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Abstract

Despite their environmental and health hazards, volatile organic compounds (VOCs) are present in our everyday life (e.g.,
fuels and solvents). Their detection is of paramount importance for environmental and occupational hazards monitor-
ing. Among other technologies, semiconducting polymers show good capabilities in VOCs detection and identification,
thanks to the variation of their electronic properties upon VOC exposure. We fabricated and characterized VOCs sen-
sors depositing thin films of regioregular poly(3-alkylthiophene) derivatives (rr-P3ATs) and stearic acid (SA) onto gold
interdigitated electrodes by Langmuir-Blodgett technique. Poly(3-butylthiophene) and poly(3-hexylthiophene) (P3HT)
were mixed with SA at different ratios, and their electrical conductivity was used to optimize the film composition. We
characterized the optoelectronic and morphological properties of these films, as well as their electrical response to dichlo-
romethane (DCM), tetrahydrofuran and toluene VOC exposure. Both P3AT sensors showed distinct and characteristic
responses, highlighting their ability to recognize different VOCs. Moreover, we investigated the sensors saturation and
sensitivity to different VOCs. The sensors were still able to detect the VOCs after six cycles, with P3HT remarkably showing
no saturation at all for DCM, and the characteristic single VOC response for subsequent exposure to the different VOCs.
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1 Introduction

Volatile organic compounds (VOCs) are extensively utilized
in fuels and as solvents [1], although they are hazardous
indoor air pollutants, harmful to human health, whose
chronic exposure causes assorted pulmonary illnesses [2,
3]. Moreover, some VOCs dispensation has been associ-
ated with ecological damage [4]. Hence, VOCs detection
is essential for environmental and occupational hazards
monitoring and safety application. In this area, conducting
polymers can be used for VOCs detection and identifica-
tion, and the polymer-based sensors are especially reliant

on the variation of the polymer electrical conductivity
under analyte vapor exposure [5].

Electroactive polymers with a large carrier delocaliza-
tion—such as polypyrroles, polyaniline, polyacetylene and
polythiophenes—assume outstanding significance due
to their idiosyncratic electronic properties [6, 7]. Among
these, regioregular polythiophenes possess air-stable
conducting features, particularly appropriate for VOCs
sensing [8]. The tunability of the side-chain groups on the
polythiophene backbone gives access to a broad amount
of appealing materials for VOCs sensing [9, 10]. Addition-
ally, small changes in conformational order and solid-state
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organization result in a large range of conductivities, mak-
ing them devices with exquisite sensitivity.

The Langmuir-Blodgett (LB) method allows to achieve
and control a true molecular monolayer buildup [11],
while saving materials compared to traditional fabrica-
tion methods [12]. In the LB technique, molecular or poly-
meric monolayers self-arrange on an aqueous surface, at
the liquid-air interface, over compression and afterward
transferred onto a substrate as coatings, with a thickness
down to molecular dimensions [13]. LB film deposition is
highly reproducible and gives the control over interpar-
ticle distance decisive to exploit the materials in various
technological applications [14].

Polythiophenes, as other conjugated polymers, do not
spread evenly over the water subphase in a Langmuir
trough, due to their low-amphiphilic character, form-
ing instead a rather rigid floating film, which hinders the
deposition of the monolayers onto solid substrates [15,
16]. The introduction of amphiphilic molecules, such as
fatty acids, effectively solves this issue. Acting as spacers,
they stabilize the monolayers, which form less rigid films
that can be easily transferred onto the substrate [17]. In
a previous study, we reported on the same effect for dif-
ferent polyalkylthiophene derivatives, using polarization
modulation infrared reflection-absorption spectroscopy
[18]. Sakai et al. [19] showed the stabilizing effect of stearic
acid on poly(p-phenylene vinylene) films.

In this paper, we analyze the ability of LB films fabri-
cated from regioregular poly(3-alkylthiophene) deriva-
tives and stearic acid to work as electrical sensors for three
selected VOCs. Herein, we fabricated LB films of poly(3-
butylthiophene) and poly(3-hexylthiophene) mixed with
stearic acid at different ratios. Their electrical properties
were evaluated in order to optimize the composition that
leads to the best electrical response. With this in mind, the
selected films were then characterized optically and mor-
phologically, and their electrical sensing capability toward
dichloromethane, tetrahydrofuran and toluene was tested.

