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Intrinsically conducting diketopyrrolopyrrole (DPP) compounds functionalised with pendant quaternary
ammonium groups have been synthesised. The hydroxide forms were found to be the product of base hydrolysis
of the DPP amide during synthesis, likely made possible by restricted resonance. This gave mixed chemical
compositions of solutions and conductive films formed by drop-casting. Chemical decomposition of the hydro-
lysed compounds was also observed at temperatures above 85 °C. Conductivities of approximately 3 x 107§
m ™! were observed in processed films of DPP ammonium hydroxides. It was also found that trifluoroacetic acid

(TFA) DPP precursors gave clear electron paramagnetic resonance (EPR) signals indicative of doping and
exhibited conductivities one order of magnitude larger than the hydroxides. This opens the possibility of using
ammonium TFAs as moieties for doping organic semiconductors.

1. Introduction

Since the observation of increased conductivity in films of poly-
acetylene when exposed to halogen vapours [1] doping of organic
semiconductors has increased the potential for their application in
multiple technologies. Advancements in the doping of organic light
emitting diode (OLED) active materials has increased device efficiencies
to the point of industrialisation [2-4]. Doping has been employed to
improve the efficiency of organic field effect transistors (OFETs), this
can be through modulation of the Fermi-level in order to improve Ohmic
contact [5] or increase charge mobility [6-8], or through filling of
trap-states [7]. Advancements in organic photovoltaics (OPVs) have
been achieved when doping the bulk heterojunction (BHJ) [9,10] or
interlayers [11] and the field of organic thermoelectrics is reliant on the
generation of free charge carriers through doping [12-14].

In the decades since polyacetylene was doped with halogens both
material design and processing techniques have become more sophisti-
cated. The introduction of molecular dopants means that the full scope
of organic synthesis can be employed to generate high performing
dopant-semiconductor pairs through tuning of energy levels and intra-
molecular interactions [15]. With well considered processing of films for
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microstructure [16,17], highly optimised doped organic systems can
now be generated. Efficient p-type materials include PEDOT-PSS [18,
19], polythiophene derivatives [20,21], polypyrroles [22,23] and more
[24-26]. The practical application of organics has been slowed however
by the relative difficulties in developing ambient stable n-doped sys-
tems. Promising n-type systems have mostly been limited to naph-
thalenetetracarboxylic diimide (NDI) [27-30] and
benzodifurandione-phenylenevinylene (BDPPV) [31,32] polymers
doped with  4-(1,3-dimethyl-2,3-dihydro-1-H-benzoimidazol-2-yl)
phenyl)dimethyl-amine (N-DMBI) [33-35] and its derivatives.
Introducing extrinsic molecular dopants however requires optimi-
sation of the processing techniques to avoid disruption of the semi-
conductors structural order [16,17]. In addition to this, dopants can
coulombically trap charge carriers [36]. Intrinsic doping has proved to
be an effective strategy in the development of stable n-type organic
conductors. This involves covalently binding a doping moiety to an
electron deficient conjugated core. Common doping moieties used are
quaternary ammonium hydroxides, with rylene diimides used as the
conjugated core, a generalised structure is shown in Fig. 1 [37-42].
Self-doping rylene diimides show promise due to their remarkable
ambient stability when doped, as well as water solubility allowing for
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Fig. 1. Structures of self-doping diketopyrrolopyrroles DPPC6-OH and DPPC8-
OH, and their precursors DPPC6-X and DPPC8-X. Also shown is a general
structure for previously studied self-doping rylene diimides NDI-OH and
PDI-OH.

processing from an aqueous solution. The exact mechanism of doping is
still under investigation with multiple possibilities for quaternary
ammonium hydroxide group degradation such as Hofmann [43-45] or
demethylation [41]. It has recently been suggested however that
ammonium degradation is immaterial with respect to the doping
mechanism following the observation of water inhibiting the n-doping
of multiple perylenediimide tetracarboxylates (PDIs) [42]. This supports
the suggestion that n-doping is driven by deshielding of anions after
dehydration, leading to an electron transfer on to the more polarisable
aromatic ring [39].

We have previously shown that exposure to highly basic conditions
during synthesis lead to ring-opening hydrolysis of the imide group
which further complicates the study of the doping mechanism [46].
Another conjugated core, not containing imide groups, which has
exhibited intrinsic n-doping behaviour is diketopyrrolopyrroles (DPP).
Electron paramagnetic resonance (EPR) signals have been reported for
DPP covalently bound to a dimethylamine group [41] and ammonium
salts of DPPs have exhibited self-doping while used as solar cell in-
terlayers [47]. Intrinsic doping in ammonium hydroxide salts of DPP
however have not been studied.

