images

Figure 5.12: AFM images showing the height profile across themeasured film area of a) F2D:TBAF,
b) F2M:TBAF, c) PCBM:TBAF, d) PTEG-2:TBAF, e) PDEG-1:TBAF, f) PTEG-1:TBAF, g) PTeEG-1:TBAF
and h) PPEG-1:TBAF films. Clear phase separation is seen in the films of doped F2M, F2D, and
PCBM.
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5.D Differential scanning calorimetry (DSC)

Figure 5.13: Differential scanning calorimetry (DSC) curves measured to find the melt-
ing/crystallisation temperatures for the various fullerene derivatives investigated in this study. The
measurements were carried out with a heating rate of 10 ◦C per minute and a cooling rate of 5 ◦C
perminute. Thefirst heating/cooling cycle, carried out to equilibrate the sample is not shownhere.
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5.E Electrical measurements

Figure 5.14: Current-voltage characteristics of PDEG-1, PTEG-1, and PTeEG-1 doped with n-
DMBI, before (solid lines) and after (dashed lines) the application of a long duration bias voltage
stress. n-DMBI doped PTeEG-1, which undergoes a substantial ionic drift under the bias voltage
stress, shows a super linear I-V curve after the removal of the bias, as discussed in chapter 4.
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