2 Experimental
2.1 Materials

Regioregular poly(3-butylthiophene) (P3BT) and poly(3-
hexylthiophene) (P3HT) and stearic acid (SA) used in this
investigation were purchased from Sigma-Aldrich. Dichlo-
romethane (DCM), tetrahydrofuran (THF) and toluene were
purchased from Vetec. All chemicals were used as received,
without further purification.

BK7 glass slides were exposed to hexamethyldisilazane
(HMDS) vapor for 48 h in order to create a hydrophobic
surface. Brazilian Nanotechnology National Laboratory
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Table 1 Optimized LB deposition parameter for P3BT:SA films

SA percentage (mol%) 66 43 24
Spread volume (pL) 250 250 500
Compression rate (mm min~") 10 10 10
Deposition surface pressure (mN m™) 30 35 40
Speed upstroke (mm min™") 9 9 0.5
Speed downstroke (mm min™") 8 9 0.2
Average transfer ratio (up) 0.9 0.7 0.7
Average transfer ratio (down) 0.7 0.6 0.2

Table 2 Optimized LB deposition parameter for P3HT:SA films

SA percentage (mol%) 66 43 24
Spread volume (uL) 250 250 250
Compression rate (mm min~") 10 10 10
Deposition surface pressure (mN m™) 30 30 40
Speed up- and downstroke (mm min~") 11 11 0.3
Average transfer ratio (up) 0.8 0.9 0.5
Average transfer ratio (down) 0.7 0.9 0.4

(LNNano) provided gold Interdigitated Electrode (IDE) on
glass substrates.

2.2 Optimization of LB films deposition

Based on the work of Singhal et al. [20], we prepared an
initial solution of P3AT:SA, 1:2 M in chloroform, with a total
solid concentration of, respectively, 0.35 and 0.38 mg ml~’
for the P3BT:SA and P3HT:SA. We then performed a sys-
tematic study, maintaining the same solid concentration,
while varying the ratio between P3ATs and SA as 66, 43,
24 and 5 mol%. LB films were fabricated by transferring
P3AT:SA monolayers by vertical dipping in a pressure
range of 30-40 mN m~". SA is commonly used as additive
[15, 21] to obtain good-quality films, without altering their
optoelectronic properties.

The solutions were spread on the Langmuir through
model KSV 5000, onto ultrapure water (Millipore system,
resistivity 18.2 MQ c¢m) forming Langmuir films. Before
starting compression, a period of 15 min was granted
to allow solvent evaporation. We recorded the m-A iso-
therms (22 °C) of P3AT:SA at a barrier compression of
10 mm min~'. We transferred 25 monolayers forming LB
films (vertical dipping) on both IDEs and hydrophobic BK7
slides for electrical, optical and morphological characteri-
zation. We report in Tables 1 and 2 the specific deposition
parameters for P3BT:SA and P3HT:SA-LB films, respectively.
We highlight the transfer ratio (TR), which is defined as
the ratio between the decrease in monolayer area during
a deposition stroke (A)) and the area of the substrate (Ag);
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thus, TR=A//As [22]. This parameter is crucial in evaluating
the deposition success.

In order to investigate the effects of the film confor-
mation on the electrical properties, we also deposited
two films using the horizontal lifting, the so-called Lang-
muir-Schaefer (LS) films. One film was composed of P3AT
only, which we could not fabricate via LB technique [23],
and the other with 43 mol% SA, which showed the highest
conductivity in the whole study.

2.3 Characterization

We measured UV-Vis absorption spectra with a Varian
Cary 50 spectrophotometer, in the range between 400 and
800 nm. Surface morphology was characterized by contact
mode atomic force microscopy (AFM) in air (Nanosurf Easy-
scan 2 Microscope). We then analyzed the topography and
roughness of these 30 x 30 um? images through Gwyddion
2.34 software. Scanning electron microscopy (SEM) images
were obtained on an EVO LS15 Carl Zeiss Microscope.
Current versus voltage (/I-V) curves were obtained with a
Source-Measure Unit Keithley 238, with a voltage rang-
ing between 0 and 10V, steps of 1V and delay between
measured points of 100 ms.

