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Abstract

This paper is dedicated to Professor P.R. Norton on the occasion of his 75™ birthday, in honor of
his profound contributions to Surface Science.

The electronic properties of carbon nanotubes are commonly customized through doping with
various moieties, however, the modification is permanent as long as the dopant is present. Here
we present a family of dopants that can be switched on and off while in place via environmental
stimuli, in particular redox conditions and exposure to acids and bases. Aniline oligomers are
firmly attached to the carbon nanotubes and are not easily displaced by other dopants or through
rinsing with solvent in either oxidation state. As opposed to the reduced form of the aniline
oligomers, their oxidized form causes p-doping of the carbon nanotubes. Similarly, the free base
and chloride salt form of the aniline oligomers can be distinguished by their doping impact on the
carbon nanotubes. The switching of the doping state can be followed by X-ray photoelectron
spectroscopy, Raman spectroscopy and especially also electrically (film resistance), opening up

applications as switches and sensors.
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1. Introduction

Many applications of single-walled carbon nanotubes (SWCNTS) rely on our ability to customize
their electronic properties [1,2,3]. Carbon nanotubes can be used as circuit elements, solar cells,
switches or sensors [4-9]. Particularly in sensing applications, for carbon nanotubes to work as
transducers they have to vary their electronic properties in response to environmental stimuli, e. g.
of mechanical, thermal, electromagnetic or chemical nature. Most chemical sensors require
amplification due to the marginal change in electronic properties as a function of a small change
in the magnitude of a stimulus that is nevertheless desirable to detect. Amplification strategies
include sophisticated control electronics, nanostructured percolation conductivity networks
[10,11], as well as chemical field effect transistors (ChemFETS) [12]. SWCNT-based sensors have
the potential to circumvent the need for additional amplification, because certain select analytes
(e.g. ammonia [8]) cause a strong change in the SWCNT electronic structure (“doping”) and can
be detected very sensitively by simple resistance measurement of a SWCNT film [13].

The process of modifying the electronic structure of SWCNTSs by removing or adding charge is
known as 'doping'. Permanent doping of carbon nanotubes can be achieved either by substitutional
or by chemical doping. Substitutional doping involves replacing some carbon atoms in the
SWCNT structure with atoms that have a different number of valence electrons, such as boron (p-
doping) or nitrogen (n-doping) [14], and is not of concern to us here. The electronic structure of
SWCNTSs can also be modulated via chemical doping, i.e. the covalent or non-covalent attachment
of functional groups or molecules that withdraw (p-doping) or donate (n-doping) charge to the
SWCNT host [15,16]. Numerous molecules have been identified which induce charge transfer
from (e.g. molecular oxygen [17], FeCls [18], TCNQ [19,20], TCNQF4 [19,20,21]) or to (e.g.

ammonia [8], alkylamines [22,23], alkali metals [24], TTF [19,20], TDAE [19,20]) SWCNTs.
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Furthermore, the charge carrier density can also be modulated by applied external electric fields
(e.g. in field effect transistors) [7], which has the benefit that the doping state of the SWCNTSs can
be changed over time, unlike in the case of traditional chemical dopants. It would be desirable to
modulate the effect of chemical dopants directly by environmental stimuli, such as light [25] or
chemical environment [26-28].

Aniline oligomers and polyanilines (PANI) are an interesting class of molecules that have been
reported to interact with carbon nanotubes electronically [29,30]. Carbon nanotubes have been
reported to act as dopants for PANI films [13,31]. PANI and its oligomers are also known for being
able to assume different oxidation states [32-34]. The impact of a change in oxidation state of
PANI or one of its oligomers on its ability to dope SWCNTs has never been documented or
utilized, however. Only on one occasion it has been mentioned that PANI can be used to control
doping in carbon nanotube devices [7].

Here we introduce aniline oligomers as a class of switchable dopants for carbon nanotubes. We
are elucidating the interactions of the phenyl-capped aniline dimer (diphenyl p-phenylenediamine,
DPPD) and phenyl-capped aniline tetramer (PCAT) with SWCNTs using UV-visible
spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and electrical
resistance measurements. In the oxidized state(s), the oligomers strongly p-dope SWCNTSs, while
the fully reduced state does not result in any detectable doping effect. Hence films of aniline
oligomer doped carbon nanotubes are suitable candidates for redox-sensors, since their electrical
resistivity strongly depends on their doping state and hence the redox state of the aniline oligomers,

which in turn depends sensitively on the chemical environment of the films.

