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Abstract

The development of high-performance conjugated polymer-based gas sensors involves
detailed structural tailoring such that high sensitivities are achieved without
compromising the stability of the fabricated devices. In this work, we systematically
developed a series of diketopyrrolopyrrole (DPP)-based polymer semiconductors by
modifying the polymer backbone to achieve and rationalize enhancements in gas
sensitivities and electronic stability in air. NO2 and NHs-responsive polymer-based
organic field-effect transistors (OFETs) are described with improved air stability
compared to all-thiophene conjugated polymers. Five DPP-fluorene based polymers
were synthesized and compared to two control polymers and used as active layers to
detect a concentration of NO2 at least as low as 0.5 ppm. The hypothesis that the less
electron-donating fluorene main chain subunit would lead to increased signal/drift
compared to thiophene and carbazole subunits was tested. The sensitivities exhibited a
bias-voltage dependent behavior. The proportional on-current change of OFETSs using a
dithienyl DPP-fluorene polymer reached ~614% for an exposure to 20 ppm of NO2 for 5
minutes, testing at a bias voltage of -33 V, among the higher reported NO2 sensitivities for
conjugated polymers. Electronic and morphological studies reveal that introduction of
the fluorene unit in the DPP backbone decreases the ease of backbone oxidation and
induces traps in the thin films. The combination of thin film morphology and oxidation
potentials governs the gas-absorbing properties of these materials. The ratio of
responses on exposure to NOz and NH3z compared to drifts while taking the device
through repeated gate voltage sweeps is the highest for two polymers incorporating
electron-donating linkers connecting the DPP and thiophene units in the backbone, in
this category of organic semiconductors. The responses to NO2 were much larger than
that to NH3, indicating increased susceptibility to oxidizing vs reducing gases, and that
the capability of oxidizing gases to induce additional charge density has a more dramatic
electronic effect than when reducing gases create traps. This work demonstrates the
capability of achieving improved stability with the retention of high sensitivity in
conjugated polymer-based OFET sensors by modulating redox and morphological
properties of polymer semiconductors by structural control.

Keywords signal-to-noise, gas sensing, air stability, electrical stability,
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1. Introduction

NO: is a toxic gas, mainly released by the emissions of fossil fuel combustion, that can
induce acute harm such as pulmonary edema and respiratory disorders even under
exposure to ~1 ppm.12 NHs is also highly toxic and corrosive, has a flammability range
of 15-28% by volume and is irritating to the respiratory system, skin and eyes despite its
widespread applications in refrigeration and manufacturing systems such as dyes, drugs,
synthetic fibres, plastics, etc.3 Because of the increasing attention to environmental issues
in recent years and the known environmental toxicity of NO2 and NHs, it is highly
desirable to design and fabricate long-term-reliable, highly-sensitive, miniaturized,
room-temperature-operating and low-power-consuming gas sensors, which can enable
the real-time detection and sensing of these vapors. Although inorganic metal oxides as
active materials are more stable than organic field effect transistor (OFET) sensors, they
suffer from drawbacks such as limited selectivity and high operational temperatures
which restricts their applications.#> Recently, gold decorated carbon nanotubes®,
graphene’ and aminoanthroquinone-modified graphene® have been explored as
potential semiconducting materials for sensing applications because of ultralow
detection limits (~0.6 ppb) of NO2. Organic thin film transistors (OTFTs) employing Cu
nanowire devices®10 and cobalt phthalocyanine have been shown to be strong reversible
receptors for NHz and NO2 gases.!! However, OFETSs built from conjugated polymers and
oligomeric materials have also gained increasing attention as gas sensors because of
certain advantages such as low cost, light weight, and ease of large-scale fabrication,
which is made possible by facile solution and printing processability.1213 Conjugated
polymers also allow broad diversity and structural tuning by the virtue of variability in
molecular design by incorporating specific functional groups or by modulating the
backbone oxidation potential to impart the recognition capabilities to target analytes by
employing the appropriate device configuration or geometry.1* For example, flexible gas
sensors based on DPP-selenophene based polymers have been demonstrated to exhibit
high and reliable NH3 gas sensing with high ambient and bending stabilities with a 100
fold increase in channel resistance.l> A highly sensitive printed NH3 gas sensor with
fluorinated difluorobenzothiadiazole-dithienosilole polymer (PDFDT) has also been
reported which detected NH3 down to 1 ppm with high sensitivity ~56%.1¢ Efficient NH3

sensing in PBTTT and thiophene-isoindigo donor-acceptor polymers was demonstrated