In this study we have designed and synthesised diketopyrrolopyrrole
(DPP) molecular semiconductors functionalised with quaternary
ammonium hydroxide sidechains. The structures of DPPC6-OH and
DPPC8-OH, as well as their precursors DPPC6-X and DPPC8-X, are
shown in Fig. 1. The amide group in DPPs is, intuitively at least, less
prone to hydrolysis than the imides of rylene diimide. These compounds
could therefore provide an insight into the mechanism of doping in
ammonium hydroxide salts without the added complication of ring-
opening hydrolysis reactions. In addition, DPP molecular and poly-
meric derivatives have previously exhibited promising n-type properties
when doped extrinsically [48,49]. It is necessary to optimise the in-
teractions between dopant and semiconductor in these systems howev-
er, and an intrinsically doping DPP could drastically reduce the
processing costs involved in producing organic and hybrid devices.
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2. Results
2.1. Synthesis and structural characterisation

The synthetic routes toward the two compounds DPPC6-OH and
DPPC8-OH are shown in Scheme 1. Thienyl-DPP (3) was chosen as the
aromatic component due to its ease of synthesis and ubiquitous nature
across organic electronics research [50-52]. Additionally, thienyl-DPP
units were previously suggested to undergo intramolecular electron
transfer when functionalised with tertiary amine groups [41] or ionic
ammonium bromides and ammonium borates [47]. 3 was synthesised
via ring-closing condensation using diethyl succinate and
thiophene-2-nitrile. Base catalysed alkylation with 1,6-dibromohexane
or 1,8-dibromooctane gave the compounds 4 and 5.

Quaternary ammonium salts were obtained by reaction of 4 and 5
with the salt trimethylamine hydrochloride [53] to give the compounds
DPPC6-Br and DPPC8-Br. Purification was carried out by preparative
high-pressure liquid chromatography (HPLC) with solvents spiked with
0.1 % trifluoroacetic acid. After lyophilisation, '*C NMR analysis
(Figures S3 and S6) showed two unexpected shifts for both compounds
at 163 ppm (quartet) and 117 ppm (quartet). These match closely to the
carbons of trifluoroacetate (TFA) ions [54]. It was assumed that these
shifts are not from residual trifluoroacetic acid due to their presence
after lyophilisation, with protonated TFA commonly being removed
from peptides by lyophilisation [55]. The bromide counterion of
DPPC6-Br and DPPC8-Br was exchanged for TFA, at least partially,
during HPLC purification. Since the aim was to study the hydroxide
forms after exchange of counterion, it was determined that the precursor
containing a possible mixture of TFA and bromide could be carried
forward and named DPPC6-X and DPPC8-X.

In keeping with previous attempts at forming the ammonium hy-
droxide moiety, for intrinsic dopants, the precursors DPPC6-X and
DPPC8-X were eluted through a column of hydroxy-form ion-exchange
resin. Performing this ion-exchange column in D50 allows for the eluent
solution to be analysed by nuclear magnetic resonance (NMR). When
this same analysis was performed on an NDI derivative (NDI-OH) it was
found that the imide group had undergone a base catalysed ring-opening
hydrolysis during the ion-exchange procedure [46]. After heating, both
in solution or during dehydration in film formation, the hydrolysis was
partially reversible leading to mixed chemical compositions of films
formed at different temperatures. Fig. 2 shows the aromatic region of
solution 'H NMR spectra of DPPC6-OH and DPPC8-OH after elution of
DPPC6-X and DPPC8-X through ion-exchange resin in D50. Full spectra
as well as '3C and 2-dimensional correlation spectra are shown in
Figures S8 to S21.

Fig. 2 shows two doublets and a doublet of doublets (approx. 8.4, 7.8
and 7.2 ppm) corresponding to the three thiophene protons of DPPC6-X
and DPPC8-X. Similar signals are observed in the hydroxide derivatives
DPPC6-OH and DPPC8-OH as well as at least five further signals in the
aromatic region. The additional signals present in the two hydroxide
derivatives can be reasonably assigned to a ring-opened mono-hydro-
lysed product 6 (Scheme 3). The doublets at approximately 7.91 ppm
and 7.57 ppm may correspond to the thiophenes of a relatively minor
amount of di-hydrolysed product. 'H-'H correlations (COSY) for the
ring-closed and ring-opened DPP structures are highlighted in
Figures S13, S14, S20 and S21.