2. Experimental
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SWCNTSs (Unidym, formerly Carbon Nanotechnologies Inc., HiPco process, batch# PO343) were
annealed at 800°C under vacuum for 1 hour (after ramping up at 1°C/min) to remove any residual
contaminants [35,36]. Phenyl-capped aniline dimer (diphenyl p-phenylenediamine, DPPD) was
purchased from Sigma Aldrich. Phenyl-capped aniline tetramer (PCAT) was synthesized and
purified according to published procedures [34,37]. Both oligomers were converted into the
desired oxidations states before use as described below. Ammonium persulphate (98.0% pure,
Sigma Aldrich), L-ascorbic acid (99.0% pure, Caledon), hydrochloric acid (LabChem, Inc.),
potassium hydroxide (Fisher Scientific) and methanol (anhydrous, Comalc) were used as received.
PTFE 0.2 um filter membrane was purchased from Pall Life Science.

SWCNTSs were mixed with the dopant molecules (DPPD or PCAT) while maintaining the SWCNT
to dopant mass ratios constant throughout the study. Methanol was used as a solvent for all
experiments. SWCNTSs were also suspended in methanol as a reference sample. The weight to
volume ratio for SWCNT samples suspended in methanol was maintained throughout the study.
Batches of DPPD and PCAT were dissolved in methanol and combined with either ammonium
persulfate as an oxidizing reagent or ascorbic acid as a reducing agent in slight stoichiometric
excess in order to obtain their fully oxidized or reduced forms respectively [32]. The half-oxidized
form of PCAT was obtained from the fully reduced form by mixing it with the appropriate
stoichiometric amount of the oxidizing reagent. Sonication of all samples prepared with SWCNTSs
and oligomers was performed under ambient conditions for 1 hour in a Branson 1510 bath
sonicator (42 kHz, 70 W). The respective samples of oligomers mixed with oxidizing agent,
reducing agent, acid or base were sonicated for 5 to 10 minutes. The suspensions were dropped on

glass slides and dried in air, or filtered through PTFE membranes to prepare bucky-paper-style
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samples for Raman spectroscopy. Flakes of the bucky paper obtained from filtered samples were
collected on glass slides for Raman spectroscopy.

Raman spectra were recorded with a Renishaw 2000 Raman microscope over a range of 100 —
3600 cm™?, with a spectral resolution of 2 cm™, using a 50x objective in backscattering
configuration. Data were collected on several spots on the samples having a size of about 1.2 um
and recorded with a fully focused 514 nm laser at 1% power, corresponding to a power density of
~ 10 uW/um? in order to avoid laser damage to the sample [38]. Where explicitly mentioned, some
Raman spectra were collected using a 785 nm solid state laser. The spectra were scaled with respect
to the maximum intensity of the D* mode (2570 - 2730 cm™) to visually aid the comparison within
and amongst the samples [39]. The D* peaks have been de-convoluted by Lorenztian peak fitting.
UV-vis spectra were recorded on an Ultrospec™ 100 pro Visible Spectrophotometer with a
wavelength range of 330 - 830 nm, a spectral band width of 8 nm and a wavelength accuracy of
+2 nm. Before recording each UV-vis spectrum of an oligomer, the spectrometer was calibrated
with methanol. Powder samples of reduced PCAT, oxidized PCAT, half-oxidized PCAT, reduced
PCAT mixed with SWCNTs, oxidized PCAT mixed with SWCNTSs, and half-oxidized PCAT
mixed with SWCNTs were pressed into double-sided adhesive tape and analyzed by X-ray
photoelectron spectroscopy (XPS) using a Kratos Axis Ultra X-ray photoelectron spectrometer.
High resolution analyses were carried out with an analysis area of 300 x 700 pm? and a pass energy
of 20 eV.

For electrical characterization, a SWCNT film was drop-casted from a methanolic suspension
between two gold electrodes on a substrate, and then covered by a microfluidic channel such that
any liquid flown through the channel could not contact the gold electrodes directly. A methanolic

solution of DPPD was then flown over the SWCNT film, followed by a pure methanol rinse and
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methanolic solutions of the oxidizing and reducing reagents respectively. Resistance of the film
was measured by applying a 0.1 mV potential and measuring the current response in a simple two

electrode configuration. Several devices were tested to assure reproducibility.

3. Results and discussion

3.1. Oxidized aniline oligomers p-dope SWCNTs

Different oxidation states of DPPD and PCAT were produced, and their effect on SWCNTSs was
studied using Raman spectroscopy. (Fig. 1) DPPD is an aniline dimer that is terminated with an
additional phenyl ring, whereas PCAT is an aniline tetramer that is also terminated with an
additional phenyl ring. Even-numbered aniline oligomers have the special property that pairs of
neighboring amine groups can lose their attached hydrogen atoms, in effect oxidizing the molecule
[32]. These oxidized versions of the aniline oligomers can then add pairs of hydrogen atoms to
neighboring imine groups to regenerate the amine groups of the reduced molecules. Raman spectra
of predominantly semiconducting SWCNTs interacting with reduced (amine, Figs. 1la) and
oxidized (imine, Fig. 1b) PCAT molecules were taken with a 514 nm green laser [40], and
contrasted with spectra taken on the same sample with a 785 nm red laser that preferentially excites
metallic SWCNTs (Figs. 1c, d). All typical Raman features of SWCNTSs are present: radial
breathing modes between 100 and 300 cm™, the G-band around 1590 cm, and the D*-band around
2660 cm [35,36,38]. Since the Raman spectral features of carbon nanotubes are resonantly
enhanced, the PCAT molecular features in a mixed sample are not normally visible. For the
purpose of Figure 1 only, a large excess of PCAT was used, so that some features of the molecules
are also visible in the spectra, namely the bands at 1179, 1221 and 1621 cm™ typical of reduced