by controlling the cohesive interaction energies between the dielectric layer surface and
the semiconductor layer, and the semicrystalline morphologies respectivelyl718 In a
DPP-based conjugated polymer functionalized with t-boc groups, a dramatic and
selective change in the hole mobility was observed after treating the FET with 100 ppb
ammonia.l® Ultra-sensitive nitrogen dioxide (NO2) gas sensors based on 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) OTFTs are reported with limit
of detection (LOD)=1.93 ppb by balancing the crystallinity and grain density in TIPS-
pentacene films. Chi et al. demonstrated an ultrasensitive NOz gas sensor based on 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) which exhibits an ultrahigh
sensitivity of more than 1000% ppm-! at several ppm, a fast recovery time, and a
calculated LOD of 20 ppb. 2021 TIPS-pentacene films exhibited a porous morphology
which allows gas molecules to easily penetrate into the channel region, thereby
improving the gas sensing properties by ~20% for very low exposure times ~5s.22 Apart
from polymer functionalization and structural tailoring, using composite materials or
employing polymer blends is also an important strategy to enhance the sensitivity of NO2
sensors because of the larger ratio of surface area to volume, especially for
polythiophenes.2324 Self-assembling monolayer field-effect transistors (SAMFETSs) have
also gained popularity due to their low detection limit, because of the enhancement of
specific interactions with a target analyte on top of the semiconductor.2>

However, OFET sensors possess inherent drawbacks such as the lack of air stability
due to the susceptibility of the sensing functionalities to reaction with moisture and
oxygen under ambient conditions, lack of selectivity, and a baseline drift problem which
limits their range of application in organic circuits.2627.28 On exposure of polymers to
oxygen and light, current and threshold voltage stabilities are lowered due to free radical
reactions, and photo-oxidation occurs resulting in the formation of deep traps.2°
Although regioregular polyhexylthiophene (P3HT) was reported as an active layer to
detect NOz, it lacks selectivity.303132 Therefore, the development of simple, selective and
high-performance detectors sensing NO2 and NH3 concentrations in the 1-10 ppm range
remains a challenge and needs further development. For unencapsulated OFETSs, the bias
stress effect (BSE)-induced threshold voltage shift under continuous bias during
operation leads to the trapping of charge carriers into less mobile localized states which
is accelerated by oxygen and water.33 To date, some approaches to reduce or passivate

these trap sites include the use of post processing thermal annealing or by employing the



self-assembled monolayer (SAM) technique.343> Oxidative degradation of the dielectric
layer films under ambient conditions can also cause device degradation.36.37
Morphological effects such as bulk defects or porosities in the thin film are also reasons
behind Vu instabilities in OFETs. In the past, several air-stable organic semiconductors
have been developed by either modifying the side chains or by employing functional
groups less susceptible to aerial oxidation. Recently, attempts have been made to develop
air-stable conjugated polymers for gas sensors by using benzodithiophene derivatives
and P3HT using a double-layer strategy.38 Also, polymer derivatives of organosilicon
derivative of [1]benzothieno[3,2-b][1]-benzothiophene have been reported exhibiting
air stability and high sensitivity with regards to detection of H2S and NHs at
concentrations ~200 ppb.3? However, no prior study has compared vapor sensitivities to
current or voltage drifts over comparable times, nor separated the molecular-scale
morphological, environmental, and bias stress contributions to those drifts.

In this work, we have designed and synthesized five DPP-fluorene based donor-
acceptor copolymers by introducing structural variations to a moderately electron
donating, and therefore stabilizing, main-chain fluorene unit covalently linked to the
DPP-unit so as to (i)modify the backbone conformation (ii) modify the backbone
oxidation potential and (iii) tailor the thin film morphology to modulate the gas sensing

properties.



Figure 1. Molecules of Interest

The incorporation such main-chain groups not only increases the polymers’
conformational flexibility and entropy but also allows mutual rotation of adjacent side
chain elements about the flexible moieties. At the same time, changing the nature of these
main chain groups allow for the modulation of the geometry of the otherwise rigid
chain.#941 The responses to NO2 and NHs3 of the five DPP-fluorene based polymers (PF1-
PF5) were compared to that of control commercial polymers P6, lacking the fluorene unit
and P7, incorporating an electron-donating carbazole unit instead of the fluorene unit,
respectively. The structures of the polymers are shown in Figure 1. The relative
contributions of backbone electronic structure and microstructure in sensing of NO2 and
NH3 gases were thoroughly explored.

