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a  b  s  t  r  a  c  t

Highly  conductive  polythiophene  films  with  electrical  conductivity  of  71.7 S/cm  were  prepared  by using
a facile  solution-processing  method  with  HAuCl4 as  a dopant.  The  density  of  free  charge  carriers  for  thus-
prepared  polythiophene  films  was  estimated  to  be 4.48  ×  1021/cm3. In addition,  upon  doping,  the  color  of
the  polymer  films  changed  significantly  with  the main  absorption  peaks  bathochromically  shifted  from
the  visible  to  near-infrared  region.  Interestingly,  the polythiophene  films  could  be easily  dedoped  when
exposed  to organic  amines  and thiols.  The  dual  variations  of  film  color  and  electrical  conductivity  thus
eywords:
onducting polymer
oping
hemoresistive sensing
mine
hiol

were  exploited  for the design  and  fabrication  of a logic  circuit,  in combination  with  polythiophene  films
doped  by  electrochemical  oxidation,  for selective  detection  of volatile  amines  and  thiols  with  a  detection
limit  lower  than  1 ppm.  The  results  demonstrate  the high  potential  of  this  solution-doping  method  in  the
preparation  of highly  conducting  organic  thin  films  for vapor  sensing.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Conjugated polymers have been used extensively in thin-film
rganic electronics and sensors largely because of their mechanical
exibility, ready processability, widespread availability, ease of

unctionalization, and the highly tunable electrical conductivity
1–8]. In thin-film conjugated polymer based chemoresistive
ensors, the sensitivity is strongly influenced by the electrical con-
uctivity of conjugated polymers in active layer [7–10]. Normally,
he electrical conductivity of conjugated polymers may  be readily

anipulated by doping methods. Of this, electrochemical oxida-
ion, in principle, may  be employed to dope almost any conjugated
olymers [11,12]. However, electrochemical doping is usually

onfined to thin films on limited electrode surfaces rather than
he bulk because of the marked increase of electrical resistance
n thick films, and hence it is generally difficult to mass-produce

∗ Corresponding authors at: New Energy Research Institute, College of Envi-
onment and Energy, South China University of Technology, Guangzhou Higher
ducation Mega Center, Guangzhou 510006, China.

E-mail addresses: esguili@scut.edu.cn (L. Li), shaowei@ucsc.edu (S. Chen).

ttp://dx.doi.org/10.1016/j.snb.2016.12.018
925-4005/© 2016 Elsevier B.V. All rights reserved.
doped conjugated polymers by using this method. In contrast,
chemical doping represents an effective alternative which has
been commonly used to tailor the conductivity of conjugated
polymers. In fact, iodine and other strong oxidants, such as AsF5
and LiClO4, have been used extensively as dopants to increase the
electrical conductivity of conjugated organic molecules [13–16].
However, the volatile nature of iodine and the harmful, strong
oxidative properties of AsF5 and perchlorate have restricted their
practical applications. Thus, mild acids have been exploited as
alternative dopants to endow conjugated polymers with an accept-
able conductivity, and in some cases, also as guiding templates
during synthesis to tailor the processability of the final prod-
ucts. For instance, poly(4-styrenesulfonic acid) has been widely
used as a soft guiding template and dopant in the synthesis of
water-dispersible poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) [17,18], polyaniline:polystyrene sul-
fonate (PANI:PSS) [19,20] and polypyrrole:polystyrene sulfonate
(PPY:PSS) [21,22] composites, which can form conductive and

smooth thin films for organic electronics. However, the presence
of an insulating PSS layer on the surface of the conducting polymer
domains strongly impedes charge transport within the films,
leading to much lower conductivity than that of the pristine films.

dx.doi.org/10.1016/j.snb.2016.12.018
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.12.018&domain=pdf
mailto:esguili@scut.edu.cn
mailto:shaowei@ucsc.edu
dx.doi.org/10.1016/j.snb.2016.12.018
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Transmission electron microscopic (TEM) measurements were
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o (partially) compensate for the loss of conductivity, careful
re/post deposition treatments are generally needed [23–25],
hich complicates the device fabrication process. In some other

tudies, high conductivity of organic molecules is realized by a
acile surface doping method with the self-assembly of silanes
26–28]. However, when exposed to moisture or hydroxyl con-
aining compounds, the silanes become hydrolyzed and the
onductivity of the organic molecules diminishes markedly, which
uggests that silane dopants may  be used only in moisture-free
nvironments, strongly restricting their applications. Therefore,
t remains challenging and yet desired to develop facile and
ffective strategies for the preparation of conjugated polymers
ith nonvolatile, intrinsic high conductivity.