To the extent of our knowledge this ring-opening has not been
observed in DPP compounds and may be due to restricted resonance of
the DPP ring (Scheme 2). The energy normally associated with this
resonance is 15-20 kcal mol™! and is responsible for the stability of
planar amides [56,57]. Exceptions to this stability include N-acylimi-
dazoles [58-60] and N-acylpyrroles [61,62] in which reactions such as
base catalysed hydrolysis are observed. This is due to the restricted
resonance preserving aromaticity and subsequently increasing the
electrophilicity of the carbonyl carbon. DPP does not necessarily meet
all criteria to be considered aromatic [63], however and the dominance
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Scheme 1. Synthesis of DPPC6-X and DPPC8-X. Reagents and conditions: (i) t-BuOK, t-amyl alcohol, reflux 4 h, 58 % (ii) CsoCO3, MeCN, reflux 12 h, 4 dibro-
mohexane 23 %, 5 dibromooctane 10 % (iii) NMes.HCl, NaHCO3, MeCN, 80 °C, 24 h (iv) HPLC in H,0, MeCN and TFA, DPPC6-X 13 %, DPPC8-X 17 %.
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Fig. 2. Overlays of solution 'H NMR spectra of DPPC6-X, DPPC6-OH, DPPC8-X and DPPC8-OH in deuterium oxide in the region between 7.0 ppm and 8.5 ppm.

Thiophene protons of the ring-closed structure are highlighted in all four spectra.
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Scheme 2. Amide resonance forms applied to DPP.

of the lactam form (left structure, Scheme 2) may come from an
increased planarity in the lactim (middle and right structures, Scheme 2)
causing unfavourable antiaromaticity in the ground state. This is sup-
ported by calculations which have shown that excited state DPP adheres

to Baird’s rule of aromaticity (4 n n-electrons) [64].

The relative inertness of amide groups compared to imides, when
considering hydrolysis, lead us to believe that DPP cores may offer a
route to observing the self-doping mechanism without the complication
of reversible hydrolysis reactions. As shown in Fig. 2 however it is clear a
chemical mixture was present in DPPC6-X and DPPC8-X. To identify if
the chemical mixture present in solution had any effect on the compo-
sition of thin films, DPPC6-OH and DPPC8-OH were drop-cast at tem-
peratures of 45 °C, 85 °C and 125 °C and redissolved in D50 for H NMR
analysis. A comparison of the aromatic regions of spectra for DPPC6-X,
DPPC6-OH and the three redissolved films of DPPC6-X are shown in
Fig. 3. The full spectra of redissolved films are shown in Figures S22 to
527 along with spectra for DPPC8-OH.

Redissolved films drop-casted at 45 °C gave similar NMR spectra to
the solution of DPPC6-OH. The integrated peak areas for the ring-closed
DPP (5; 7.28, 7.85 and 8.43 ppm) increased, relative to the mono-
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Fig. 3. Overlays of solution 'H NMR spectra of DPPC6-OH in deuterium oxide
with solution 'H spectra for redissolved thin-films of DPPC6-OH drop-cast at
45°C, 85°C and 125°C in deuterium oxide.

hydrolysed compound 6, in the 45 °C film when compared to the
DPPC6-OH solution. This is indicative of a thermally activated reversal
of hydrolysis (Scheme 3) which was also observed in films of NDI [46].
On increasing the drop-casting temperature to 85 °C the relative in-
tensities for the mono-hydrolysed compound 6 increased compared to
the ring-closed signals. Multiple additional peaks of unknown origin
were also observed. At 125 °C, the signals for DPPC6-OH almost
completely disappeared and were replaced by unassignable peaks
initially observed at drop-cast temperatures of 85 °C, thus exemplifying
the dynamic nature of the chemistry occurring during film formation at
elevated temperatures.

A summary of the chemical changes undergone by DPPC6-OH and
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DPPC8-OH is given in Scheme 3. The changing nature of the NMR
spectra in Fig. 3 shows that ring opened DPP compounds were subject to
a reversal of hydrolysis under mild heating (45 °C) and dehydration.
Increasing the temperature of drop-casting (>85 °C) began a decom-
position process in both DPPC6-OH and DPPC8-OH. It is difficult to
clarify if this onset of breakdown was accompanied by further hydrolysis
and ring-opening. Drop-casting at temperatures of 125 °C led to almost
complete breakdown and no presence of the DPP could be detected at
these drop-casting temperatures.

