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ABSTRACT Oligoanilines are interesting candidates for organic electro-
nics, as their conductivity can be varied by several orders of magnitude upon FIES
protonic doping. Here we demonstrate that tetraaniline self-assembled
monolayers exhibit an unprecedented conductance on/off ratio of ~710
(at +1 V) upon doping of the layers from the emeraldine base to the
emeraldine salt form. Furthermore, a pronounced asymmetry in the
current—voltage characteristics indicates dynamic doping of the tetraani- A 0_ e
line layer by protons generated through field-enhanced dissociation of
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water molecules, a phenomenon known as the second Wien effect. These results point toward oligoanilines as promising substitutes for polyaniline layers

in next-generation thin film devices.
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he pronounced dependence of the

electrical conductivity of s-conju-

gated polymers on doping level and
the ability to control this level is the basis for
their application in a wide range of elec-
tronic and optical materials, exploitable in
electrodes,'” transistors,>* memories,>® and
sensors.”® Polyaniline (PANI) is unique among
the common conjugated polymers because it
can be switched between conductive (“on”)
and insulating or semiconductive (“off”) states
by protonation—deprotonation as well as by
oxidation—reduction.” Modulation of the con-
ductivity of PANI films via oxidation—reduc-
tion (electrochemistry) is the basis for devices
with diode or transistor properties,'® as well as
memristive behavior,'” while modulation via
protonation—deprotonation provides sensing
capabilities.”

As miniaturization in organic semicon-
ductor devices progresses, film thickness
and homogeneity become critical factors
in view of speed and reliability. In this
respect, PANI suffers from poor solubility
and polydispersity, making it difficult to pre-
pare thin films with uniform thickness and
electrical characteristics by using conven-
tional methods such as drop- or spin-casting,
in situ chemical deposition, or electrochemical
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deposition,'*"® Although thin films of PANI
can be obtained using pulsed laser,'* ther-
mal evaporation,’” or sputter deposition,'®
these processes result in the degradation of
the polymer."*'® As a result, attention has
turned to aniline oligomers (oligoanilines),
which have electronic and optical properties
similar to those of PANI'~'® with the advan-
tage of being monodisperse, soluble, readily
functionalized, and crystallizable.?°~2® Com-
pared to the parent polymer, however, little is
known about the transport properties of oli-
goanilines, especially in thin films.

Here we investigate the conductivity of
ultrathin monolayers, assembled from the
emeraldine (“half-oxidized”) aniline tetramer
(tetraaniline, TANI) in its undoped (emeraldine
base, EB) and doped (emeraldine salt, ES)
form. In Hg-drop measurements, the TANI
monolayers show an outstandingly high on/
off conductance ratio (Ron/0f) When converted
from the EB to the ES state. Furthermore,
a significant rectification in their current—
voltage characteristics is seen. This behavior
is interpreted in light of a new type of dynamic
doping caused by field-induced dissociation
of water molecules located within the junction
(the second Wien effect).’ Itis further demon-
strated that dithiocarbamate (DTC) chemistry
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Figure 1. (a) XP-spectrum of the TANI—-DTC monolayer in the S 2p core level region. (b) Structural model of the monolayer
based on XPS data. It includes possible structural variations, such as isomeric/tautomeric combinations, intermolecular
hydrogen bonding, and monodentate binding of the dithiocarbamate group to Au.

can be used to form TANI monolayers on gold sub-
strates by simple self-assembly from solution, yielding
monolayers that are chemically stable in both the EB
and ES states.