Chloroauric acid (HAuCl4), an acid with a standard reduction
otential of +1.50 V, can be used as a p-type dopant for most con-

ugated organic molecules, and as a precursor for preparing Au
anoparticles in a variety of conjugated molecules [29–32]. How-
ver, the studies on the doping effect of HAuCl4 on the electric
onductivity and the applications in sensing of harmful volatile
rganic compounds have been scarce, to the best of our knowledge.

Herein, we used poly(3-hexylthiophene) (P3HT) as an illus-
rating example to examine the doping effect of HAuCl4 on the
orresponding optical property, electric conductivity and crys-
alline phase evolution. Interestingly, the resulting HAuCl4-doped
3HT films exhibited a marked color change and an abrupt increase
f the electrical conductivity to 71.7 S/cm; and the films might
e readily dedoped by exposure to volatile organic amines and
hiols, in contrast to electrochemically doped P3HT films. Logic
ate sensors were therefore fabricated by the combination of the
AuCl -doped and electrochemically doped P3HT films for selec-
4

ive and sensitive detection of volatile organic amines and thiols,
wo harmful vapors that can be found in the atmosphere.

ig. 1. (a, b, d–f, g) Optical images and (c, h) UV–vis absorption spectra of P3HT films afte
o  500 ppm of (d) CH3NH2 and (e) CH3CH2SH vapors; (f) electrochemical oxidation and 

xposure to CH3NH2).
tors B 243 (2017) 380–387 381

2. Experimental section

2.1. Materials

P3HT (Mw  100 000 g/mol and regioregularity better than 98%)
was purchased from Rieke Metals Inc. HAuCl4 and o-xylene (anhy-
drous, 99%) were purchased from Sigma-Aldrich Co. Ltd. Fuming
sulphuric acid, methylamine and ethanethiol were purchased from
Beijing Chemical Reagents Co. Ltd, China. All these chemicals were
used as received without further treatment.

2.2. Preparation of P3HT nanowires and HAuCl4-doped P3HT
films

P3HT nanowires were prepared by adopting a literature pro-
cedure [1]. Briefly, 2 mL  of xylene was added into a 20 mL  glass
vial containing 10 mg  of P3HT, and the mixture was stirred at 75 ◦C
for 4 h to obtain a P3HT solution at a concentration of 5 mg/mL.
The obtained P3HT solution was naturally cooled to room temper-
ature and kept in the dark for 72 h to allow the self-assembly of
P3HT molecules into crystalline nanowires (Fig. S1). P3HT thin films
were then prepared by drop casting 50 �L of the P3HT nanowire
suspension on a clean glass slide where solvents evaporated at
room temperature. The obtained dried films were then dipped into
a 1 mM HAuCl4 solution for 30 s, washed with copious deionized
water and finally dried in air.

2.3. Characterization
conducted on a Tecnai G2-F20 equipped with an EDX detector at an
accelerating voltage of 100 kV. X-ray photoelectron spectroscopic

r different treatments. (a) pristine, (b) doping by HAuCl4 and subsequent exposure
(g) subsequently exposure to 500 ppm of CH3CH2SH vapor (inset is the film after
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Table  1
Logic relationships between organic vapors and film colors in Fig. 1.

HAuCl4-doped P3HT film EC-doped P3HT film
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Interestingly, for P3HT films that were doped by electrochemical

F
5

RNH2 1 1
RSH 1 0

XPS) measurements were performed on a Phi X-tool instrument.
-ray diffraction (XRD) patterns were recorded with a Bruker D8-
dvance diffractometer using Cu K� radiation.