Cyclic voltammetry measurements revealed that introduction of the fluorene unit in
the DPP backbone makes the frontier energy levels more positive relative to a standard
potential, and morphological studies confirm that modification of the spacer fluorene
group leads to varying morphologies in thin films that affect the vapor response. We
observed that the ratio of responses on exposure to NO2 and NH3s / drifts taking the device

through repeated gate voltage sweeps is the highest for the polymer incorporating an

5



electron-donor linker between the DPP and the fluorene derivative among this set of
semiconductors. The responses to NO2 were much larger than that to NHs, indicating
different susceptibility to oxidizing and reducing gases. This work demonstrates the
capability of achieving improved stability with the retention of high sensitivity of
conjugated polymer-based OFET sensors by modulating redox and morphological

properties of polymer semiconductors.

2. Results and Discussion

2.1 Synthesis and Characterization

The synthetic scheme for the five polymers is shown in Figure S1, SI. The polymers
where DPP is coupled to dithiophene and carbazole were obtained commercially. The
polymers have been named PF1, PF2, PF3, PF4, PF5, P6 and P7. The polymers were
synthesized by a C-H activation reaction involving appropriate monomers having the
dibromo- functionality in the presence of Pd(OAc)z with pivalic acid as the active ligand.2
The crude polymers were taken through a series of three precipitations in methanol and
further purified through Soxhlet extraction in hot methanol, acetone and hexane to
remove unreacted starting materials, monomers and shorter oligomers and catalytic
impurities. Post soxhlet purification, the polymers were precipitated again from
chloroform solution into methanol and the residue collected by vacuum filtration. The
DPP monomers were functionalized with the branched 2-ethylhexyl side-chain to induce
solubility in common organic solvents for easy thin-film processing. Structural
characterization of the monomers was carried out using 1H NMR and Gel Permeation
Chromatography (GPC) (Figures S1-S12, SI). The molecular weights and PDI were
evaluated by GPC and are shown in Figure $7-S12 and collected in Table S1, SI.

2.2 Optical, Electrochemical and Thermal Properties

The steady-state optical properties of the polymers PF1-PF5 and P6 were studied using
UV-visible spectroscopy (Figure 2). The structural changes introduced into the polymer
backbone by varying the nature of the fluorene group in the DPP-fluorene based
polymers are reflected in the backbone planarity and aggregation properties in solution
and in the solid state. The measured parameters from the UV-visible spectra and the

electrochemical data (Figure S13) are collected in Table 1.



Table 1. Summary of Optical and Electrochemical properties of DPP-fluorene based

polymers
Polymers )\max, Amax, Eg(Opt) (eV) HOMO
solution film (CV)(eV)
(nm) (nm)
PF1 644.5 655.9 1.35 -5.37
PF2 643.1 654.5 1.36 -5.47
PF3 644.5 653.4 1.38 -5.29
PF4 664.8 684.6 1.34 -5.19
PF5 648.9 657.5 1.37 -5.18
P6 777.3 767.1 1.30 -5.12
P7 672.1 699.9 1.63 -5.24

The thin-film spectra of all polymers exhibited a bathochromic shift compared to
the solution-phase spectra, which is consistent with the increase in intermolecular

interaction and aggregation in thin films compared to solution. The copolymers showed
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Figure 2. UV-visible spectra of (a)PF1 (b)PF2 (c) PF3 (d) PF4 (e) PF5 (f) P6 and (g) P7

in solution and thin films



a strong shoulder at ~370 nm which corresponds to the m-m* transition of the fluorene
moiety.#243 All polymers exhibit well-resolved vibrational structure with two maxima
between 600- and 700 nm. For PF3, PF4 and PF5; the intensity of the lowest energy peak
is observed to become more prominent (amongst the fluorene-containing polymer
series) which is consistent with increasing backbone planarity and resulting aggregation
of the polymer chains compared to PF1 and PF2. On comparison of the solution-phase
absorption maxima (Amax) of the fluorene-containing polymers, we found that PF4> PF5>
PF3~PF1>PF2. PF4 has additional thiophene linkers which increase backbone donor
strength and maximizes donor-acceptor interactions and also helps overcome the ortho

hydrogen repulsions. This explains the red-shifted solution-phase absorption spectra of

PF4 compared to their counterparts PF3, PF1 and PF2 in which the DPP unit is coupled
to the fluorene unit by single thiophene rings. Although the absorption maxima of PF1
and PF3 are situated at similar wavelengths, the very slight red shift and the relatively
higher intensity of the higher wavelength peak is because the fused indeno[1,2-
b]fluorene (IDF) unit provides extended m-m conjugation facilitating intermolecular
interactions thereby reducing the rotational disorder around interannular single bonds.
The fluorene unit with the bridgehead sp? carbon with long alkyl chain substitution (PF1)
and spiro substitution (PF2) impair effective mt-mt stacking and inhibit the close packing
of the polymer chains polymers leading to a blue-shifting of the spectra. We observe that
despite their bulkiness and conjugation- interrupting nature, the inclusion of the
spirofluorenyl and triarylamino groups do not appear to change the thin film aggregation

as is evident from the high-wavelength portion of the UV-visible spectra. 44

P6 exhibits the highest Amax amongst all polymers in this series due to removal of the
backbone torsional defect as a consequence of the absence of the fluorene unit; leading
to enhanced intermolecular interaction and high degree of planarity and m-m stacking.

