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Introduction

Incorporation and electronic sensing device
effects of aniline functionality in
diketopyrrolopyrrole—thiophene semiconducting
polymersf

Sasikumar Mayarambakam,® Christopher Riley Bond,1* Howard E. Katz, (=) *®
Jimetochukwu Solomon® and Hany F. Sobhi®

The detection and monitoring of volatile organic compounds (VOCs) are crucial in environmental
and medical monitoring. Organic field-effect transistor (OFET)-based sensors offer several advantages
over conventional spectroscopic methods, including real-time, low-power, and wearable integration
capabilities. In particular, diketopyrrolopyrrole (DPP)-based polymers exhibit exceptional semiconducting
properties, making them promising candidates for active layers in OFET sensors. Their chemical
tunability enables the incorporation of selective and sensitive biomarker moieties, either on the polymer
backbone or side chains, to enhance analyte specificity. In this study, we synthesized a series of seven
DPP-based copolymers functionalized with aniline derivatives named P1, P2, P3, P1BT1:1, P1BT1:2,
P3BT1:1 and P3BT1:2 as biomarkers for acetone sensing. The aniline functionalities were systematically
modified with electron-donating (methoxy) and electron-withdrawing (chloro) substituents to evaluate
their impact on sensor performance. Device optimization was achieved by investigating different
dielectric materials, including SiO, and cross-linked polystyrene on SiO,, the latter effectively reducing
observed gate leakage. Further optimization of the semiconducting layer was performed by comparing
devices incorporating pristine aniline-functionalized DPP polymers with those utilizing a blend of pristine
polymers and PDPP4T to enhance charge transport. The sensing performance of the optimized OFET
devices was evaluated for acetone, dimethyl carbonate, and acetic acid, in vapor and solution phases.
The findings from this study provide insights into the structure—property relationships of DPP-based
semiconductors for VOC detection and highlight their potential for integration into portable electronic
Sensors.

garnered significant attention among the various building blocks
utilized in designing polymeric semiconductors.?*>® The DPP

Polymer semiconductors' ™ have emerged as promising materials
for next-generation flexible,”® lightweight, and low-cost electronic
devices in various branches of organic optoelectronics like organic
field-effect transistors (OFETs),” ! organic photovoltaic cells,"* ™
gas sensors,” 2 organic light-emitting diodes,>" organic photo-
detectors, etc. In the realm of organic electronics, OFETs*>** have

emerged as vital components. Diketopyrrolopyrrole (DPP) has
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unit consists of a planar, electron-deficient heterocyclic struc-
ture that can be easily conjugated to various electron-donating
or electron-withdrawing groups to tailor the electronic energy
levels, bandgap, and solubility of the resulting polymers.?”
Their exceptional electronic properties, high charge-carrier
mobility,”® ' chemical stability, and structural versatility have
made DPP-based polymer semiconductors ideal candidates for
a wide range of applications, including organic field-effect
transistors (OFETs),>*** organic photovoltaic cells (OPVs),"
and gas sensors.® These tunable properties allow DPP-based
polymers to exhibit ambipolar®® or unipolar charge transport
behavior, with substantial charge-carrier mobilities. This
makes DPP-based materials attractive for developing chemical
sensors.**?”

The interaction of DPP-based polymer thin films with target
gas molecules induces measurable changes in their electronic

This journal is © The Royal Society of Chemistry 2025
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properties,*® paving the way for sensitive, selective, and cost-
effective gas sensors. The interaction of volatile organic com-
pounds (VOCs)*® with the polymer backbone can induce
significant changes in the electrical conductivity and charge
transport behavior, enabling selective detection of gases such
as ammonia®® and nitrogen dioxide (NO,),*”*° applicable
to health, food,* environmental monitoring, and industrial
safety.

Specific functional groups having affinity for particular VOCs
can enhance response thereto, where the interaction between
VOC analyte molecules and the functional group can lead to
measurable changes in the conductivity and charge-trapping
behavior, thereby enhancing sensor sensitivity and selectivity.**
Yao et al. synthesized a series of DPP-quaterthiophene conju-
gated polymers functionalized with urea groups on the alkyl
side chains, exhibiting high hole mobility and enhanced photo-
voltaic performance.*” Yang et al. developed a DPP-based con-
jugated polymer incorporating thymine moieties in the side
chains, where thin films of the polymer demonstrated selective
responses to CO and H,S in the presence of Pd(un) and Hg(u)
ions, respectively.*® Yang et al. reported a thin-film field-effect
transistor (FET)-based sensor for ammonia and amine detection,
utilizing the DPP-bithiophene conjugated polymer, appended
with tert-butoxycarbonyl-functionalized side chains.** Among
VOCs, acetone is of great interest as an analyte for environmental
monitoring, industrial safety, and medical diagnostics due to its
relevance as a biomarker for various health conditions, including
diabetes.*>*® However, it is challenging to obtain a specific
response to this VOC, as it is considerably less reactive than
oxidizing or reducing gases that are investigated more often with
conjugated polymer semiconductors.