.4. Electrochemical measurements

Electrochemical oxidation of the P3HT films were performed
ith a CHI 750E electrochemical workstation (CH Instruments,

henhua Co., Shanghai, China) in a conventional three-electrode
ell, with a platinum foil as the counter electrode, an Ag/AgCl as
he reference electrode, P3HT films coated on a platinum foil as the
orking electrode, and an acetonitrile solution of 0.1 M NaClO4 as

he electrolyte.

.5. Electrical conductivity measurements

Electrical conductivity measurements of the thin films were
onducted with a KEITHLEY 2636B SYSTEM Source Meter using a
-probe method. The samples were fixed at the bottom of a sealed
0 mL  vial with an inlet near the vial bottom and an outlet near
he vial opening (Fig. S2). Different concentrations of vapor were
btained by diluting the saturated analyte vapor at room temper-
ture with dried air, and then 200 mL  of the diluted vapors were
njected into the vial through the inlet and the conductivity of the
olymer thin films was measured.

. Results and discussion
Fig. 1 shows the color evolution of a P3HT film that under-
ent different treatments. When the pristine P3HT film was  dipped

nto a dilute HAuCl4 solution, its color changed rapidly from red

ig. 2. (a, c, e) UV–vis absorption spectra of various P3HT films after exposure to differe
14  nm on the vapor concentrations.
tors B 243 (2017) 380–387

brown (Fig. 1a) to light blue (Fig. 1b), which suggested that the
P3HT films had been successfully doped by HAuCl4 [26]. In UV–vis
absorption spectrum, three characteristic absorption peaks were
observed in the pristine film (Fig. 1c, black curve). The peak at
508 nm was attributed to intrachain �-�* transition of the P3HT
main chains, while the absorption peak at 610 nm was derived
from the interchain �–� transition and its appearance signified
the formation of ordered aggregates with interchain �–� stack-
ing [33–35]. As for the vibronic shoulder peak at ca. 558 nm, it
was normally ascribed to the absorptions of extended conjuga-
tion resulting from the ordered packing of the P3HT backbones
in crystalline solids [35,36]. After doping by HAuCl4 (denoted as
“Doped” in Fig. 1c, blue curve), the absorption peak at 508 nm disap-
peared, while a new broad absorption peak centered at ca. 800 nm
emerged. The latter is due to the polaron structure [24,37] of the
polythiophene main chains, where the polarons were delocalized
along the conjugated backbone of P3HT, leading to high conductiv-
ity. Moreover, a weak absorption peak centered at ca. 324 nm was
also observed in the HAuCl4-doped sample. This absorption peak
is likely due to the AuCl4

− anions, suggesting the incorporation of
the AuCl4

− anions in the P3HT films.
The color of the HAuCl4-doped films could be effectively recov-

ered by exposing the films to the vapors of organic amines or thiols.
In fact, after exposure to 500 ppm of CH3NH2 (panel d) or CH3CH2SH
(panel e) vapors, the color of the doped film returned to red brown,
while it remained light blue in other common organic vapors such
as hexane, ethanol and tetrahydrofuran (Fig. S3). In UV–vis absorp-
tion measurements (Fig. 1c, red and magenta curves), two apparent
changes were observed. One is the reemergence of the strong peak
at 508 nm,  and the other is the disappearance of the peak at ca.
324 nm.  These observations suggest that the doped film can be
selectively dedoped by amines or thiols. This unique characteris-
tic may be exploited for sensitive detection of these two volatile
organic compounds (vide infra).
oxidation (not by HAuCl4) [38], marked differences were observed
when the films were exposed to the same volatile organic vapors.
As shown in Fig. 1f, the electrochemically oxidized P3HT films,

nt concentrations of organic vapors and (b, d, f) the dependence of absorbance at
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ig. 3. High resolution XPS spectra of P3HT films with different treatments, (a) S2p 

lm.

enoted as EC-doped, exhibited a dark blue color, and retained the
lue color even after exposure to CH3CH2SH vapors (panel g); how-
ver, when exposed to the CH3NH2 vapor (inset to panel g), the dark
lue film quickly changed back to red brown. Consistent results
ere observed in UV–vis absorption measurements. As depicted in

ig. 1h, the absorption spectra of the EC-doped film showed virtu-
lly no difference before and after exposure to CH3CH2SH vapors
black and red curves), featuring a broad peak at ca. 750 nm.  In con-
rast, when the EC-doped film was exposed to 500 ppm of CH3NH2
apors (blue curve), the absorption spectrum was almost identical
o that of the pristine P3HT film (black curve).