PCAT in Fig. 1a and the bands at 1166, 1218 and 1498 cm typical of oxidized PCAT in Fig. 1b
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[41,42]. Some molecular features overlap with the G band of the SWCNTSs, but for the interaction
with oxidized molecules a blue shift of 10 cm™ is seen in the location of the D*-band of the
semiconducting nanotubes. The 785 nm laser is not well-suited for detection of the molecular
features, but it can be seen that the oxidized PCAT molecules had a significant impact on the
metallic nanotubes, as witnessed by the rise of a very large D peak at 1370 cm™ (Fig. 1d) while

the D* feature has almost vanished.
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Fig. 1. Raman spectra of SWCNT's mixed with PCAT. (a) SWCNTs mixed with reduced PCAT
illuminated by a 514 nm laser, (b) SWCNTs mixed with oxidized PCAT illuminated by a
514 nm laser, (c) SWCNTs mixed with reduced PCAT illuminated by a 785 nm laser, (d)

SWCNTSs mixed with oxidized PCAT illuminated by a 785 nm laser.
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For the remainder of the work, Raman spectra of molecule - SWCNT complexes were taken with
a 514 nm laser over a range from 100 to 3600 cm™, but for clarity only the D* feature at around
2660 cm™ is presented in the following figures, since a shift in the location of this peak is
sufficiently indicative of the SWCNT doping state [35,43]. When Raman spectra of freshly
annealed SWCNT networks were taken after 30 min sonication in pure methanol, the main peak
of the D* feature is located at 2656 cm™. (Fig. 2a, also see Fig. S1 in Supporting Materials for a
full spectrum) This position is typical for un-doped SWCNT films [35,36]. Methanol - as a radical
quencher - was used in this study instead of water in order to avoid doping effects due to Oz species
from water sonication [36]. It is also a reasonably good solvent for our dopant molecules, thus
providing for homogeneous samples of strongly attached molecules rather than non-interacting
mixtures of molecules and SWCNTSs.

When the reduced form of DPPD was added to SWCNT samples in methanol, the position of the
main peak of the D* feature essentially remains the same as for the pure SWCNT sample. (hot
shown) While reduced DPPD should be expected to n-dope carbon nanotubes [7], we were unable
to distinguish the presumably weakly n-doped state of the SWCNTSs from the undoped state. This
is likely because the reduced form of DPPD is not planar [44,45], and interactions between the
amine and the SWCNTSs are therefore sterically inhibited. In the case of a long polymer chain,
there will be a better chance of random interaction of some of the amine groups with the SWCNTSs
[7]. A bucky paper film of this sample was formed on a filter paper, and rinsed with a methanolic
solution of a suitable oxidant, namely ammonium persulfate as previously reported in the literature
[32]. The Raman spectrum of a sample of the resulting film indeed shows a blue-shift of 8 cm in
the D* peak, indicative of p-doping. (Fig. 2b) That in itself cannot be taken as ultimate proof that

the oxidized form of DPPD is a p-dopant, considering that a reaction product of the oxidation of
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DPPD with persulfate is sulfate, which itself has been shown to have a strong p-doping effect [36].
Indeed, a bare SWCNT film produced in a similar manner to the DPPD-SWCNT film and exposed
to a methanolic solution of ammonium persulfate also shows a blueshift, even stronger so at 13
cm™. (Fig. 2¢) This shift is to be expected for sulfate ions [36]. A clear distinction between the two
cases becomes possibly after rinsing with a methanolic solution of ascorbic acid, which acts as a
reducing agent in the case of the DPPD, and resets the DPPD-SWCNT films into the original state.
(Fig. 2d) No impact is made on the sulfate-doped SWCNT films. (Fig. 2e) Hence we can conclude
that DPPD is not only capable of being switched between p-doping and not-doping states while
being attached to SWCNT films, but it also prevents the interaction of other dopants (namely

sulfate) with the SWCNTSs due to the formation of a continuous (mono)layer [46-48].