Relative amounts of the various compounds formed within the films
can be estimated by integrating the corresponding peak areas in the 'H
NMR spectra. An attempt at quantifying the extent of the hydrolysis
reaction after ion-exchange (DPPC6-X/DPPC8-X — 6) and subsequent
reversal after drop-casting at 45 °C (6 — DPPC6-OH/DPPC8-OH) using
relevant NMR peak integrations is outlined in Table 1 in the supporting
information. A significant amount of 6 was formed on exposure to the
ion-exchange resin, 55 % for DPPC6-X and 40 % for DPPC8-X. At drop-
casting temperatures of 45 °C, the hydrolysis is largely reversed with
only 26 % of 6 remaining for DPPC6-OH and 12 % of 6 for DPPC8-OH.
It was then necessary to examine the effect this shifting chemical
composition had on any doping of the DPP cores.

2.2. Intramolecular doping

Intramolecular n-type charge transfer has recently been observed in
a DPP compound conjugated with triphenylamine (TPA) groups [65], as
well as in DPPs bound to ammonium bromides and ammonium borates
[47]. Fig. 4 shows a summary of UV-visible (UV-vis) absorption spectra,
used here for initial observations in charge transfer after ion-exchange in
solution or in dehydration of solutions when drop-casting films at
various temperatures. Solution spectra for DPPC6-X and DPPC8-X
(Fig. 4, left) exhibit two absorption maxima at 350 nm and 510 nm,
consistent with absorption spectra for molecular thienyl-DPPs [66].
Absorption spectra for DPPC6-OH and DPPC8-OH (Fig. 4, left) exhibit
the same peak maxima however a small absorption can also be observed
between approximately 370 and 420 nm. This may be due to aggrega-
tion effects in polar solvents as similar features have previously been
observed in absorption spectra run in methanol solutions [65]. It is
possible however that the monohydrolysed structure 6 has differing
optoelectronic properties. Time-dependent density functional theory
(TD-DFT) calculations in Figure S28 indicate that the ring-opened DPP 6
gives rise to a blue shifted absorption (approx. 400 nm), which may
explain the peak between 370 and 420 nm in DPPC6-OH and
DPPC8-OH solution spectra.
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(
Ou-N s
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Scheme 3. Hydrolysis under ion-exchange conditions followed by reversal.
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Fig. 4. Solution UV-vis absorption spectra of DPPC6-X, DPPC8-X, DPPC6-OH and DPPC8-OH in water (left). Thin-film UV-vis absorption spectra of DPPC6-OH
(middle) and DPPC8-OH (right) drop-cast at temperatures of 45°C, 65°C, 85°C and 125°C.

Self-doping of rylene diimides by quaternary ammonium hydroxide
groups has previously been triggered by dehydration of the aqueous
solution by drop-casting to form thin-films and subsequently annealing
[39-42,46]. Solutions of DPPC6-OH and DPPC8-OH were drop-cast at
temperatures of 45, 65, 85 and 125 °C. Middle and right panels of Fig. 4
show that the absorption features of films drop-cast between tempera-
tures of 45 and 85 °C were mostly dominated by the ring-closed DPP
structures (maxima at 350 and 510 nm). A small tail in the absorption
for films at these temperatures was also observed between 700 and
800 nm, which may be the first indication of lower energy polaron like
states caused by intramolecular charge transfer [67]. Films drop-cast at
125 °C showed no definitive absorption features and is further evidence
of breakdown in the DPP ring structure at high temperatures.
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To aid in confirming if electron transfer has taken place on to DPP,
electron paramagnetic resonance (EPR) spectroscopy of drop-cast films
has been utilised and results are shown in Fig. 5. Films drop-cast at 125
°C are not included due to the observation of breakdown of the DPP
structure at these temperatures.