The aniline moiety possesses electron-donating and nucleo-
philic characteristics (oxidation potential about +0.55 V vs. SCE
or Ag/AgCl)* that when associated with the electron-deficient
DPP unit that deepens the highest occupied molecular orbital
(HOMO) levels in a semiconducting polymer (to several tenths
of a volt deeper than anilines),*® introduces localized energy
levels capable of trapping holes. This hole-trapping effect plays
a pivotal role in fine-tuning the charge-carrier dynamics within
DPP-based thin films, impacting the overall performance of
OFETs and other devices. The aniline amino group is postu-
lated to interact with acetone and might form carbinolamine
intermediates,*”*® potentially leading to an electronic pertur-
bation of the main chain that can be signaled in devices, as
long as the hole-trapping activity does not prevent device
function. It does not appear that a nucleophilic aniline, or
any other amine functionality, has been appended to conju-
gated thiophene polymers before, and certainly not to DPP-
based polymers.

This article discusses aniline-functionalized DPP-based
polymer design, synthesis, and application, focusing on utiliza-
tion in OFETs and gas-sensing devices. The aniline groups are
on eight-carbon side chains, chosen to optimize solubility
and aniline number density. We synthesized seven DPP-based
co-polymers varying the substitutes on the phenyl ring in
the aniline attached through the alkyl chain to the DPP.*’
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The substitutes were hydrogen, an electron-donating methoxy
group, and an electron-withdrawing chloro group. We discuss
the impact of aniline substitution on molecular packing, energy
levels, and charge-carrier dynamics in thin films and device
optimization using varying dielectric materials. Furthermore,
we explore the potential of these materials in OFETs and
volatile organic compound sensors, shedding light on their
structure-property relationships and performance optimiza-
tion strategies. By exploring the interplay between molecular
functionalization, charge transport, and analyte interaction,
this work aims to provide insights into developing next-
generation multifunctional organic semiconductors.

Experimental
Synthesis and characterization

DPP-based co-polymers are designed so that one DPP unit con-
tains an aniline functional group, and the other has an alkyl side
chain (PDPP4T). Polymers P1, P2, and P3 are synthesized via Stille
polymerization by varying the para-H atom in the aniline moiety
of the amine functional group. P1 - contains H atoms,
P2 - contains OCH; groups and P3 - contains Cl atoms. After
synthesis, the polymers show limited solubility in common
organic solvents like chloroform, chlorobenzene, and dichloro-
benzene. Based on an initial electronic property comparison, the
OCH; group was eliminated from further consideration, while the
bithiophene units in the P1 and P3 are replaced with the
4-dodecyl bithiophenes to improve solubility and obtain a good
film morphology. Four polymers are designed and synthesized
with the retention of the P1 and P3 amine functionalities with
dodecyl bithiophenes, altering the ratios of the amine-function-
alized DPP unit and alkylated DPP unit from 1:1 to 1:2 ratio,
respectively. The polymers are named P1BT1:1, P1BT1:2, P3BT1:1,
and P3BT1:2. The solubility of the polymers with dodecyl bithio-
phenes is dramatically increased, which leads to a good film
morphology. The chemical structures of the polymers are
shown in Fig. 1. The synthetic scheme is depicted in the ESIt in
Schemes S1-S3. The crude polymers are precipitated in methanol
and subjected to Soxhlet extraction to remove short-chain poly-
mers and unreacted monomers.

The Soxhlet extraction started with methanol, acetone, hexane,
and chloroform. P1, P2 and P3 are collected from chloroform
extraction, and P1BT1:1, P1BT1:2, P3BT1:1, and P3BT1:2 are
collected from hexane extraction, reprecipitated in methanol
and the residue is collected by vacuum filtration. All the polymers
are subjected to Boc deprotection in dichloromethane using
trifluoroacetic acid. The polymers are dried in a vacuum oven
for 2 days at 50 °C and stored in a desiccator. We also considered
primary amino-terminated linear alkyl side chains on DPP-
quaterthiophene repeat units. We were able to make such poly-
mers with the amine group protected as phthalimide, but hydra-
zine deprotection proved unsuccessful, as the hydrazine may have
reduced the DPP groups. Other protecting groups that would have
given primary amines by nonreducing deprotection resulted in
insoluble products.
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Fig. 1 Chemical structures of polymers P1, P2, P3, P1BT1:1, P1BT1:2, P3BT1:1 and P3BT1:2.