10
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Fig. 2. Raman spectra (D* peak) demonstrating the effect of DPPD on SWCNT films. (a)
Annealed, bare SWCNT film, (b) DPPD - SWCNT composite film after exposure to
ammonium persulfate, (c) bare SWCNT film after exposure to ammonium persulfate, (d)
DPPD - SWCNT composite film after subsequent exposure to ammonium persulfate and

ascorbic acid, (e) bare SWCNT film after subsequent exposure to ammonium persulfate

and ascorbic acid.
Similarly, when the SWCNTSs were sonicated in methanol together with the fully reduced form of

PCAT (instead of by themselves, Fig. 3a), their D* features remained essentially unchanged. (Fig.

11
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3c) When sonicated with the half-oxidized (2 amine and 2 imine groups) version of PCAT, their

D* features blue-shifted by 5 cm, (Fig. 3e) whereas the fully oxidized version of PCAT vyielded

a blue-shift of 9 cm. (Figs. 3b, 3d)
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Fig. 3. Raman spectra (D* peak) of SWCNTs demonstrating the doping effects of different PCAT
oxidation states. (a) Pristine and annealed SWCNTSs sonicated in methanol, (b) SWCNTs

with oxidized PCAT, (¢) SWCNTSs with reduced PCAT, (d) SWCNTs with half-oxidized

PCAT.

3.2. The mechanism of doping

Further characterization was carried out in order to elucidate the origin of the switchable doping
phenomenon. It is possible to study the Raman spectra of the oligoanilines by themselves, and our
spectra (not shown) agree with the literature for the various oxidation states [32,41]. However, we

were unable to resolve their Raman features as part of the SWCNT films when used in

12
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stoichiometric ratio, because the resonant signal of the carbon nanotubes by far dominated the
spectrum [49]. The spectra shown in Fig. 1 are taken on films with a large excess of PCAT, hence
most of the Raman signal comes from molecules that are not directly interacting with the
SWCNTSs. Here, we present the UV-vis spectra of the oxidized and reduced molecules in pure
form in order to highlight their electronic properties, while their impact on the SWCNT films is
elucidated using X-ray photoelectron spectroscopy (XPS). The alignment of conduction and
valence bands of the SWCNTs with the highest occupied and lowest unoccupied orbitals of the
molecules determines magnitude and direction of charge transfer [50]. UV-vis spectra (Fig. 4a) of
completely oxidized DPPD species show two absorption bands at 330 nm and 422 nm (upper
curve), while the completely reduced DPPD species exhibits only one optical transition at 330 nm
(lower curve). The band at 330 nm is associated with a =—7n* type transition of the benzenoid
rings, while the band at 422 nm is associated with the presence of quinoid (-N=) rings in the
oxidized DPPD species [51]. Thus, the upper curve is characteristic for the oxidized DPPD species.
Similarly, the absorbance maximum originating at 330 nm (Fig. 4b) for oxidized and reduced
PCAT compounds is ascribed to the - 7* transition centered on the benzenoid aromatic rings of
PCAT species. This is the only type of spectrum expected for the leucoemeraldine (reduced) state
of PCAT [37], since it shows essentially no excitonic peak, while more than one transition is
expected for oxidized PCAT species. The second absorbance maximum found at 414 nm (upper
curve) is due to quinoid rings of the oxidized PCAT species. The third absorbance maximum,
observed at 585 nm (upper curve), is indicative of the formation of a molecular exciton
qualitatively described by a charge transfer into the quinoid (-N=) rings from each of the

neighboring benzenoid rings [52]. The absorbance maximum at 750 - 800 nm (upper curve) has

13
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been attributed to highly delocalized charge carriers [53]. Therefore, this spectrum (upper curve)

is characteristic for the pernigraniline (oxidized) base state of PCAT.
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Fig. 4. UV-vis spectra of different oxidation states of the phenyl capped aniline oligomers used in
this study. (a) Phenyl-capped aniline dimer (diphenyl p-phenylenediamine, DPPD) in the
oxidized (top) and reduced (bottom) form. (b) Phenyl-capped aniline tetramer (PCAT) in
the oxidized (top) and reduced (bottom) form.

The impact of the interactions with DPPD and PCAT on the SWCNTSs is clearly visible in Figs. 2

and 3 using Raman spectroscopy. However, the impact of those interaction on the molecules

cannot be elucidated using Raman or UV-vis spectroscopy, because the signal from the carbon

nanotubes by far overwhelms the signal from the molecular species. Therefore we chose X-ray

photoelectron spectroscopy (XPS) in order to observe the interactions. The carbon 1s peak will in