RESULTS AND DISCUSSION

Monolayers (SAMs) were formed by soaking freshly
cleaved template-stripped gold substrates (RMS rough-
ness of 0.3 nm)*®in ~5 x 10~* M ethanolic solutions of
TANI-DTC, which were prepared in situ®® by adding
nearly equivalent (2—3% excess) amounts of triethyla-
mine and CS, to solutions of TANI. The as-prepared SAMs,
which were in their undoped EB state (vide infra), were
doped with HCl vapor by placing them in a covered
vessel with a drop of concentrated hydrochloric acid for
1—3 min. The quality of the SAMs before and after doping
was verified by X-ray photoemission spectroscopy (XPS).
Several key findings of the XPS analysis are summarized
here and further details can be found in the Supporting
Information (section SI-1). The S 2p signal (Figure 1a) has
a main component at a binding energy of 161.9 eV,
demonstrating a bidentate coordination of both sulfur
atoms of the dithiocarbamate group to Au.3® The com-
position, corrected for photoelectron attenuation, is in
excellent agreement with the predicted stoichiometry for
TANI—-DTC. The thickness (d) is estimated to be 1.4 nm
by comparison of the attenuation of the Au 4f signal with
that of a reference monolayer (see Table 1). In agreement
with XPS data, Figure 1b shows the proposed structural
model of the SAM, with TANI having an average molec-
ular tilt angle of ~50° with respect to the surface normal.
It is important to note that the XP spectrum of the HCI-
doped SAM was essentially identical to that of the
undoped SAM described above. This observation leads
to two conclusions: (1) HCI dissociates from the mono-
layer when kept in ultrahigh vacuum for several hours,
and (2) the dithiocarbamate group is chemically stable
in both the undoped and doped states of the SAM.
Additional topographic and spectroscopic characteriza-
tion of the monolayers was carried out by STM, PM-IRRAS,
and ellipsometry (Supporting Information, section SI-1).
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Current density—voltage (J—V) characteristics were
obtained using Hg-drop top electrodes, as shown
schematically in Figure 2a.3%*" Before making contact,
the Hg-drop was suspended in a solution of hexadec-
anethiol (HSC;¢Hss) to coat the mercury surface with a
thiolate monolayer, which serves as a spacer between
Hg-drop and TANI-DTC layer and thus reduces the
probability for electrical shorts. The reproducibility of
the electrical data before and after doping indicates
that the monolayers are free of defects that could
cause shorts. It also indicates that the SAMs are not
prone to decomposition by protonation (also verified
by XPS, as noted above). Log |J|—V plots obtained
before and after doping with HCI vapor are shown in
Figure 2b. The values of Ryno @t +1 V is 710 & 120,
based on averages of data sets for doped and un-
doped TANI-DTC layers (see Supporting Information,
Figure S6). The results from electrical measurements
are summarized in Table 1 together with data acquired
with junctions including two reference monolayers
(vide infra).

The J—V characteristics exhibit hysteresis in both the
doped and undoped (as-prepared) states, for positive and
negative voltages. Since other junctions, including known
reference SAMs instead of TANI-DTC (e.g., alkanethiols,
aromatic dithiocarbamates), do not show any hysteresis
(see Supporting Information, Figures S10 and S11) this
behavior is attributed to the TANI—DTC monolayer. The
hysteresis can be interpreted in terms of a dynamic doping
model (vide infra), being the result of thermodynamic
trapping of H" and OH™ ions within the TANI—DTC layer
(see Supporting Information, section SI-8).

Another prominent feature of the J—V data is the
decrease of the current density (J) with time (t) after
immersion of the TANI-DTC SAMs in the bath solution
that is used during Hg-drop measurements. Figure 3
shows two examples of the dependence of J on t. To
probe the short immersion-time regime, the hexade-
canethiol SAM was preformed on an Hg electrode (for
~10 min) and the sample was immersed into the
solution shortly before measurement (curve a). When
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TABLE 1. Electrical Properties of Undoped and HCl-doped TANI-DTC SAMs and of Two Reference Monolayers®