The optical gap of P7 is larger, ~1.6 eV. 45

The effects of structural modifications on the oxidation potential (HOMO) of the
polymers were evaluated by cyclic voltammetry of the polymers in solution. Pt was used
as the working electrode and Ag/AgCl as the reference electrode in 0.1 M
tetrabutylammonium tetrafluoroborate acetonitrile solution with a scan rate of 0.5 V s-1

and the tests were calibrated using a ferrocene/ferrocenium redox couple. The cyclic



voltammograms are shown in Figure 3. PF1, PF3, PF4 and PF5 show quasi-reversible
two-electron oxidation cycles; indicates the participation of the fluorene and thiophene
donor chromophores in the oxidation process. P6 shows a one-electron reversible
oxidation cycle. This corroborates with our observations from the UV-visible studies that
there is greater delocalization of the HOMO levels in P6 rendering it more favorable to
become oxidized. The HOMO levels extracted from the onsets of the oxidation waves in

the CV data are shown
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Figure 3. Cyclic voltammograms (oxidation window) at scan rates of 0.5Vs-! for PF1-PF5
and P6 and P7 films on glassy carbon.

in Table 1, which reveal that the polymers with a higher degree of backbone planarity
(evident from larger bathochromic shifts) also possess lower oxidation potentials,
rendering them easier to oxidize. Thus, the HOMO levels of PF1, PF2 and PF3 are deeper
compared to those of PF4, PF5 and P6 and P7. Stronger electron donors such as
bithiophene and carbazole are responsible for the elevation of HOMO levels. The CV of

the reference compound ferrocene is shown in Figure S13, SI.

Thermal properties of the polymers were evaluated by differential scanning
calorimetry (DSC) measurements. The DSC plots are shown in Figure S14, SI. The DSC
curves show that PF1, PF2, PF3, PF4, PF5 and P6 exhibit broad, endothermic peaks at
149.0°C, 148.75°C, 145.6°C, 157.8°C, 154.4°C, 159.9°C and 131°C respectively,



corresponding to the glass transition temperatures of the polymers. We have estimated
the percentage free volume at a given temperature of the polymers from the DSC
measurements using the equation: (Viree:exs, s8/V) = (aL -a) T where a is the coefficient
of thermal expansion in the liquid(L) and glassy (G) states, and Viree:exs, s8/V quantifies the
fraction of free volume belonging to segments behaving in a solid-like manner.4¢ Larger
free volumes are associated with more chain ends per volume. Since (aL - ac) ~0.113 /Ty
the percentage free volumes can be estimated as: 9.10%, 9.12%, 9.33%, 8.50%, 8.75%,
8.51% and 10.43% respectively at the device annealing temperature of 120°C used for
the sensor OFETs. We hence observe that PF1, PF2, PF3 and P7 have higher free volumes
due to larger numbers of side-chains per unit volume. PF4 and PF5 possess linkers that
decrease the number of side chains per unit volume by increasing the distance between
the side chain-bearing units. For a given diffusant, the diffusivity is a decreasing linear
function of 1/(Viree:exs, s8/V) as predicted by the free volume theory. It has also been
observed that logio [diffusivity]=A’-B’/FFV, where B is the “jumping unit”, which
decreases with increasing chain stiffness, implying that gas molecules should diffuse

faster in stiffer polymers than flexible ones with same fractional volume.4”

2.3. Device measurements

OFETs were fabricated in the top-contact, bottom-gate architecture as sensing
devices. The polymer semiconductors were spin-coated from a 10 mg mL-1 chloroform
solution at 2000 rpm and annealed at 120 °C for 20 min in the glovebox. The film
thicknesses were measured as 70+15 nm, 90+5 nm, 105+25 nm, 80+9 nm, 84+10 nm,
125+13 nm, 11345 nm for PF1-PF5, P6 and P7 respectively (Figure S20, SI). The
difference in thickness arises due to solubility and viscosity. Au source/drain electrodes
(W =1.1 cm, L = 200 pm) were used to measure the electrical performances of the
polymer-based devices. The field-effect mobilities were calculated from the transfer
characteristics of six devices in the saturation region. The original devices without gas
exposure show typical p-type transport. The output curves and transfer curves are shown
in Figures S15 and S16, SI respectively. The hole mobilities and the threshold voltages
(Vin) of the transistors are collected in Table S2, SI. P6 shows a high hole mobility of
0.12+ 0.02 cm2V-1s-land P7 shows a hole mobility of (3.1x10-3) * (3 x10-4) cm2V-1s-1. P3
shows hole mobility of ~ (1.2x10-3) + (7x10-4) cm2V-1s-1 while films of the other four