14
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this case also be dominated by the SWCNT signal, which would demonstrate a subtle shift due to
doping [35]. This small shift (expected to be less than 0.1 eV) cannot be discerned from our data,
since our spectra were charge corrected based on the C 1s peak location. The nitrogen 1s peak,
however, will be solely indicative of the effect of the doping process on the aniline oligomers [41].
We have obtained high resolution XPS spectra of the N 1s peak of reduced, oxidized and half-

oxidized PCAT species, both in pure form and while interacting with SWCNTSs. (Fig. 5)
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Fig. 5. Nitrogen 1s high resolution XPS spectra (deconvoluted) of (a) reduced PCAT powder,
(93.7%) (b) oxidized PCAT powder, (imine 37.9%; amine 34.6%; ox? 19.8%; charged
5.8%) (c) half-oxidized PCAT powder, (31.4%; 57.7%; 5.2%) (d) reduced PCAT mixed
with SWCNTSs, (13.8%; 71.6%; 14.6%) (e) oxidized PCAT mixed with SWCNTSs, (68.7%;
31.3%) (f) half-oxidized PCAT mixed with SWCNTSs. (32.2%; 51.1%; 16.8%) Attribution
of peaks: ~398.3 eV = imine; ~399.5 eV = amine; ~400.5 = charge at N (protonated); ~402

eV = delocalized charge.
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The amine groups of the reduced PCAT molecules manifest themselves in N 1s peak at a binding
energy of 399.5 eV, (Fig. 5a) whereas the imine groups of the oxidized molecules result ina N 1s
binding energy of 398.25 eV, (Fig. 5b), a clear shift of over 1 eV that makes the two species easily
distinguishable [54]. As it can be seen, the 'oxidized' batch of molecules still includes a percentage
of reduced species (peak at 399.39 eV), in addition to nitrogen atoms that have lost an electron,
but not a proton (peak at 400.40 eV; oxidized, but technically in the salt form rather than the free
base), and nitrogen atoms associated with delocalized positive charges (peak at 402.09 eV; still
oxidized). Given that 3 of the four peaks are associated with oxidized nitrogen species, the amount
of residual reduced PCAT in this sample is estimated to be less than one third. Some reduction
may have also occurred due to background hydrogen under irradiation in the XPS vacuum
chamber. Finally, the half-oxidized PCAT sample appropriately shows an almost even mix of
imine (BE 398.52 eV) and amine (BE 399.59 eV), with only a small amount of protonated nitrogen
(BE 400.56 eV) and no discernible delocalized charges (Fig. 5c). The latter is due to the half-
oxidized nature of the tetramers, limiting the conjugated system to isolated quinoid rings, rather
than pairs of quinoid rings as present in the oxidized tetramers, or even longer conjugated chains
in the polymeric form (PANI). Overall, the XPS spectra of the pure PCAT samples are in line with
expectations and provide a good reference point for understanding the interactions of these
molecules with SWCNTSs.

The interaction of reduced PCAT molecules with SWCNTSs leads to the emergence of imine and
charged nitrogen peaks in the N 1s spectrum (Fig. 5d), both indicative of electron donation from
the molecules to the SWCNTSs, i.e. n-doping. In the case of oxidized PCAT (Fig. 5e), virtually all
charged species have disappeared from the spectrum, while the portion of reduced (amine) N holds

steady just below one third. Half-oxidized PCAT contains a mixture of amine and imine moieties,
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which upon interaction with SWCNTSs individually behave as to be expected from the fully
reduced and 'fully' oxidized samples, resulting in a mixture of imine (BE 398.37 eV), amine (BE
399.46 eV) and charged nitrogen (BE 400.54 eV) species (Fig. 5f). This behavior is fully consistent

with what we know about carbon nanotube chemistry and physics [55].

3.3. Dopants can be switched on and off repeatedly

To study the reversibility of the doping process due to repeated exposure to oxidizing and reducing
agents, SWCNTSs were suspended in methanol by sonication for an hour and then formed into a
bucky paper style film by filtration onto a PTFE membrane. The Raman spectrum recorded for
this sample shows a D* peak at 2656 cm, indicating undoped SWCNT networks. (Fig. 6a) The
SWCNT film was then rinsed with a methanolic solution of fully oxidized PCAT. This resulted in
a 9 cm up-shift of the D* peak to 2665 cm™ (Fig. 6b) indicating p-type doping of the SWCNT
network. The SWCNT film was then rinsed with a methanolic ascorbic acid solution and the
Raman down-shift of the D* peak is found at 2659 cm™. Fig. 6¢ illustrates the switching back of
the SWCNT networks to the original (un-doped or possibly weakly n-doped) state. Although it
does not go all the way back to the D* position (2656 cm™) of pristine SWCNTSs, this recovery
effectively constitutes a redox cycle of the SWCNT films and allows the same SWCNT networks
to be repeatedly cycled between two stable states via exposure to redox reagents. The stability of
the oligoaniline-SWCNT complex is expected, because aromatic structures in general are known
to interact strongly with the basal plane of graphitic surfaces via n-stacking [23,31]. The redox
recovery cycle has been repeated to confirm its reversibility. The Raman spectrum collected after
reducing the SWCNT film one more time with ammonium persulfate reveals again the up-shift of