All samples were drop-cast and measured in air. Samples of DPPC6-X
at 45 °C show a wide broad signal centred at around 315 mT. The broad
nature of this signal makes it difficult to fully assign. When drop-cast at
65 °C this signal is no longer present in DPPC6-X but a sharper signal is
resolved at around 315 mT in films at 85 °C. Films of DPPC8-X exhibit a
signal around 332 mT for drop-casting at 45 °C which decreases in in-
tensity significantly at 65 °C and 85 °C. A low intensity broad signal
around 315 mT is also present at these higher temperatures. Both
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Fig. 5. EPR spectra of DPPC6-X drop-cast at temperatures of 45, 65 and 85 °C (top-left), DPPC8-X drop-cast at temperatures of 45, 65 and 85 °C (top-right), DPPC6-
OH drop-cast at temperatures of 45, 65 and 85 °C (bottom-left) DPPC8-OH drop-cast at temperatures of 45, 65 and 85 °C (bottom-right).
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DPPC6-OH and DPPC8-OH exhibit a signal around 332 mT whereas
films formed by drop-casting at 85 °C present a sharper signal at around
315 mT, similar to the TFA precursors.

Intramolecular n-type charge transfer has been observed by EPR in
molecular thienyl-DPPs bound to an imidazolium bromide group [65] or
tertiary amine [41]. The EPR signals of DPPC8-X (45 °C), DPPC6-OH
(45 °C and 65 °C) and DPPC8-OH (45 °C and 65 °C) are similar but much
broader. It is possible that changes in signal intensity between these
samples could be due to morphological differences caused by film for-
mation temperatures and differing sidechain lengths. It has been seen
that charge transfer in trialkyl amine functionalised NDIs was highly
dependent on the intramolecular distance between amine groups [68].
In both the hydroxide samples this could be further complicated by the
changing chemical composition described above.

Samples of DPPC6-X, DPPC8-X (65 °C and 85 °C), DPPC6-OH (85
°C) and DPP-C8-OH (85 °C) exhibit slightly different EPR spectra with
signals around 315 mT. For DPPC6-OH and DPPC8-OH the complicated
chemical composition could lead to the presence of more than one type
of free electron on different compounds in the mixture. Samples of
DPPC6-X and DPPC8-X however are chemically pure. Again, morpho-
logical differences between chain lengths may be a factor but it also
should be noted that anisotropy is exhibited in these films. Supple-
mentary information Figure S31 shows EPR spectra of each sample
rotated 90° and clear differences can be seen when compared to the
original spectra. This anisotropy likely contributes to the broadening of
the EPR signals and highlights that a complex morphology in many of
these films plays a role in the doping mechanism (see Fig. 7 for examples
of hydroxide films surface morphologies).

Further studies need to be conducted to fully elucidate the rela-
tionship between morphology and the nature of the charge transfer in
these compounds. Unpaired electrons are also not stable over long
lifetimes with measurements of DPPC6-X and DPPC8-OH retaken after
1 week storage in air showing a large decrease in signal intensity
(Figure S32). This is not surprising since DPP small molecules are not
expected to have electron affinities (EA) higher than the proposed 4.0 eV
required to avoid reaction with ambient Oy [69]. EPR spectra in Fig. 5.
however support UV-vis absorption spectra showing that self-doping
occurs in samples of DPPC6-OH and DPPC8-OH. While both
DPPC6-X and DPPC8-X also clearly exhibit unpaired electrons in
thin-films, giving a first indication of self-doping from the TFA ammo-
nium hydroxide moiety as well.

Electrical conductivity, o, values can provide insights into the extent
of doping in semiconductors. The ¢ of thin films can be given as a
product of the charge carrier mobility, 4, and the number of free charges
generated, n. Linear four-point probe conductivity measurements were
taken at room-temperature under ambient conditions and the results are
summarised in Fig. 6. Films drop-cast at 125 °C were again omitted due
to the assumption of degradation.

Samples of DPPC6-OH and DPPC8-OH gave conductivities of 2.81 x
10~* and 3.25 x 107* Sm™! respectively for 45 °C drop-cast films
(Fig. 6). Both then exhibited similar decreases in conductivity when
processed at higher temperatures; down to approximately 1.00 x 107> §
m?! for both when films were drop-cast at 85 °C. The additional EPR
signal around 315 mT in samples drop-cast at 85 °C did not translate to
an increase in o.