polymers exhibit much lower hole mobilities ~2.0x10-4 cm2V-1s-1, though mobility will
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not be the only determining factor in response and stability parameters discussed below.
Note that the Vi values (Table S2, SI) of the polymers containing the fluorene spacer are
higher than those of P6 and P7. The trends in mobilities (Table S2, SI) are consistent
with the UV-visible studies and CV which predict that a greater effective conjugation
length implies good m-mt stacking with consequently low thin-film defect densities leading
to higher hole mobilities.

All polymers except the lower-mobility polymers PF4 and PF5 show substantial
hysteresis in the transfer characteristics which is probably due to trapped charges in the
semiconductor bulk or interface, or polaron/bipolaron interconversion due to the
charged states of the polymer depending on the direction of the gate sweep.48

The morphology of the polymer films was studied by atomic force microscopy
(AFM) in the tapping mode (Figure S17, SI). Films of polymers PF3, PF4, P6 and P7
exhibit more continuous grains and better coverage which reflects in their low root mean
square roughnesses (r.m.s.) of 0.56 nm, 2.74 nm, 1.72 nm and 2.54 nm respectively; which
aids charge transport. PF1, PF2, PF3 and PF5 exhibit lesser surface coverage and smaller
grains connecting the grains and possess r.m.s. roughness of 4.25 nm, 6.79 nm, 0.562 nm
and 5.88 nm respectively. A smoother film surface topology is associated with lesser traps
and grain boundaries and hence, higher p-channel mobilities.

The procedures and results of the stability measurements of devices fabricated
from PF1-PF5, P6 and P7 are as follows. Immediately post-fabrication, the transfer
curves were recorded on day 1. The devices were then subjected to repeated gate sweeps
for 25 cycles at a constant rate of 0.5 Vs-1 (Figure S18, SI) on day 2, to separately observe
one day’s worth of environmental drift from drift induced by bias stress. The devices
were then stored in ambient air for 24 hours and the transfer curves were recorded again
on day 3 to record the extent of recovery and compared (overlaid) with the transfer curve
on day 1. The devices were then exposed to ambient air for a period of 45 days and the
transfer curves recorded again and compared to the immediate transfer curves post-
fabrication (day 1). We monitored the source-drain current at the highest gate voltage
V6=-100 V for reference (Figure S$19, SI). The conclusion from Figure S19 is collected in
Figure 4. The deviations from the original current (post fabrication) after applying
dynamic bias stress and air exposure are indicators of the stability of the devices,

particularly for the 45-day storage condition. Polymer P6 recovers particularly quickly
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and completely from bias stress, as shown by the “day 3” point of Figure 4 relative to the
very large bias stress effect shown in Figure S18, SI.

The currents show a decreasing trend with an increase in the storage time
irrespective of the electronic structure of the polymer. The microscopic device
degradation mechanism under bias stress (repeated gate sweeps) arises from threshold
voltage shifts after bias stress which results from slow trapping of charge carriers and is

often accelerated by exposure to water and oxygen in the atmosphere.*?
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As mentioned before, the OFETs fabricated from the polymers were subjected to
continuous gate sweeps and the approach to final transfer current was fit to the
relationship It a exp (-t/t)°° or a first order Arrhenius rate equation in the logarithmic
form Inlt=Inlo- kt. The voltage sweeps were carried out at ~0.5Vs-1 for 25 cycles (Figure
$21, SI). The rate constants for the process were ~10-4 s-1 for all the polymers in the series
except for PF4, PF5 and P7 (~10-> s'1) with additional heteroatoms besides the single
fluorene-connecting thiophenes. Charge carrier traps are formed in the grains while
surrounding grain boundaries act as insulating barriers for trapped charge preventing
them from crossing the grain boundaries.>! The additional electron-donating linkers in
PF4, PF5 and P7 may inhibit or undergo transformation competitive with trap formation,