the D* peak to 2665 cm™ (Fig. 6d) and thus p-doping. Subsequent rinsing with ascorbic acid
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removed the p-doping effect on the SWCNT film as evidenced by the downshift in the D* peak,
(Fig. 6€) which completes the second redox cycle. We have only completed one more cycle (Figs.
6f, 69g), but it can be expected that the system is longterm stable for many more cycles [56,57]. For
all the Raman spectroscopy experiments a sample flake was collected on a glass slide after each
switching step. As a result, a noticeably large, and nearly identical switching of Raman shift for
all the three complete redox reversible cycles has manifested the robust chemical sensing
properties of SWCNT networks doped with PCAT species. The nearly identical switching of the
Raman shift for all the three redox reversible cycles rules out the possibility of any structural

damage to the SWCNT networks in either the oxidized or the reduced state.
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Intensity (a.n.)
Intensity (a.u.)
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Fig. 6. Raman spectra illustrating the evidence of SWCNTSs' switching back and forth between
different doping states in response to the oxidized and reduced state of doping species
PCAT and DPPD. (a) Pristine and annealed SWCNTSs, (b) SWCNT film with oxidized
PCAT, (c) same sample after reduction of PCAT, (d) same sample after re-oxidation of
PCAT, (e) same sample after re-reduction of PCAT, (f) same sample, PCAT oxidized

again, and (g) same sample, PCAT reduced again. (h) Pristine and annealed SWCNTSs, (i)
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SWCNT film with oxidized DPPD, (j) same sample after reduction of DPPD, (k) same

sample after re-oxidation of DPPD, (I) same sample after re-reduction of DPPD, (m) same

sample, DPPD oxidized again, and (n) same sample, DPPD reduced again.
An analogous experiment to what was just described for the PCAT - SWCNT complex was also
conducted using DPPD. (Figs. 6h-n) The shift in the D* peak of the SWCNT Raman spectrum is
comparable to the case of PCAT, the same redox agents were used, and the result after three
complete redox cycles is identical, again demonstrating the robustness of the effect even for the
case of the smaller molecule, which could have been thought to be more prone to removal from
the SWCNT network due to its smaller size and hence lesser interaction with the SWCNT surface.
If any switchable dopant molecules had been removed from the SWCNT films, however, we would
have expected permanent doping due to the sulfate species of the oxidizing agent to occur in those
vacancies, as documented in Fig. 2. Additional evidence for the robustness of the interactions of
all oxidation states of the switchable dopant aniline oligomers with the SWCNT films comes from

rinsing experiments.

3.4. Oligoaniline-SWCNT complexes are robust

In two separate experiments, oxidized DPPD and PCAT molecules respectively were added to a
methanolic suspension of SWCNTSs and sonicated for one hour. The strongly colored solutions
were filtered through PTFE membranes to form coherent nanotube films (“Bucky paper”), which
were then rinsed with methanol until the filtrate turned colorless. Raman spectra were taken of
these samples before and after further rinsing with several hundred milliliters of methanol, (Fig.

7) indicating that the doping effect is still present after rinsing, and hence the DPPD-SWCNT and
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PCAT-SWCNT complexes are stable to rinsing, permitting the manufacture of long term stable

devices.

Intensity (a.u.)

Raman Shift em-1

Fig. 7. Stability of SWCNT-oligoaniline complexes towards rinsing with methanol. Raman spectra
of SWCNT films (D* peak) (a) with oxidized PCAT before rinsing, (b) with oxidized
PCAT after rinsing, (c) with oxidized DPPD before rinsing, and (d) with oxidized DPPD
after rinsing.

These complexes are also stable towards the exposure to other potential dopants, such as sulfate

SO4%. Sulfate ions have been documented as having a strong doping effect of SWCNT networks

[34], yet in the case of DPPD-SWCNT and PCAT-SWCNT complexes no lasting effect due to

sulfate doping can be detected. Exposure to sulfate is unavoidable during our procedures since it

is a product of the oxidation reaction of the oligoanilines with ammonium persulfate. If sulfate

could displace the oligoanilines from the SWCNTS, or even co-adsorb onto the SWCNT networks
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alongside the oligoanilines, it would have been expected that the p-doping of the SWCNTSs could
not be reset simply by reducing the oligoanilines. Rather, the SWCNTs would be permanently
doped after the first oxidation procedure. This is not the case here, and hence we can state that the
oligoaniline-SWCNT complexes are very robust against contamination, which is essential for

sensing applications.