On the basis of these results, if we use “1” and “0” to respectively
enote the “red brown” and “blue” color of the P3HT films after
xposure to organic vapors, a logic “AND” gate is formed for the
elective detection of RSH and RNH2 (Table 1).

The detailed evolution of the UV–vis absorption for the doped
lms was then studied as a function of the vapor concentrations.
ig. 2a depicts the UV–vis absorption spectra of HAuCl4-doped film
n the presence of CH3CH2SH vapors at various concentrations. One
an see that with vapor concentration increasing from 1 ppm to
000 ppm, the absorption intensity for the broad peak centered
t ca. 750 nm gradually decreased. Concurrently, the absorption
ntensity at 508 nm,  558 nm and 610 nm steadily increased and
nally recovered to that of pristine P3HT at 5000 ppm, where
n isosbestic point at 610 nm was identified. Interestingly, the
bsorbance at 514 nm showed a linear dependent on the concen-
ration of CH3CH2SH vapor in a wide range with a detection limit

own to tens of ppm (Fig. 2b). When the doped film was exposed
o CH3NH2, similarly evolution can be observed. After exposure to
H3NH2 vapors at as low as 1 ppm, the doped film was observed
ith a higher increment of the absorption intensity (Fig. 2c) than

ig. 4. (a) Schematic illustrating the working mode of XRD measurements and the crysta
reatments.
ons, (b) C1s electrons, (c) Au4f electrons. (d) TEM image of the HAuCl4-doped P3HT

that in CH3CH2SH (Fig. 2a), which signified a higher detection limit
for CH3NH2. Consistent results were observed in the linear depen-
dence of absorbance at 514 nm on the CH3NH2 vapor concentration
in a wider range from sub-ppm to thousands of ppm (Fig. 2d). In
contrast, the EC-doped film demonstrated a detection limit of only
a few tens ppm for CH3NH2 vapor (Fig. 2e, f). Taken together, these
results show that doping P3HT thin films with HAuCl4 enabled spe-
cific and sensitive colorimetric detection of volatile organic thiols.

The chemical structures of the HAuCl4-doped P3HT films were
then studied by XPS measurements. For the pristine P3HT sam-
ple (black curve), two  strong peaks were observed at 163.0 eV and
164.2 eV, which were attributed to the S 2p3/2 and S 2p1/2 elec-
trons, respectively. The broad peak centered at ca. 167.5 eV with
a relatively low intensity is ascribed to R-SOx moieties which are
usually formed in polythiophenes because of partial oxidation of
polythiophenes by H2O and O2 [39,40]. After doping by HAuCl4
(blue curve), the binding energy of the S 2p3/2 and S 2p1/2 electrons
shifted to higher values (163.6, 165.5 eV), suggesting that the sulfur
atoms in P3HT backbones were oxidized by HAuCl4 (vide infra). It is
worthy to note that R-SOx species were not observed in the doped
films, probably because that the R-SOx moieties were oxidized into
small molecules and subsequently removed by water rinsing. Sim-
ilar observations were observed in the C 1s spectrum. As shown in
Fig. 3b, HAuCl4 doping also caused a slight blue shift of the bind-
ing energy of the C 1s electrons from 283.8 eV to 284.0 eV (black
and blue curves). From the XPS spectra of Au 4f electrons in Fig. 3c,
one can observe two  peaks at 83.8 eV and 87.5 eV, consistent with

those of metallic gold [41]. This signifies the reduction of HAuCl4
by P3HT. In fact, TEM measurements clearly showed the formation
of gold nanoparticles in the films (Fig. 3d).

llographic orientation of P3HT crystal. (b) XRD profiles of P3HT films after different
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Fig. 5. (a) I–V curves of P3HT films after different treatments; inset is the zoom-in image showing the I–V curves of the pristine and doped + RNH2 samples. (b) Photographs
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howing the stability of P3HT films at different doping states. Current-time plots 

H3NH2 vapors at different concentrations. (e) Current-time plot of a doped film a
apors.