SAM SAM thickness® (nm) junction configuration for J/—V measurements® Jogs (A/em?) Jon (Aem?) Ron/ofe
TANI—DTC 14401 Hg|SCigHs3 | TANI—DTC|Au 43, x 10777 8.5, x 1074 1980¢
9.05 x 107°¢ 6.45 x 1073¢ 710°
CiHasSH' 14401 Hg|SCagHall CiaHasS|Au 33, x 10777
TPM-DTC? 174 0.1 Hg|SCyHsdll TPM-DTC|Au 11, x 10734

“ Bias voltages were applied to the Au bottom electrode, with the Hg-drop serving as ground. All J values listed here were measured at positive bias. ° The film thickness of the
TANI—DTC monolayer was determined by XPS. ¢ Configuration of the junction during Hg-drop measurements, where “|" represents an interface with a covalent metal—organic
bond and “I1” represents an interface between two layers in van der Waals contact. ¢ Values evaluated at V= +0.5 V during the down-sweep. Jyg refers to as-prepared samples
and J,, refers to HCl-doped samples; these distinctions do not apply to the two reference systems. ¢ Values evaluated at V= +1V. "The thickness of the dodecanethiol SAM
was estimated as the molecular length multiplied by cos(30°). ¢ Data for N-methyl-([1,1:4’,1” Jterphenyl-4”-methyl)-dithiocarbamate (TPM—DTC) are from ref 30.
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Figure 2. (a) Model of the TANI-DTC molecular junction during electrical characterization with the Hg-drop setup. (b)
Semilog plot of the absolute current density versus bias voltage for HCl-doped and for as-prepared (undoped) TANI-DTC
monolayers. Each individual curve represents data obtained from a different sample. The HCl-doped samples were, on
average, exposed to the solution for 25—30 min before the J—V characteristics were measured.

sample and Hg electrode were immersed into solution
at the same time, longer exposure times were required
(curve b). The values of J (at either —1 or —0.5 V) were
obtained during successive J—V sweeps, while main-
taining contact between the two electrodes. Curves a
and b in Figure 3 are first-order exponential decay fits
to the J—t data, resulting in k=0.21 min~ " and k=0.13
min~", respectively. We attribute the decay in conduc-
tivity to the loss of HCl from the TANI-DTC SAM.
However, the fits converge to values of J that are
significantly higher than those observed for undoped
TANI-DTC SAMs (i.e, by a factor of ~10?), meaning
that the final state still corresponds to partially doped
TANI. The dedoping of the SAM appears to require the
liquid bath environment, since the doped TANI-DTC
film is stable in dry air for several hours, as observed by
infrared spectroscopy (Supporting Information, sec-
tion SI-1). Both fit curves in Figure 3 indicate that the
initial J (at t = 0 min) is about 2.8 times higher than J
after exposure to solution for 10 min. Since in our J—V
data (Figure 2b) the first scan was typically acquired
after a delay time of ~10 min, the extrapolated value of
Ronvoff for the initial doping level is estimated to be ~2.8
times higher than the experimentally determined value;
that is, Ronjoff & 2.8 X 710 = 2000 (at V = +1 V). Even
though this ratio is small compared to the value of
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10°—107 observed for thin PANI films,' it is significantly
higher than the values reported for oligoaniline strands
that are switched electrochemically (Ron/off & 70—100)2
or PANI nanofibers that are doped with HCl (Ryn/0ff =
80).3% Using TANI-DTC SAMs in a solid-state, sealed
device structure would probably allow the long-term
stability in either doping state, as indicated by the
above-mentioned IR data.