3.5. Salt-base conversion of the oligoanilines affects doping

It has been noted in the literature that polyaniline films (and hence also oligoanilines) can
themselves be doped by reacting them with an acid (e.g. hydrochloric acid) to form a salt [58,59].
While so far we have presented data from the free base forms of the oxidized and reduced
oligoanilines, we will now look at the effect of salt formation. It is desirable to avoid direct doping
due to the selected anions, which is why chloride was chosen (as opposed to e.g. sulfate) [36].
While hydrochloric acid has in the past been reported to dope SWCNTSs [17], we have shown in
previous work that the effect was either due to formation of FeCls or due to doping by molecular
oxygen formed during sonication in water [35,36]. Here we consider the effect of HCl and KOH
in methanolic solution on the doping state of carbon nanotubes in SWCNT-oligonaniline
complexes.

Figures 8a-e present a complete cycle of chemical treatments by consecutive rinsing of the DPPD-
SWCNT film with ascorbic acid (a reducing reagent), ammonium persulfate (an oxidizing
reagent), hydrochloric acid, ascorbic acid, and potassium hydroxide methanolic solutions, while
Figs. 8f-j show a different order of treatment of a DPPD-SWCNT sample, namely, ascorbic acid,
hydrochloric acid, ammonium persulfate, potassium hydroxide and ascorbic acid. By comparing

the outcomes of the two cycles we can separate the effects of salt formation and oxidation from
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each other and elucidate the doping properties of all four species (oxidized base, oxidized salt,

reduced base, reduced salt).

Intensity (a.u.)
Intensity (a.u.)

2600 2700 2600 2700
Raman Shift (em-1) Raman Shift (cm-1)

Fig. 8. Acid and base treatment of DPPD/ SWCNT. Raman spectra demonstrating the consecutive
chemical treatments of DPPD-SWCNT films. A DPPD-SWCNT film sample was (a)
rinsed with ascorbic acid, (b) then rinsed with ammonium persulfate, (c) then rinsed with
dilute HCI, (d) then rinsed with ascorbic acid, and (e) finally rinsed with dilute KOH. A
different DPPD-SWCNT film sample was (f) rinsed with ascorbic acid, (g) then rinsed with
dilute HCI, (h) then rinsed with ammonium persulfate, (i) then rinsed with dilute KOH, and

finally (j) rinsed with ascorbic acid.
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For the purpose of obtaining the data presented in Fig. 8, DPPD was dissolved in methanol, and
SWCNTSs were suspended in this solution via sonication for 30 minutes. The solution was then
filtered onto a PTFE membrane to form a DPPD-SWCNT film. The film was rinsed with ascorbic
acid solution. The Raman spectrum shows a D* peak at 2656 cm (Fig. 8a), corresponding to
undoped SWCNT networks. The DPPD-SWCNT film was then rinsed with a methanolic
ammonium persulfate solution and the Raman spectrum shows a 8 cm blue shift of the D* peak
to 2664 cm (Fig. 8b) attributable to p-doping of the SWCNT networks. Subsequent rinsing with
hydrochloric acid solution results in DPPD-SWCNT films with a D* peak at 2664 cm (Fig. 8c),
still corresponding to p-doping. When the film was rinsed with reducing reagent, it shows a nearly
identical D* value at 2662 cm™ (Fig. 8d). It is noteworthy that the oxidized DPPD hydrochloride
salt transformed into the reduced DPPD hydrochloride salt, which also p-dopes the SWCNT
networks. The final rinsing of the DPPD-SWCNT film with KOH solution results in a down shift
of the Raman D* mode back to 2657 cm* (Fig. 8e). This down shift indicates that the KOH reacted
with the reduced DPPD salts back to the reduced DPPD base form which is unable to p-dope the
SWCNT networks. In order to ensure that we have properly separated the effects of oxidation state
and salt/base form of the DPPD molecules on their ability to p-dope the SWCNT networks, we
also subjected a sample to a different cycle, as shown in Figs. 8f-j. This new film was rinsed with
reducing reagent solution, resulting in a D* peak at 2656 cm™* (Fig. 8f), corresponding to undoped
SWCNT networks. Subsequently, the HCI rinsed DPPD-SWCNT film shows a 9 cm™ blue shift
(Fig. 8g) of the Raman D* peak, indicating that reduced DPPD salts accept charge causing
SWCNT networks to be p-doped. After rinsing with oxidizing agent, the DPPD-SWCNT film
showed no further shift in the D* peak (Fig. 8h) because the reduced DPPD hydrochloride salt

turned into oxidized DPPD hydrochloride salt, which also causes p-type doping of the SWCNT
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networks. The subsequent rinsing of DPPD-SWCNT networks film with KOH solution results in
ared shift of the D* peak found at 2657 cm-* (Fig. 8i). Since this already corresponds to the original
state of the SWCNT networks, no further shift is observed after the final rinse with ascorbic acid
(Fig. 8j).