slowing the formation of the final trap density by gate bias.
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To measure responses to a given NO2 and NH3 concentration, we prepared 6
sensing devices from each polymer for each gas exposure experiment. The vapors were
diluted by air that has the same humidity and components as the ambient atmosphere.
The devices were subjected to repeated gate voltage sweeps (~25 cycles) to allow the
devices to stabilize before exposure to NO2 and NH3 vapors. Sensing devices were tested
after exposure to NO2 gas, i.e. OFETs were turned on after the period of NO2 and NH3
exposure ended. The OFETs showed significantly increased drain current when exposed
to NO2 gas while a decrease in current (Ips) was observed on exposure to NHs gas. The
transfer curves of optimized devices for NO2 and NH3 exposure are shown, up to -100 V,
in Figure S22 and S23, SI respectively. Change in drain current (Alps) was used as a
measure of the sensitivity of these devices, calculated by the formula 100% x (Ipsno2 -
Ips,air) /IDs,air, Where IpsNo2/NH3 is the drain current after exposure to NO2 or NHs3, and Ips,air
is the drain current before exposure to NO2 or NH3. We monitored the sensitivity at -80
V,-60 V and at (Vin-40) V for each polymer. 40 V is a typical range above Vi at which the
transistor is on whilst the effects of shallow traps and contact resistance are minimized
in comparing sensitivities.>253 We also define a new response-to-stability parameter ‘D’
calculated as D= (Al/1)exposureat/(Al/I)without exposure st Where At is the time interval of exposure
of the sensing device to the vapors for a particular concentration of the gas. The last five
cycles out of twenty-five, each taking about 1 minute and after most bias stress and device
burn-in had occurred, were used to measure a five minute drift before a five minute
exposure to analyte vapor was used to determine sensitivity for calculating the ‘D’ values.
These percentage drifts are collected in Table 2. The reason for lesser drift in PF4 and
PF5 is presumably related to the apparent slower trapping processes and lower
hysteresis in those polymers discussed above. PF4 and PF5 are characterized by
relatively low free volume and a seemingly optimal oxidizability, less facile than P6 and
easier than the others. Note that these percentage drifts are the ones that would be most

related to the “noise” relative to signals from exposures to NOz and NHs.

Table 2. Percentage drifts at -80V, -60V and at V'=V-40 V

Polymers (A1/1)-s0v (%) (AI/1)-60v (%) (AI/I)vtn-20 (%)
(5mins) (5 mins) (5 mins)
PF1 6.7+2.4 9.7+5.4 17.8+10.6
PF2 7.8+4.8 16.1+4.8 21.2%¥2.9
PF3 9.2+6.5 12.6£8.2 21.4x2.7
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PF4 2.1+1.7 2.5¢1.4 4.4+44
PF5 1.9+1.4 1.5+0.9 4.4+2.5
P6 5.8+1.2 7.8£1.5 15.4+1.9
P7 4.9+2.1 7.5%4.2 10.5+5.9

The polymer OFETs show gate-voltage dependent responses using the same voltages
for all seven polymers. The percentage responses at each of the concentrations are
quantified in Figure 5 and Figure 6 for NO2 and NHs respectively. We show the
responses for 1, 5, 10 and 20 ppm of NO2 and NH3 on exposing the devices to each
concentration of the gases for 5 minutes. The fixed voltages were chosen so all the OFETSs
were well in accumulation to avoid the noise at the near-threshold voltage region. We
also studied the sensitivities at -40 V (into the accumulation regime) vs. the threshold
voltage of each polymer PF1 to P7 to evaluate the relative contributions of the variables
such as oxidation potential, morphology, free volume and conformational flexibility to the
gas-sensing properties under the fairest practical conditions as mentioned above. Both
the NO2 and NH3 sensors are endowed with much higher sensitivity under lower gate

voltages on exposure to both the gases.
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Figure 5. Sensitivity of polymers (a) PF1 (b) PF2 (c) PF3 (d) PF4 (e) PF5 (f) P6 and (g)
P7, on exposure to NO2z gas (1, 5, 10 and 20 ppm) for 5 minutes. The sensitivities were

calculated at-80 V, -60 V and V= (V-40)

With gate voltage of —-60 V, the sensors based on PF2 films exhibit the least sensitivity,
up to ~22% and ~73% under 1 ppm for 5 min and 20 ppm for 5 min, respectively. As
discussed earlier, PF2 has a non-planar backbone and low backbone electron density. On
the other hand, the proportional on-current change of OFETs using the most easily
oxidizable P6 reached ~157% for 1 ppm, 256% for 5 ppm, ~570% for 10 ppm and
~614% for an exposure to 20 ppm of NO2 for 5 minutes at a bias voltage of -40 V fully in
accumulation for the polymer. The responses of the other five polymers are of the same
order of magnitude.