The reason for the lower Rgp ot in TANI—DTC mono-
layers compared to bulk PANI, where R,..f can reach
values of 10°—10'°? is of great interest for a fundamental
understanding of charge transfer processes occurring in
this type of material at different length scales. To address
this issue, the above J—V characteristics are related
to those from junctions using monolayers of either
N-methyl-([1,1:4',1"]terphenyl-4"-ylmethyl)dithiocarbamate
(TPM-DTC) (d ~1.7 nm)* or dodecanethiol (d ~1.4 nm) in
place of TANI—DTC (Table 1 and Supporting Information
Figures S10 and S11). On the basis of this comparison, we
find that the as-prepared TANI—-DTC SAM is ~1.3 times
more conductive than a SAM of 1-dodecanethiol (based
on J at +0.5 V), which is consistent with the insulating
nature of the EB state of PANI® and shows that the TANI
monolayer is in the expected EB state. On the other hand,
the measured conductivity of a HCl-doped TANI-DTC
SAM is ~0.8 times that of a monolayer of TPM—DTC,
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one of the most conductive aromatic compounds.®
Theoretical®* and experimental'®*® investigations indicate
that for TANI the highest occupied molecular orbital of the
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Figure 3. Dependence of |J| of HCl-doped TANI-DTC SAMs
on time during Hg-drop measurements. (a) J measured
at —1 V after the immersion (at t = 0) of the SAM into the
solution. The first scan was acquired at ~2 min after immer-
sion. The line is a least-squares fit following the first-order
exponential decay J(t) = 0.0254 + 0.0736 exp(—t/4.82). (b)
Jmeasured at —0.5 V after the immersion (at t = 0) of the SAM
into the solution. The first scan was acquired at ~10 min
after immersion. The line is a least-squares fit following
the first-order exponential decay J(t) = 0.00419 + 0.0394

exp(—t/7.96).

ES state is delocalized as a bipolaron that spans the four
N-atoms (all of which are protonated) and the three inner
phenyl rings, causing the observed high conductivity. In
contrast, charge transport through a TPM—DTC layer is
known to occur by nonresonant tunneling across the
s-system.3%® Despite that a quantitative understanding
of charge transport in ultrathin oligoaniline layers is not yet
established, our findings indicate that bipolaronic trans-
port controls the electrical behavior of oligoaniline assem-
blies, even down to the molecular length scale (~2 nm)
that is characteristic of two-terminal, monolayer junctions.
The ability of PANI films to have their electrical
conductivity switched repeatedly between “on” and
“off” states by exposure to acids and bases is the basis
for the interest in using the films as active elements
of environmental sensors.”® To test whether the
TANI—DTC monolayers could also be switched, we ex-
amined their J—V characteristics upon sequential
exposure to HCl and NH3 vapors. An example of one
of these experiments is provided in the Supporting
Information (section SI-3). Although switching was
demonstrated, after the second doping step degrada-
tion is observed in the J—V characteristics. We believe,
however, that the degradation is primarily due to the
rinsing procedure used to remove the hexadecane
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Figure 4. (a) J—V curve for the as-prepared (EB-form) TANI-DTC SAM. The data is the average of the curves presented in
Figure 2b. The inset shows the ratio of |J| obtained at negative (J,eg) and positive (J,,;) bias as a function of the absolute bias
|V]. (b) Schematic representations of the junction under negative, zero, and positive biases, illustrating the proposed dynamic
doping model. Indicated are the dynamic distribution of H,0 molecules between the two SAMs, as well as the dissociation of
H,0 molecules in the high E-field region and concomitant field-driven diffusion of the resulting H" and OH ™ ions. The dotted

line indicates the voltage profile across the junction.

A N NS
VOL. XXX = NO.XX = 000-000 = XXXX A@@L%{\) D

FORD ET AL.
Www.acsnano.org


http://pubs.acs.org/action/showImage?doi=10.1021/nn3050769&iName=master.img-003.png&w=179&h=135
http://pubs.acs.org/action/showImage?doi=10.1021/nn3050769&iName=master.img-004.jpg&w=396&h=300

Voltage (V)

J (107 Alem®)

[b) v

S AANGBAPER g K
s e,
+AANNANNNRL &

0....—-" H .‘-";&&
AAAAAAN
+mvavavavaqeg,‘:—-f/é b
+/vaV\.:rV\ & # -
+N\A/\AA.?\£: vE @
AN g