When the doped films were exposed to volatile amines and thi-
ls, dedoping of P3HT occurred, as evidenced by the recovery of
he binding energies of the S 2p and C 1s electrons to those of pris-
ine P3HT (Fig. 3a, b) and a red shift of 0.1–0.2 eV of the binding
nergy of the Au 4f electrons (Fig. 3c). One may  note that when the
AuCl4-doped films were exposed to CH3CH2SH vapors (orange

urve), the S 2p electrons at 167.5 eV also appeared, while no
uch peak could be observed with the sample that was  exposed to
H3NH2 (denoted as “doped + RNH2”) at the same binding energy.
his observation further confirms that the peak of S 2p electrons
t 167.5 eV observed in the pristine P3HT film is indeed due to the
-SOx moiety because of partial oxidation of P3HT. Additionally, it
uggests that CH3CH2SH was oxidized to R-SOx by AuCl4

− leading
o dedoping of the polymer thin films.

During the doping/dedoping process, the crystalline structure of
3HT also underwent substantial changes. In XRD measurements

n the �–2� out-of-plane scanning mode (Fig. 4a), three pronounced
iffraction peaks can be identified at 2� = 5.32◦, 10.71◦ and 16.13◦

n the pristine P3HT films (Fig. 4b), which may  be ascribed to
he diffractions of the (100), (200) and (300) planes with a d-
pacing of 16.61 Å, 8.26 Å and 5.50 Å, respectively [35,42]. After

oping by HAuCl4, the (100) and (300) diffraction peaks shifted to

ower angles of 4.63◦ and 13.89◦, and the corresponding d-spacing
ncreased to 19.10 Å and 6.38 Å, respectively. These values are much
ed films at a constant bias voltage of 10 V and exposed to (c) CH3CH2SH and (d)
stant bias voltage of 10 V and exposed to 1000 ppm of THF, n-hexane and ethanol

larger than those of the pristine P3HT. Such lattice expansion likely
resulted from the intercalation of large counter anions of AuCl4

−

in the crystal. The disappearance of the (200) diffraction peak in
the doped sample was probably due to the change of the crys-
tal symmetry after the inclusion of AuCl4

− anions in the lattices.
When the doped film was  exposed to CH3CH2SH, the 2� angle of
the (100) diffraction peak returned to that of pristine P3HT. Addi-
tionally, a new peak at 2� = 8.49◦appeared, which might be ascribed
to the diffraction of crystalline R-SOx byproducts. In contrast, when
the doped film was exposed to CH3NH2, the (100) diffraction peak
was found at 2� = 5.09◦, corresponding to a d-spacing of 17.36 Å
that was slightly larger than that of pristine P3HT. Moreover, two
diffraction peaks at 2� of 9.58◦ and 11.57◦were also observed, which
likely arose from crystalline amino salts derived from CH3NH2 and
HAuCl4.

The electrical conductivity of the P3HT films also varied with the
doping states. As shown in Fig. 5a, even at a bias voltage of 20 V, the
current of the pristine P3HT film was only in the order of nA (black
curve), corresponding to low electric conductivity of ca. 47.2 �S/cm.
However, after doping by HAuCl4, the current increased markedly
even at a very small bias voltage of 0.1 V (red curve), and the electri-

cal conductivity was remarkably enhanced to 71.7 S/cm. It is worthy
to note that the high electrical conductivity of HAuCl4-doped P3HT
is not due to the formation of gold nanoparticles but to the doped
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current through L1 was  significantly reduced and hence L1 was
turned off, leading to an “off” state for L1. In contrast, the current
ig. 6. The current evolution of P3HT films after different cycles of HAuCl4 doping an
oltage bias of 1 V. (a) CH3NH2 vapor; (b) CH3CH2SH vapor.