We tabulated the sensitivities with V¢ set to (Vin-40) in Tables 3 and 4 to show
the trends in NOz2 sensitivities. Response to high NO2 concentration (PF3, PF4, PF5, and
P6, 20 ppm) seems to correlate with ease of p-doping driven by a large driving force for
electron transfer from the HOMO of the polymer and the LUMO of NO2 gas.55>6 Responses

to lower concentrations (1-10 ppm) of NO2 exposure appear to be enhanced by increased
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free volume for polymers P1 and P3. Polymer P7 seems surprisingly unresponsive to

NO:2 considering both of these properties.

Meanwhile, the sensors based on PF1-PF4, P6 and P7 show responses of 20-30%
respectively to NH3 at -60 V, while the sensitivities were ~30-40% in the (Vin-40) regime,
on exposure 20 ppm NH3 for 5 mins (Figure 5). PF5 however exhibits a response of
~56% at-60 Vand ~67% in the (Vin-40) regime. To the extent that this difference might
be significant, we propose the involvement of the lone pair of electrons on the bridging
nitrogen atom of PF5 with hydrogen bonding interactions with NHs3, facilitating
chemically induced trap formation. Otherwise, the polymers exhibit similarly lower
responses to NH3, irrespective of the backbone electronic structure and morphology/free

volume, than those to NO-.

2

-y (a) PF1 ] (b) PF2
W04 sV ( ) 50 :ﬁ::
—t— 49
g % £
E > 304
£ = £
] = 204
5 104 ]
b 5
ol |
04
H 5 10 18 20

o 5 10 15 20 —— T v+ 17 171
NH3 concentration (ppm) NH3 concentration ( ) 0 & 10 15 20
3 Ppm NH3 concentration (ppm)
a4 45
h 704 j
22: —— 50V (d) PF4 4 ——-B0V (E) PF|‘5 404 —_::::: (f) P6 l
209 g0V 604 ——-60V w] oV
18 < ——4g 4 I
&£ 18] & %04
g 143 = 259
= 12 = 204
§ 103 E 5]
*3 B 40
6 ]
4] ) 1
T v v T r o °
’ NHs cnno;:h'atlon 1(s m) ® ‘ I'l E 1l° '.5 2""' I'l I'i 1‘0 1'5 z'ﬂ
3 PP NH3 concentration (ppm) NH3 concentration (ppm)
40
31 (g) P7
30 — 50V
b ——60V
£ 254
£ 204
-
-
S 154
5
v 104
5
0

0 5 10 18 20
NH3 concentration (ppm)

Figure 6. Sensitivity of polymers (a) PF1 (b) PF2 (c) PF3 (d) PF4 (e) PF5 (f) P6 and (g)
P7 on exposure to NH3 gas (1, 5, 10 and 20 ppm) for 5 minutes. The sensitivities were

calculated at-80 V, -60 V and V= (Vix-40) V.
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P7 on exposure to NO2 gas (1, 5, 10 and 20 ppm) for 5 minutes. The sensitivities were

calculated at-80V, -60 V and V= (Vin-40) V.

The D values (defined above) for NO: sensitivity, plotted in Figure 7 and listed in Table 3,
are the highest for PF4 and PF5 due to their low drifts and for P6 by virtue of its high
sensitivity despite the drifts. All of these have relatively electron donating linker subunits,
but different degrees of conjugation that apparently influence the relative importance of
high sensitivity versus low drift. Itis interesting to note that PF1, PF2, PF3 and P7 exhibit
similar D values (~6-9) despite different responses, which reveals that in those cases the
drift and response balance each other out. The resultant D values for NH3s sensitivity are
the highest for the least conjugated but most H-bondable PF5 both by the virtue of its
moderate sensitivity and low drifts (Figure 8). Recall that the average percentage drifts
in relative currents in the last five cycles of the devices at the gate voltage of interest with

respect to measurements (before exposure to vapors) had been shown in Table 2. These
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calculated at -80V, -60 V and V’'=

(Vin-40) V

are the “drift” values used to calculate the parameter D. Note that the ‘drifts’ increase at

lower gate voltages. The responses, drifts and the signal-to-noise ratios in the Vin-40 V

regime for NO2 and NH3s sensing are collectively depicted in Figure S24, SI.
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Table 3. NO2 sensitivities and D values in the (Vin-40) regime