SC,Hy, TANI-DTC

@ -H0 P =dissociatedH,0 @ =H @ =0H @ =N (TAN))

Figure 5. (a) J—V curve for the HCl-doped (ES-form) TANI-DTC SAM. The data is the average of the curves presented in
Figure 2b. The inset shows the ratio of |J| obtained at negative (J,og) and positive (Jy.s) bias as a function of the absolute bias
[V]. (b) Schematic representations of the junction under negative, zero, and positive biases, as described in Figure 4. The
TANI-DTC SAM is depicted as being partially doped at zero bias for reasons explained in the text. For clarity, the chloride ions
are not included in the scheme. The dotted line indicates the voltage profile across the junction.

between doping/dedoping steps, and not necessarily
due to an intrinsic instability of the TANI—DTC mono-
layer toward doping and dedoping by gases.

Besides conductivity changes upon protonic dop-
ing, an intrinsic rectification effect is observed in the
J—V data, as shown in Figure 2b. The asymmetry is
evidenced in a linear plot of the averaged data, shown
in Figure 4a (as-prepared) and Figure 5a (HCl-doped).
To analyze this behavior, we plotted the ratio of |J| at
negative (Jheg) and positive (Jpos) bias as a function of
|V] (insets of Figure 4a and 5a). The as-prepared sample
shows little or no rectification up to around £+0.3 V and
a rectification ratio (RR = |Jneg/Jpos|) 0f 36.9 £ 0.1 at |V| =
1V, while the HCl-doped sample shows a more gradual
increase from 0V uptoavalueof RR=62+02at|V|=
1 V. We observed analogous behavior in 14 = 5 nm
thick TANI layers, indicating that this effect is indepen-
dent of the particular film structure (Supporting Infor-
mation, Figure S12). To explain these results, we
propose a model based on the enhancement of the
rate constant for dissociation of water by an external
electric field. This model relies on a phenomenon
generally known as the second Wien (or dissociation
field) effect.?””

Figure 4b (center panel) schematically depicts a
junction with the as-prepared (undoped) TANI-DTC
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monolayer when V = 0, where water molecules are
dynamically distributed between the TANI-DTC layer
and the tail region of the hexadecanethiol layer. By
analogy to phospholipid bilayer membranes, we pre-
sume that the latter comprises a region where disorder
of the alkyl chains creates free volume pockets large
enough to accommodate water molecules.3® The left
and right panels depict the situations for V< 0 and V >
0, respectively. The voltage drop is expected to occur
predominantly within the hexadecanethiol layer (d ~
2.1 nm), as indicated by the dotted lines, so that H,O
molecules within the tail region are exposed to the
highest electric field E, and therefore the most likely
to dissociate into H™ and OH™ ions. When the bias
applied to the Au electrode is negative (Vieg), the
protons are electrostatically driven into the TANI-DTC
layer, resulting in partial doping of the layer and,
consequently, in an increase in its polaronic conduc-
tivity. The opposite bias (Vo) has little effect, as
protons and hydroxide ions are not expected to have
significant impact on the conductivity of the hexade-
canethiol and TANI-DTC layers, respectively. Analo-
gous diagrams for the HCl-doped sample are shown in
Figure 5b, where the monolayer is depicted as being
partially doped (i.e, <2 H* per TANI-DTC molecule)
when V = 0 (due to loss of HCl before electrical
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characterization, vide supra), and where hydroxide ions
that are driven into the TANI-DTC layer under positive
bias are presumed to react with protons to form water
molecules (right panel). The dynamic doping model
also accounts for the hysteresis found in the J—V curves
(Supporting Information, section SI-8).