3HT itself. This is supported by an abrupt decrease of the con-
uctivity to 7.74 mS/cm when the HAuCl4-doped P3HT film was
xposed to 1000 ppm of CH3NH2 vapor (blue curve). Therefore,
oping of P3HT with HAuCl4 helped to generate a large number of

ree charge carriers in P3HT. The density of charge carriers (nh) was
valuated to be 4.48 × 1021/cm3 by the following equation which
orrelates the electrical conductivity (� = 71.7 S/cm for the doped
3HT) with mobility (� ≈ 0.1 cm2/V for a typical hole mobility of
3HT [2,27,42]), � = enh�, where e is the elementary charge. Such

 high charge carrier density in HAuCl4-doped P3HT is highly com-
arable to that induced by electrolyte gating [27,43]. Taking the
ensity of P3HT (normally 1.1 g/cm3) [44] into account, our cal-
ulation suggests that on average one hole was  created on each
-hexylthiophene repeating units after HAuCl4 doping. Moreover,
he conductivity of HAuCl4-doped P3HT is nonvolatile as compared
ith that commonly observed with films doped by fuming H2SO4

n air. As shown in Fig. 5b, the light blue H2SO4-doped film gradu-
lly changed back to red brown within a few min  in air, indicative
f dedoping of P3HT due to the absorption of moisture from air. In
ontrast, the HAuCl4-doped P3HT film retained its blue color even
fter extensive washing with distilled water. That is, a high dop-
ng level (approximately one hole per thiophene ring) and stable
onducting state were achieved on P3HT films through this simple
AuCl4 doping.

The conductivity of the HAuCl4-doped P3HT films is sensitive
o amines and thiols. As shown in Fig. 5c, d, the conductivity of
he HAuCl4-doped P3HT films decreases with increasing concen-
ration of CH3CH2SH or CH3NH2 vapors, even down to 1 ppm. Such
edoping effects might be ascribed to the redox reactions as man-

fested in XPS measurements (Fig. 3), with minimal contributions
rom de-protonation of the polymer film [12,45]. In fact, when the
3HT film was subsequently exposed to HCl vapors after being
edoped by CH3NH2, the conductivity did not recover to that before
xposure to CH3NH2 (Fig. S4). Notably, the HAuCl4-doped films
howed no response to other common organic solvent vapors such
s tetrahydrofuran, n-hexane and ethanol (Figs. 5 e and Fig. S3),
emonstrating the selective sensing of amines and thiols.

Moreover, the doping and dedoping process with HAuCl4 and
olatile organic amines/thiols, respectively, is highly reversible. As
hown in Fig. S5 and Fig. 6, exposing the freshly prepared HAuCl4-
oped P3HT to 100 ppm volatile organic amines/thiols results in

ow electrical conductivity, but their high electrical conductivity
an be recovered by redoping with HAuCl4. After 4 cycles of dop-

ng/dedoping processes, the HAuCl4-doped films can still sense
H3NH2 and CH3CH2SH vapor, which signify the high reversibility
oping with different volatile vapors at a concentration of 100 ppm under a constant

of present P3HT thin film-based sensors for volatile organic amines
and thiols.

Taken together, the above results suggest that when P3HT film
is doped by HAuCl4, partial thiophene rings on P3HT chain are oxi-
dized into R-SOx and small molecules, along with the formation of
Au nanoparticles. Concurrently, partial thiophene rings may  also
form charge-transfer-like complex with AuCl4

− due to the strong
bonding affinity between sulfur atom in thiophene ring and Au
atom in AuCl4

−[46,47], with partial electrons transferring from
thiophene ring to Au atom in AuCl4

−, which generate free hole
charge carriers, i.e. polarons/bipolarons, and hence lead to a high
electrical conductivity. Exposing the HAuCl4-doped P3HT film to
amines causes the loss of polarons/bipolarons due to the reduction
of AuCl4

− by the reducing amines. In the case of exposure to thi-
ols, thiols may  compete with thiophene rings to bond with AuCl4

−,
which strongly weaken the interaction between thiophene ring and
AuCl4

− and hence cause dedoping in P3HT film, resulting in low
electrical conductivity. When P3HT film is doped by electrochemi-
cal oxidation, free hole charge carriers (i.e. polarons/bipolarons) are
also generated on P3HT molecular chain, leading to a high electrical
conductivity. Exposing the EC-doped P3HT film to amine vapors,
the amines that show strong electron donating ability bind with
cation-like thiophene rings and partially donate the lone electron
pair of nitrogen in amine molecule to the cation-like thiophene ring,
which significantly decreases the number of polarons/bipolarons
on P3HT, resulting in low electrical conductivity. The dedoping
process of EC-doped P3HT film with amines highly resembles the
dedoping of acid-doped polyaniline with amines. In contrast, the
electron donating ability of sulfur atom in thiols is not as strong as
nitrogen atom in amines, therefore EC-doped P3HT film can retain
its doped state after exposing to thiols.