2.4 Sensors

We evaluated the electrical responses of P3AT LB films
upon exposure to VOCs, using DC measurements (/-t) at
5V bias at room temperature. These VOCs were selected
based on some characteristics, such as molecular struc-
ture, vapor pressure, dipole moment and relative permit-
tivity [24]. We assessed the sensors response in a custom-
made test chamber in the presence of the VOCs in dynamic
flow, dragged by nitrogen. A schematic representation of
the custom-made setup is reported in Fig. 1. A constant
flow at 60 NL h™" (NL is a unit of mass for gases equal to

Fig. 1 Schematic representa-
tion of the customized VOCs

detection system used in this
investigation

the mass of 1 L at a pressure of 1 atm and at a standard
temperature) was kept throughout the entire experiment.
To measure the base level, we left the devices under nitro-
gen flow for 15 min, followed by 15 min where the VOCs
were dragged by the nitrogen flow, then returning to the
same conditions before the VOCs presence. Thereby, the
devices sensorial response was examined according to the
current changes upon their exposure to the VOCs. Prior to
data acquisition, the devices were left under pure nitrogen
flow for 30 min in the chamber to achieve steady reading.

3 Results and discussion
3.1 DC electrical measurements

For an applied voltage V on the devices, a reciprocal cur-
rent | was obtained as response in these electrical meas-
urements, and the /-V curves are reported in Fig. 2. We
were able to fit the data using a linear first-degree equa-
tion, and from the slope in the graph (1/R), it is possible to
find the electrical resistance of each sensor R. We, then, cal-
culated the conductivity o of the material using R and the
geometric relation for the interdigitated electrodes, the
cell constant k [cm™']. The k of a conductivity electrolyte
sensor is defined as the proportionality factor between
the specific resistance of the electrolyte and the measured
resistance [25]. This constant is determined by the sensor
geometry [16], and it is 5.1 cm™" in this study [26]. Finally,
the relation for conductivity isc = %K. We summarize the
calculated conductivity values in Table 3.

The conductivities of the LB films show the same
trend with respect to the SA amount, with maximum
and minimum values observed for the 43 and 66 mol%
films, respectively. This behavior is due to the combined
effect of two main factors: the insulating effect of the SA
[27, 28] and the LB films quality (observed by the transfer
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Fig.2 Current versus voltage plots for LB and LS films of a P3BT and b P3HT, both in mixtures with stearic acid (SA) at different molar ratios

Table 3 Electrical conductivity for LB films of P3BT:SA and P3HT:SA
at different molar ratios in interdigitated electrode devices

Stearic acid percentage Conductivity 6 (Sm™)

P3BT P3HT

66 1.69x1078 1.46x107°
43 7.83%x1078 6.97x107°
24 539%1078 3.71x107°
oLS 1.02x1077 4.85%107°
431LS 1.88x 1077 4.38x107°

The conductivities for LS films are presented in italic

__P3BT P3HT

Fig.3 LB films of a P3BT:SA and b P3HT:SA deposited onto gold IDE
at different molar ratios

ratio of the different percentages as seen in Tables 1, 2).
Simply by eye inspection, the LB films containing the
same number of layers (Fig. 3) clearly show how the SA
content changes significantly the quality of the film.
Therefore, the films containing 43 mol% of SA presented
an optimal point, once the amount of SA was enough to
create a favorable assembling and its insulating behav-
ior did not harm the conducting properties of the poly-
mers. Chen et al. [29] also reported a study with P3HT/
insulating polymer blends and detected a maximum on
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conductivity for an optimal amount of P3HT. We also
tried percentages in between, both 24-43 mol% and
43-66 mol%, but 43 mol% gave the highest conductiv-
ity. Moreover, LS method was used to fabricate films with
the higher conductivity (43 mol% SA) and the pristine
polymer in a way to verify whether the electrical out-
come is due to the SA addition or film organization pro-
vided by the LB technique.

P3HT-LS films present lower conductivity with respect
to the corresponding P3HT-LB films, while the P3BT-LS
and LB show the opposite trend. We attribute this behav-
ior to the lower degree of organization of these latter
P3BT-LB films, as observed during their deposition, and
highlighted by the low TRs in Table 1.