Polymer Sensitivity | Sensitivity | Sensitivity | Sensitivity D D D D
(%) (%) (%) (%)
1 ppm 5 ppm 10 ppm 20 ppm lppm | 5ppm | 10 20 ppm
ppm
PF1 27+0.7 115+6 165+4 27245 1+1 4+1 5+2 942
PF2 34+4 79.245 101+9 122+15 246 4+4 5+2 62
PF3 10+9 152+13 210+17 355+4 243 3+1 5+1 8+2
PF4 2012 93+6 179+1 32920 2+1 10+1 19+2 35+1
PF5 30£17 81+27 150+£15 33419 8+1 21+1 39+2 86+2
P6 157412 258+15 571+11 614+22 12+1 19+1 43+1 46+1
P7 1049 53+18 99+25 192412 1+1 442 7+1 131
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Table 4. NHs sensitivities and D values in the (Vin-40) regime

Polymer | Sensitivity Sensitivity Sensitivity Sensitivity D D D D
(%) (%) (%) (%)

1 ppm 5 ppm 10 ppm 20 ppm 1 ppm 5 ppm 10 20
ppm ppm
PF1 9+2 18+4 2745 37+6 1£1 2+1 31 31
PF2 1412 2514 34+8 43+11 1£1 2+1 31 41
PF3 2210 27+4 3349 3945 1+1 2+1 2%2 2+1
PF4 61 9+1 14+3 202 2+1 5+1 71 9+2
PF5 34+9 41+12 5949 68+3 9+1 11+2 | 14+£1 | 16%1
P6 16+4 24+6 277 368 1£2 2+2 31 5+1
P7 10+3 136 212 33+4 3+1 4+1 5+1 7+2

We also studied the kinetics of the recovery process after exposure to the gases. The plots
of the loge of the percentage recovery versus 1/T are shown in Figures S25, SI. After
exposure to 20 ppm of gases for 5 minutes, the devices were kept in the vacuum oven at
temperatures of 40°C, 60°C and 80°C for three minutes at each temperature, and then
removed for measuring the transfer curves to monitor the recovery process. On
monitoring the percentage recovery of each of the polymers on subjecting the sensor to
40°C for 3 minutes, we observe different rates of recovery (Table S3, SI), all pointing to
fairly mild conditions for achieving reversibility, which is often sought in sensors. It
happens that a device based on P7 (which is the least responsive to NO2 in the (Vin-40)
regime) exhibits the highest activation energy and also a lower percentage recovery of
~24% compared to the other polymers; beyond that there is little if any association
between the recovery kinetics and NO:2 sensitivities. Because the sensitivities include
electronic effects from each molecular adsorption in addition to transport rates and
interaction stabilities, they may not be strictly related to reversibility of responses, which

only includes the latter two effects. We could not evaluate the activation energies of the
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recovery process from NHs exposure as all devices almost completely recovered at 40°C

within a time duration of 3 minutes. This does, however, indicate good reversibility.

Over time, polymer chains undergo relaxations via segmental motion towards a pseudo-
equilibrium state of chain packing which decreases the free volume. As gas concentration
increases, polymers swell and undergo free volume reorganization.>* P7 has the highest
free volume as discussed previously, amongst all polymers in this series, which could lead
to high free volume reorganization and therefore higher activation energy for desorption

of analyte molecules.

The stability and response data vary considerably with the structures of the polymers
and applied gate voltages. The highest NO2 sensitivity, close to 600% at V¢=-33 V which
is the first report of such high NO2 response of a DPP polymer, seems to be associated
with the electronic donating ability P6 while the lowest drift from PF4 and PF5 was
associated with lower free volume and moderate electron donating ability. This was also
observed in an earlier study on PQT-12 and PQT-S12 from our group wherein PQT-S12
exhibited much higher sensitivity to NO2 compared to PQT-12 consistent with PQT-S12
having slightly easier oxidizability; despite both having similar hole mobilities.5¢
However, responses to several environmental solvents were higher from PQT-S12, and
both of the PQT polymers, which are more electron-rich and much less stable than the
polymers of this study, showed ~60-70% current output decreases on exposure of the

devices to ambient conditions over several days.

Concluding remarks

A key figure of merit for these materials for their use in responsive devices is vapor
response compared to instability on the same time scale as the measurement. Three
polymers from the set studied in this work were identified as promising by this measure;
two because of exceptionally low drift and a third being particularly sensitive to NO2. A
second figure of merit, for future consideration, is the vapor response differences in a pair
of materials compared to drift differences. This second figure of merit determines the
ability of a series circuit to produce a voltage output at the connection between the two

devices that is selective for a vapor while the drift in the output voltage is minimized.**
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With this in mind, the data show that PF3 has substantial NOz response with fairly good
stability parameters as well as fairly low oxidation potentials. P7 has similar or better
stability but generally less response to NO2 tested at the same gate voltages. Thus, we
anticipate that a series circuit with a voltage output taken at the connection from between
devices with these two materials would be selective for NO2 vapors, while the

environmental stability would be considerably compensated.
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