Films of DPPC6-X and DPPC8-X showed surprisingly high conduc-
tivities of 9.00 x 10~ and 5.15 x 10~* S m™! respectively (both films
cast at 45 °C). After annealing there was an initial decrease in conduc-
tivity at 65 °C. A significant increase was observed for films annealed at
85°C however, which gave conductivities of 1.29 x 1072 Sm™! for
DPPC6-X and 1.60 x 107> Sm™' for DPPC8-X. This was an order of
magnitude increase when compared to the highest conductivities ach-
ieved in both hydroxide compounds

It is challenging to relate any trends seen in EPR measurements to
trends seen in conductivities especially when considering the observed
anisotropy (Figure S31). The complex interplay between chemical
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Fig. 6. Electrical conductivity of films of DPPC6-X and DPPC8-X drop-cast at
45°C and then annealed at 65 and 85°C and films of DPPC6-OH and DPPC8-OH
drop-cast at 45, 65 and 85°C.

structure and morphology is likely contributing to the trends in con-
ductivity seen in Fig. 6 and further study of the nature of the two EPR
signals observed (315 mT and 332 mT) is required. The exact doping
mechanism in these systems also warrants further investigation. From
the observation of lower conductivities in hydroxide samples however it
is likely that ammonium hydroxide decomposition reactions, such as
Hoffmann elimination and demethylation [41,46], are not leading to
products which are capable of efficiently doping DPPs. This may be due
to a reduction in EA due to the ring-opening outlined in Scheme 3. The
TFA precursors however are capable of intramolecular electron transfer,
as exhibited by EPR and relatively high ¢. This could simply be due to
increased purity in these samples or to TFA anions being a previously
unknown suitable dopant for DPPs.

2.3. Film morphology

Conductivities of DPPC6-OH and DPPC8-OH were low but did not
indicate that either were completely non-conducting. The presence of an
EPR signal in all films further supports the presence of some unpaired
electrons and hence some amount of self-doping. It was therefore
decided that the morphology of the films should be investigated to
elucidate the reason for relatively low conductivities in films containing
unpaired electrons.

Atomic force microscopy (AFM) has been used here to image the
surface morphology of DPPC6-OH and DPPC8-OH conducting films and
are shown in Fig. 7. Both DPPC6-OH and DPPC8-OH at 45 °C and 65 °C
show that surface morphology was dominated by fibrils which homo-
genously covered the substrate. This provides a good channel for charge
transport and may go some way towards explaining higher conductiv-
ities at these drop-cast temperatures. Films at 85 °C however show the
formation of separated particulates which break any effective channel
for charge transport having a detrimental impact on u and o.

It is known that chemical impurities are a cause of charge carrier
traps [70,71]. Even with more homogeneous morphologies seen in films
at 45 °C and 65 °C the large number of chemical impurities present due
to ring-opening are likely causing traps and leading to low conductiv-
ities seen in Fig. 6. The breakup of the surface morphology at 85 °C is
likely due to the chemical decomposition at this temperature, both
factors also contributing to the lower conductivities at these
temperatures.
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Fig. 7. Atomic force microscopy (AFM) height images of DPPC6-OH and DPPC8-OH thin films drop-cast at 45, 65 and 85°C.

3. Conclusions

Films of DPPC6-OH and DPPC8-OH have been shown to exhibit
electronic conductivities under ambient conditions. N-type conductiv-
ities which are ambient stable are rare amongst organic semiconductors
and provide a wealth of opportunities when considering multiple ap-
plications such as low temperature wearable thermoelectrics, OFETs or
orthogonal solvent processable OPV layers. Incorporating these func-
tionalities into polymer structures may provide further opportunities for
the development of water soluble and ambient stable n-type materials.

Controlling the chemical composition of films functionalised with
hydroxide anions is still a challenge due to the reversible hydrolysis
reaction initiated by ion-exchange from the halide precursor. The lactam
ring of DPP is theoretically inert to hydrolysis, however a significant
amount of hydrolysis was still observed. It may be that it is only possible
to circumvent this by removing the ion-exchange, using large excesses of
hydroxide, from the synthesis completely. Sophisticated methods of
electrodialysis are being developed for the efficient synthesis of qua-
ternary ammonium hydroxides [72-74].

It should also be noted that the precursors DPPC6-X and DPPC8-X
also gave conductivities while not exhibiting any of the chemical
complexity of the hydroxides. The EPR signals under ambient conditions
provide further evidence that quaternary ammonium groups provide
exciting opportunities for n-type organic semiconductors. Since the TFA
counterion gave higher conductivities than the hydroxide it could pro-
vide a more accessible choice of ion to be paired with other self-doping
semiconductors such as rylene diimides. Since the complications of side
reactions on amide and imide semiconducting cores are avoided, they
may provide a promising alternative to hydroxides.
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