It has previously been documented in the literature that protonation of polyaniline by acids
preferably occurs at the imine groups of the oxidized species, and enhances the charge transfer
from the nanotubes due to the positive charge at the nitrogen centre resulting from protonation
[55]. This is consistent with our findings that both the salt and the free base of the oxidized form
of DPPD p-dope carbon nanotube films, although the extent of doping observed in our case is
identical, likely because the maximum possible charge transfer had already been achieved before
protonation. Unlike polyaniline, DPPD does not have intermediate oxidation states, and the
preference of protons to attach to imine groups over amine groups does not play a role in our case.
Proton attachment to the amine groups in the reduced form of DPPD enhances the charge transfer
regardless and leads by itself to p-doping. The free base form of reduced DPPD, as expected, does
not p-dope.

A curious effect is observed in Fig. 8i, where the rinsing step with base results in conversion of
the DPPD into a species that we have to conclude is the free base of the reduced form. The
explanation can be found in the detail of the solvent. In order to exclude doping effects from
molecular oxygen that is commonly present in aqueous solutions [36], we have used methanol as
a solvent throughout this study. A basic solution of methanol is a known reducing agent, forming
formaldehyde in the process. This explains the observed anomaly which we therefore would not

expect to be present in aqueous solution.
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PCAT exhibits identical behavior when exposed to sequential variations of pH and redox
conditions. The data essentially replicates what is shown in Fig. 8 and is presented as Fig. S4 in
the supporting material. Hence the behavior is likely generalizable for all aniline oligomers and
polyaniline alike. Furthermore, the effect of HCl and KOH on the doping properties of reduced
DPPD and PCAT is reproducible and repeatable on the same sample (Supporting material, Fig.
S5). Therefore, these systems are also to some extent pH sensitive in addition to being redox-

sensitive, an important consideration in sensor design.

3.6. The dopant state can be read electrically

So far, the doping state of the carbon nanotube films was purely determined using Raman
spectroscopy, relying on the D* peak shift of a few wavenumbers. In order for the concept of
switchable dopants to have any applicability, a more practical read-out is desirable. Indeed, a
simple resistivity measurement of the oligoaniline - SWCNT composite films is much more
powerful and easy to read (Fig. 9), albeit in itself no proof of doping. The conductivity of a reduced
DPPD - SWCNT film is more than doubled upon exposure to a methanolic solution of ammonium
persulfate, and could be reset to its original value using a methanolic solution of ascorbic acid
(starting at 1200 seconds in Fig. 9). The magnitude of the response is due to the impact that p-
dopants generally have on the electronic properties of the host material. Hence the switchable
dopant concept can yield simple and robust devices that do not require additional signal
amplification, but rather can be based on simple conductivity measurements. Our two-probe set-
up here simply employed a power supply and a current meter, but could be further enhanced in

bridge configuration or further optimization of the detection circuit. That reliable and reproducible
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sensing performance of microfluidic devices built on this principle is indeed achievable even in

aqueous medium has been demonstrated by us and was reported separately [56].
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6.00E-008-

4.00E-008
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2.00E-008 . : : .
0 500 1000 1500 2000

Time (sec)

Fig. 9. Current increases during the flow of methanolic ammonium persulfate solution across a
DPPD/SWCNT film (0 -1200 sec). Subsequent exposure to a methanolic solution of

ascorbic acid (at 1200 sec) results in a rapid decrease in current.

4. Conclusions

We have developed a new concept in nanocarbon doping, which is the utilization of molecules that
can respond to chemical stimuli, including, but not limited to, redox reagents and pH as dopants
for nanocarbon films. The common characteristic of these molecules is that in response to the
given stimulus they reversibly transform between forms that cause clearly distinct doping states of
their nanocarbon film hosts. As a result, the presence or absence of the chemical stimulus in
question can be detected by determining the doping state of the nanocarbon film, e.g. by Raman
spectroscopy or by simple electrical resistance measurements.

In this work, we have demonstrated the concept using two different aniline oligomers (DPPD

dimer, PCAT tetramer) in interaction with SWCNT films that are responsive to reduction by
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ascorbic acid, oxidation by ammonium persulfate, acidification (salt formation) by HCI and
basification (free base formation) by KOH. The charge transfer mechanism is consistent with
literature reports [7,55] and was further supported with Raman and XPS spectroscopic studies. The
robustness and reproducibility of the switching process was demonstrated.

The basic idea that we have documented here can be further expanded upon by applying it to
different forms of nanocarbon, other switchable dopant molecules, analytes and solvents
[46,56,57]. At this point, all evidence points toward longterm stability and reproducibility of the
systems examined by us. The switchable doping concept further has the significant benefit of not
requiring additional amplification such as field effect transistor (ChemFET [12]) geometries,
although it may be interesting to examine the potential benefits of combining it with other sensor

designs.

Supplementary material

See supplementary material for Raman spectra from additional experiments.
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