To assess the feasibility of this model more quanti-
tatively, we analyzed it according to Onsager's theory.?’
Onsager showed that the increase of the dissociation
constant (ky) of a weak electrolyte due to an external
electric field (E) can be computed kinetically from the
equations for Brownian motion in the combined Cou-
lomb and external fields.?” The value of ky in a field
relative to its value in the absence of a field, kq(E)/k4(0),
can be expressed as a function of a unitless parameter
(b) that is proportional to |E| and inversely proportional
to the dielectric constant of the medium (¢). For weak
electrolytes dissociating into two univalent ions, as in
the case of H,O <> H" + OH ™, the simplified expression
forbis

b = 9.636 x |E|/(e x T?) (1)

where the units of |E| and T are V cm ™' and K, respec-
tively. On the basis of previous measurements, ¢ in the
junction should be in the range 2—3.3%%° With ¢ = 2.5
and T=298K, b =434 x |V|/d, where Vs the voltage (V)
applied across the junction and d (nm) is the distance
over which the voltage drop occurs. With d = 2.1 nm
(vide supra), b =207 x |V|. For relatively high values of b,
as in the present case, the following approximation
obtained from the asymptotic expansion applies:

1/2
ka(E) _ (z) (8b) 3/ exp((8b)1/2)[1 -

ky(0) — \m 8(8b)'/?

15 105

— - 2

128.8b 1024((8b)1/2)3} @

Onsager further showed that

1/2

uo _ fisio) )

a(0) kq(0)

where o(E) and a.(0) represent the degree of dissociation
of water molecules in the presence and absence of the
electric field, respectively.”” The corresponding values of
o(E) can be approximated by assuming that o(0) in the
junction has the same value as in bulk water, that is,
a(0) =(H*1+ [OH 1)/[H,0] =2 x 10~ 7/555=3.6 x 10~°.
These relationships allow an estimation of the propor-
tion of H,O molecules that dissociate into H and OH™~
ions in the high-field region of the junction for any
applied bias |V|. This proportion, a(E), strongly depends
on |V], varying from 3 x 1077 at 0.1 Vto 0.13 at 1V
(Figure 6a). A combination of o(E) = 0.13 and a water
content of ~1 H,0 per TANI-DTC molecule could yield
a quantity of protons sufficient to dope an as-prepared
TANI-DTC monolayer to a doping percentage (DP)
of ~7%, where 50% corresponds to the fully doped (ES)
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Figure 6. (a) Degree of dissociation o versus applied voltage for
water molecules exposed to an electric field E in the junctions
depicted in Figures 4b and 5b. The function is computed using
Onsager's equation with the parameters d = 2.1 nm, T =298 K,
and o(0) = 3.6 x 102, for three values of ¢ (2.3, 2.5, and 2.8). (b)
Asymptotic dependence of the log of relative conductivity
log(o/gp) on doping percentage (DP) for TANI-DTC mono-
layers, based on the behavior observed for PANI [ref 411. Equal
variations in the applied voltage have a stronger effect on
conductivity for as-prepared TANI—DTC (steep part of the curve
near DP = 0) than for HCl-doped TANI—DTC (shallow part of the
curve). Details of the derivation of this graph are provided in the
Supporting Information (section SI-4).

state.*’ Even higher DPs would be expected if the
dielectric constant ¢ is less than 2.5; a value ¢ of 2.3,
forexample, leads to . =0.31at |V| =1V (Figure 6a). We
note that 1 H,O per TANI—DTC molecule is a lower limit
concentration to expect based on literature'®*>** and
on our own XPS data (see Supporting Information,
Figure S3); in fact, PANI-EB is quite hygroscopic, ad-
sorbing up to 1 H,0 per aniline unit, that is, four water
molecules per TANI moiety.** *® Since TANI-DTC
monolayers are exposed to ambient conditions before
electrical characterization, they are likely to be hy-
drated and to have significantly higher water content
than that detected by XPS under ultrahigh vacuum
conditions. Indeed, ellipsometric measurements (under
ambient conditions) yield a value ¢ = 2.8 for the static
dielectric constant of the TANI-DTC SAM, which is
consistent with estimations based on hydrated PANI
films (Supporting Information, section SI-5).