The conductivity values previously reported were
acquired through different techniques, whereas P3BT
revealed conductivities in an expanded range that goes
from 1077 to about 200 S m~' [30-32], and among the
reports for this polymer the results are from pristine,
doped or in blends with other polymers or molecules.
Now, for the P3HT the electric conductivities in the lit-
erature vary up to ten orders of magnitude from 107’
to 10 S m™' considering the neutral, mixed and doped
states [33-36]. Therefore, the conductivities acquired in
this work are in the range within literature for the P3BT
and P3HT films, which strongly depends on the meas-
urement technique and electrode geometry [32, 34, 35,
37]. P3BT shows overall smaller conductivities than P3HT,
regardless of the SA amount or deposition technique (LS
or LB) used. This difference is in agreement with previous
reports and is mainly attributed to how the side chain
of such polymers affects the dimensionality and copla-
narity of the conjugated main chain and therefore the
interchain interaction [30, 311.
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3.2 Optical and morphological characterization

In Fig. 4, we compare the UV-Vis absorption spectra of
P3BT:SA and P3HT:SA in chloroform solutions and in LB
films. The solution spectra for both P3AT:SA mixtures are
in agreement with reported results for the pristine poly-
mers [38, 39], as expected after considering the stearic acid
absorption spectra [40]. The films spectra maxima show a
strong redshift of about 80 and 100 nm for P3BT:SA and
P3HT:SA, respectively. This shift is commonly attributed to
the chains organization in the film [41], which is further
confirmed by the shoulder at 590 nm [42]. This shoulder
is clearly visible in the case of P3HT and barely visible for
P3BT. This reflects the different degree of crystallinity
observed from the electrical characterization, confirming
the distinct interchain interaction due to the polymer side
chain.
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The AFM image of the IDE substrate revealed a rather
homogeneous surface, with an average roughness value
root mean square (RMS) of approximately 2.8 nm. In Fig. 5,
we show the AFM and SEM images of LB and LS films of
P3BT and P3HT with 43% SA. We observed many large and
widely spread clusters in both LB and LS films, which result
in a high average roughness of 90-200 nm. The P3BT:SA
films show larger agglomerates and higher RMS values
than P3HT:SA films. The P3HT- and P3BT-LB films possess
similar average roughness (~ 155 nm), while the P3HT-LS
films have a reduced RMS of 90 nm opposite to the P3BT-
LS films with an RMS of 200 nm. This is probably related to
the distinct solubility of the two polymers in chloroform
and to the films organization on the Langmuir trough com-
ing from the specific interaction between each polymer
with the SA. The aggregates and non-homogeneities also
have a strong impact on the film conductivity observed
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Fig.4 Absorption spectra in the UV-visible range of chloroform solution and LB films of a P3BT:SA and b P3HT:SA, at a 43 mol% of SA
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on the electrical measurements, fact probably related to
the change in conformation which can be noticed by the
contrasting AFM images of the two P3AT:SA-LB films, since
morphology impacts greatly the conductivity [43, 44].

3.3 VOCsensors

We obtained normalized current responses over time of
the P3AT:SA sensors to DCM, THF and toluene. Normaliza-
tion is used to analyze polymer sensor data so that sensors
with different base resistances can be better compared.
The normalization is based on Eq. (1) in which sensor
response is given by:

1)~ 1,0)
response — /S(—O)

where [(t) is the sensor current during vapor exposure,
and /,(0) is the initial current. Response sensitivities are
measured as changes in the electric current of both poly-
mers under controlled flow of a given VOC. Results are
shown in Fig. 6.

The current variation was similar for both polymers,
except in the case of DCM. Besides, only a partial recov-
ery happens in all the cases, probably due to the chem-
isorption of the analytes into the films. We notice that the
toluene response is the lowest among the tested VOCs,
while the DCM reaches a high chemical response faster.
The aforementioned effects may be explained by the
rather larger toluene molar volume (107.00 cm? mol™)
when compared to THF (81.70 cm® mol™") and DCM
(64.10 cm® mol™"). Such characteristics imply that the
toluene penetration into the films is harder and slower,
resulting in the lower electrical feedback, while the DCM
diffuses easily within the films causing a rapid and intense
response [45, 46].
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The polymer electrical response is directly dependent
on the electric dipole moment of the vapors, as already
observed in the literature [47-49]. The shapes of the
graphs also revealed the selectivity property of the films
to each VOC.

The sensing properties are highly reliant on the molecu-
lar interactions (bonding, chemical reactions, dipole inter-
action and van der Waals forces) between the analytes
and the sensing materials, and on the film nanostructure.
These characteristics are determined, among other things,
by the polymer side chain [9]. The specific characteristics of
films and analytes determine which of these mechanisms
will contribute more significantly to the driving process,
and they can be noticed by the different responses seen
through the curves shapes and conductivity shift modulus.