The dependence of the electrical conductivity of P3HT on the
doping state may  be exploited for chemoresistive sensing of volatile
amines and thiols. To ensure selectivity, two EC-doped films and
two HAuCl4-doped films were assembled into a device, as depicted
in Fig. 7a, with the equivalent circuit shown in Fig. 7b. When the
sensor is powered, both L1 (red) and L2 (blue) LED lights are on (the
“on” state). When organic thiols present in the testing environment,
the HAuCl4-doped films (denoted as Rdoped) are dedoped and the
resistance of both Rdoped increase by orders of magnitude while
the two REC-doped remained at low resistance. Consequently, the
through L2 was only slightly decreased, remaining an “on” state for
L2, as shown in Fig. 7c. Using “1” and “0” to respectively denote
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Fig. 7. (a) Photo image of a sensing device and (b) its equivalent circuit. (c, d)
Photo images of the on/off states of the lights in (a) when the device is exposed
to  50 ppm CH3CH2SH and CH3NH2 vapors, respectively. All measurements herein
were conducted at a constant bias voltage of 10 V.

Table 2
Logic relationships between organic vapors and the on/off states of L1 and L2 LED
lights in Fig. 6.

L1 L2

t
a
i
o
w
a
L
t
v
R
a
R

c
m
a
d
e
p
p
l
c
h

4

d
T
m
p
t
t

[

[

[

[

RSH 0 1
RNH2 0 0

he “on” and “off” states of the LED lights, the logic response of L1
nd L2 in sensor device to thiol vapor was summarized in row 1
n Table 2. While in the presence of organic amines, the resistance
f both the REC-doped and Rdoped increased by orders of magnitude,
hich caused drastic decrease of current through both L1 and L2

nd hence both lights became off, leading to an “off” state for both
1 and L2 (Fig. 7d and Row 2 in Table 2). Therefore, one can see that
he on/off states of L1 demonstrate if RNH2 or RSH is present in the
apor, while the on/off states of L2 identify that the gas vapor is
SH or RNH2. Based on the logic relations demonstrated in Table 2,

 logic “OR” gate is formed for the sensitive detection of RSH and
NH2.

Therefore, by utilizing the change of color/light absorption and
onductivity associated with the doping/dedoping of P3HT, a dual-
ode sensing of volatile organic amines and thiols was successfully

chieved. Note that whereas the signal to noise ratio (S/N) and
etection limit of volatile amines and thiols remains to be further
nhanced, the fact that intrinsic high conductivity of conjugated
olymer films can be directly obtained by a simple one-step doping
rocedure suggests that higher conductivity and lower detection

imit might be realized by deliberate optimization of the doping
onditions and selection of other conjugated polymers which have
igher crystallization ability [27,48–50].

. Conclusion

Doping of P3HT films by aqueous HAuCl4 solution formed oxi-
ized polymer backbones with AuCl4

− acting as the counter anions.
his led to an apparent expansion of the crystalline lattices and

arked variations of the optical and electronic properties of the

olymer films, as manifested by a significant bathochromic shift of
he absorption features, and enhanced conductivity resulting from
he formation of a large number of free charge carriers. These doped

[

tors B 243 (2017) 380–387

films could be readily dedoped by exposure to organic amines
or thiol vapors, in contrast to the electrochemically doped coun-
terparts. The associated colorimetric and chemoresistive changes
during the dedoping process enabled dual mode logic-gate sensing
of these two  volatile harmful vapors with high selectivity. These
results highlight the potential of using this facile doping method
for the preparation of highly conductive conjugated polymers for
vapor sensing and organic electronics.
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