The logarithm of electrical conductivity (o) of PANI
increases asymptotically with increasing DP, as reported
by Chiang and MacDiarmid,*' and it is reasonable to
assume that the TANI-DTC layer behaves similarly. In
Figure 6b, a plot of the relative conductivity o/o, versus
DP is shown (g, represents the conductivity of the
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as-prepared SAM). Points representing o/0, under differ-
ent bias conditions for as-prepared (undoped) samples
are indicated on the steep part of the curve near DP = 0,
while points for HCl-doped samples are drawn on the flat
part of the curve. In this sense, the weaker dependence of
conductivity on DP for the HCl-treated sample accounts
for the smaller RR observed at |V| = 1 V when compared to
the as-prepared sample (i.e., ~6 versus ~37).

Note that control experiments were carried out to verify
the model based on the impact of “dry” and “wet”
TANI—DTC monolayers on dynamic doping. These experi-
ments are summarized in the Supporting Information
(section SI-5). It is known that PANI (EB and ES forms)
has an extremely high affinity for water**#54°3% and that
complete dehydration (at >200 °C) is accompanied by
decomposition of the polymer.*® Such high temperatures
also result in the decomposition of dithiocarbamate
monolayers3® The annealing temperature used in our
control experiments (70 °C) is probably insufficient to
provide anhydrous TANI—DTC monolayers. Although we
could observe differences in the J/—V characteristics of the
“dry” and “wet” samples, a complete hydration/dehydration
was not possible under lab conditions and therefore little
additional support for the dynamic doping model could
be provided. Thus, the main evidence for the dynamic
doping model is given by (i) a pronounced asymmetry
(and doping dependence) of the J—V curves of TANI—
DTC SAMs, contrasting with most monolayer-based re-
ference junctions (showing highly symmetric J—Vs),
(i) the fact that neat (spin-casted) TANI films feature

METHODS

Synthesis of Tetraaniline. The emeraldine base of tetraaniline
(TANI) was synthesized by oxidation of N-phenyl-1,4-phenyl-
enediamine with ferric chloride in 0.1 M HCl followed by
neutralization with ammonium hydroxide according to a pub-
lished procedure.42 Anal. Calcd for Co4H0N4: C, 79.10; H, 5.53; N,
15.37. Found: C, 77.30, 77.60; H, 5.31, 5.51; N, 14.6, 14.3.

Sample Preparation. (A). Substrates. Template-stripped gold
(TSG) substrates with a RMS roughness of 0.3 nm were prepared
using known procedures.?®

(B). SAM Formation. Solutions of TANI—DTC (~5 x 10~% M)
in ethanol were freshly prepared by an in situ method.* To a
solution of TANI (5.0 x 10~*M, 1.80 mL) was added a solution of
triethylamine (0.050 M, 18.5 uL) and a solution of carbon disulfide
(0.050 M, 18.5 uL) to generate TANI—DTC (triethylamine salt). The
solvent in each case was ethanol. Monolayers were formed by
immersion, for at least 44 h, of freshly cleaved template-stripped
gold substrates into the solution. The samples were thoroughly
rinsed with ethanol and dried in a stream of nitrogen; subse-
quently, they were either used immediately for measurements or
stored under argon atmosphere until use.

(C). Doping with HCI. As-prepared samples were doped
with HCl vapor by placing the samples into covered 35 X
10 mm Petri dishes together with 37% HCI solution (~20 ul)
for T—10 min.