The negative shifts seen for THF and toluene can be
explained by the fact that they are both good solvents for
P3ATs and dissolve the polymers, causing a swelling effect
by the separation of the polymer molecules and film struc-
tures. As a result, a rise of the carrier hopping distance and
barrier energy occurs, leading to the drop of conductiv-
ity as observed [47]. Moreover, the higher modulus cur-
rent maximum found for THF may be related to the polar
nature of this solvent, in contrast to the nonpolar structure
of toluene. The DCM response is positive for P3BT and neg-
ative for P3HT. This quite distinct outcome of P3BT upon
DCM exposure is due to its lower solubility compared to
P3HT, as well as to its more closed structure in view of the
shorter side chain length. Hence, the interaction of the
butyl derivative with the analytes probably diminishes
the polymer molecules distances, raising the intrachain
(backbone) and interchain (hopping) carrier transport [9].

With the purpose to detect the films saturation, i.e.,
sensing capability after continued vapor exposure, a num-
ber of cycles were performed. The results can be seen in
Fig. 7, where, in view of the similarities between the two
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Fig. 6 Sensor responses for a P3BT:SA and b P3HT:SA to the VOC vapors of dichloromethane (DCM), tetrahydrofuran (THF) and toluene
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Fig. 7 Sensor responses to the VOC vapors of dichloromethane, tet-
rahydrofuran and toluene after 6 cycles

Table 4 Response times of the sensors to the VOCs for successive
cycles

Cycle Response time (s)
DCM (P3BT) DCM (P3HT) THF Toluene

1 166 60 643 798
2 22 74 710 847
3 27 61 703 822
4 181 28 723 810
5 285 67 648 890
6 162 71 632 846

polymers response, for the sake of clarity, merely the P3HT
curves for THF and toluene are shown, while DCM detec-
tion for both polymers. Complete results are reported in
Sl (Fig. S1).

Concerning the THF and toluene signals, we observe
that despite the incomplete recovery, the P3AT-based
devices keep detecting the VOCs presence. The DCM
response of P3BT shows neither the previously observed
saturation nor a complete recovery. However, it tends to
stabilize over time. On the contrary, the P3HT feedback to
this vapor is rather reversible. Table 4 depicts the response
time for each cycle, defined as the time required for the
current to reach 90% of its maximum value after the gas
was introduced in the test chamber. From the table, we
can see that DCM shows the fastest response times, most
probably arising from the smaller molar volume that facili-
tates its diffusion within the films. Still, the two polymers
show a different behavior upon DCM exposure. P3BT has a
first cycle with 166 s of response time, which decreases in
the next two cycles, although it seems a temporary effect
of the molecules diffusion until the sensor reaches the

stabilization. For P3HT, with exception of the fourth cycle,
the response times to DCM vapor were consistent, dem-
onstrating the sensing reliability of P3HT to this VOC. Since
there is no plateau in the due time for THF and toluene, the
response times are quite high. However, THF maximum
current is roughly four times higher than the correspond-
ent toluene value. Additionally, toluene hindered diffu-
sion into the film, due to its nonpolar characteristic and
high molar volume, caused the longer response times and
reduced maximum modulus of detection.

We also investigated their ability to identify a VOC after
a different one has passed, and they exhibited high selec-
tivity nature by replicating the responses displayed for the
separate cases. These results can be observed in Sl (Fig. S2).

4 Conclusions

Electrical sensors consisting in LB films of regioregular pol-
yalkylthiophenes mixed with stearic acid onto gold inter-
digitated electrodes responded to different VOC vapors. By
the electrical, optical and morphological characterization,
we could observe that the stearic acid did not affect the
optoelectronic properties of the polymers, while improv-
ing their deposition via LB method. The polythiophenes
sensing responses showed distinct patterns and maxima
conductivities, demonstrating the sensor capability to dif-
ferentiate between the VOCs. We described the possible
mechanisms and the interactions between the polymers
and the vapors responsible for the changes in electri-
cal properties. Dichloromethane vapor had a peculiar
impact over the polyalkylthiophene devices, in contrast
to the other VOCs. Finally, in a proof-of-concept experi-
ment, P3BT and P3HT LB thin films, with well-organized
structure, showed high potential to be applied as VOCs
sensing devices.
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