X-ray Photoemission Spectroscopy (XPS). High-resolution XPS
spectra were recorded with a Kratos Axis Ultra instrument using
a monochromatized Al Ka (1486.6 eV) source operated at 15 kV
and 180 W, with a pass-energy of 40 eV for the analyzer. Survey
spectra and high resolution spectra of the S 2p,C1s,N 15,0 1s and
Au 4f regions were acquired. The binding energies were calibrated
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qualitatively analogous J—V curves as TANI—DTC SAMs,
despite being structurally completely different (Figure
S12), and (iii) the consistency of the hysteresis behavior
with the thermodynamic trapping of H" and OH™ ions
(Figures 4a, 5a, and S6).

The second Wien (or dissociation field) effect is the
basis for water-splitting in devices containing bipolar
membranes,>>? and has been used to describe the
nonlinear current—voltage behavior of lipid bilayer
membranes.>® Considering the ubiquitous nature of
water, the question arises as to why the Wien effect
has not been previously implicated as an influential
factor in electrical measurements of thin film junctions.
The answer may lie in the high proton sensitivity of the
TANI-DTC monolayer, which essentially acts as a trans-
ducer, allowing an efficient conversion of the E-field
generated H" and OH™ ions into an electrical signal via
doping or dedoping, depending on the bias polarity.

CONCLUSION

In summary, we have demonstrated an unprecedented
doping effect on the electrical conductivity of ultrathin
oligoaniline monolayers, which opens up a wide range of
applications from molecular electronics to chemical sens-
ing. Furthermore, a dynamic doping—dedoping model
based on field-enhanced water dissociation (Wien effect)
was introduced to explain a pronounced asymmetry of
the current—voltage behavior. The latter finding repre-
sents a new mechanism for modulating electrical con-
ductivity within molecular junctions.

against the Au 4f;, core-level peak at 84 eV. The spectra were
fitted using Voigt functions with a 50/50 Lorentz/Gaussian ratio
and a linear background, where the line shape parameters
were adjusted by least-squares fitting to carbon and sulfur
core-level signals of known alkanethiol reference samples. The
S 2p spectrum, consisting of the two components S 2ps,, and
S 2p;» with a fixed separation of 1.18 eV, was fitted with a
relative ratio of 2/1 for the S 2ps/,/S 2p1/; areas. The line width
(fwhm) was restricted to be the same for all components in a
particular spectrum.

Electrical Measurements. A home-built Hg-drop setup with a
Hamilton syringe as Hg-dispenser was employed. The experi-
mental setup is described in detail elsewhere.>° The mea-
surements were carried out under ambient conditions. The
standard measurement protocol was as follows. The TANI—
DTC SAMs on Au and a freshly extruded Hg-drop were im-
mersed in hexadecane containing 0.001 M hexadecanethiol for
10 min, to allow the formation of a dense alkanethiol SAM on the Hg
surface. Within ~1 min after the SAM was formed, the coated drop
was brought into contact with the TANI—-DTC monolayer using a
piezo-table, and the first /I—V scan was acquired. Data acquisition
was performed using a voltage ramp with a bias interval of 10 mV
and an elapsed time of 0.1 s between steps. The voltage ramp was
carried out in the sequence OV —+1V—0V——1V—0V, with
the Hg-drop being grounded. Typically, a series of 3—6 scans
was obtained at the first contact location. Measurements at a
second location on the same sample involved extrusion of
another Hg-drop and a 10-min allowance for SAM formation on
the new drop. In this way, /—V characteristics at up to four locations
on a single substrate could be measured, depending on the
stability of the sample. The contact diameter (~200 um) between
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the Hg-drop and TANI—DTC SAM was measured after each scan
using a CCD-camera (side view). Current densities (J) were thus
obtained by dividing the measured current by the contact area. To
exclude time-dependent dedoping and kinetic trapping, curves
were only selected from the first scans in a series and shown either
as individual J—V curves (Figure 2b) or as geometrically averaged
data (in Figures 4a and 5a, and Supporting Information, Figure S6).
The error bars represent the standard error. With a typical contact
area of ~3 x 10~% cm?, the J—V curves represent an ensemble
of ~10"" molecules.
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