Optical, electrochemical, and thermal properties

The normalized UV-vis absorption spectra of polymers are
depicted in Fig. 2(a), and the results are summarized in
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Table 1. The chloroform solutions of the polymers are used
to obtain solution state UV-vis spectroscopy. All the poly-
mers showed two distinct peaks in the range 409-421 nm and
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Fig. 2 (a) Normalized UV-vis absorption spectra in solution and thin film states, (b) cyclic voltammograms recorded on a drop-cast film, (c) DSC second

heating and cooling cycles and (d) TGA thermograms of polymers P1BT1:1, P1BT1:2, P3BT1:1 and P3BT1:2.
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Table 1 Optical and electrochemical properties of polymers

Optical data Electrochemical data

)vmax, sol.a ;“max, filmb Egc El/zaxd HOMOC LUMO 4
Polymers (nm) (nm) (ev) V) (ev) (ev)
P1BT1:1 409, 734 430, 765 1.34 0.50 -5.30 —-3.96
P1BT1:2 424,745 434,764 1.37 0.40 —5.20 —3.83
P3BT1:1 414, 755 428,769 1.33 0.46 —5.26 —3.93
P3BT1:2 421, 751 434, 772 1.34 0.52 —5.32 —3.98

“ Absorption peaks in chloroform solution. * Absorption peaks of poly-
mer thin films spin-coated from chloroform solution. ° The optical
band gap, determined from Tauc plots (provided in Fig. S3, ESI), was
calculated using the absorption coefficient derived from thin films.
4 Onset oxidation potentials after correction relative to ferrocene.
° HOMO energy calculated from HOMO = —e(E,+ 4.8) (eV). LUMO
energy calculated from LUMO = (HOMO — Bandgap) (eV).

734-755 nm. The peak in the lower wavelength corresponds
to the m-n*transition of the bithiophene units. A few nm of
bathochromic shift is observed in the maximum wavelength
region of P3BT1:1 and P3BT1:2 compared to P1BT1:1 and
P1BT1:2. In the thin film state, all polymers exhibited maxi-
mum absorption bands in the range of 763-772 nm. The
observed bathochromic shift in the thin film spectra compared
to the solution state is attributed to the intermolecular inter-
action and aggregation in the film state. P3BT1:2 exhibits the
highest A,.x among all the polymers in the thin film state;
however, in comparison to its counterpart P3BT1:1, the shift is
a few nanometers. P1BT1:1, P1BT1:2, P3BT1:1, and P3BT1:2 are
shown to have 31 nm, 18 nm, 14 nm and 21 nm redshifts in the
film state compared to their solution state, respectively.

Cyclic voltammetry measurements were performed on poly-
mers using a three-electrode system to study the electrochemical
behavior. The results are depicted in Fig. 2(b). Polymer solution
in chloroform was drop-cast onto the glassy carbon working
electrode. Measurements were performed at room temperature
using an Ag/AgCl reference, a glassy carbon working electrode
and a Pt wire counter electrode in 0.1 M tetrabutylammonium
perchlorate as the supporting electrolyte in acetonitrile. Tests
were performed with a scan rate of 0.1 V s™*, and the tests were
calibrated using a ferrocene/ferrocenium redox couple. All the
polymers showed oxidation potentials from 0.8 to 0.86 V vs. Ag/
AgCl, in agreement with literature values for PDPP4T.”® No redox
peaks were observed for any polymers. The highest occupied
molecular orbital (HOMO) values are calculated from the onset
of oxidation potentials after correcting to ferrocene and are listed
in Table 1. P3BT1:1 and P3BT1:2 showed a one-electron reversible
oxidation cycle; however, in P1BT1:1 and P1BT1:2, the reversible
cathodic peak is diminished.

The presence of the chloro group has minimal or no effect
on the HOMO energy levels of P3BT polymers, though it does
affect the electron donating capability of the anilines them-
selves. All polymers showed similar onset oxidation potentials,
indicating little effect of backbone ratio alterations on oxidation
potentials.

Differential scanning calorimetry (DSC) studies were performed
to evaluate the thermal properties of polymers. The DSC traces are
presented in Fig. 2(c) and Fig. S2, ESL All polymers show two glass
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transition (7T,) temperatures. The first T, is attributed to the
alkylated DPP unit, and the second transition could be attri-
buted to the amine-functionalized DPP unit. The second
transition in P1BT1:1 and P3BT1:1 is seen due to the equal
ratios of amine-functionalized and alkyl-chain-functionalized
DPP units. However, in polymers P1BT1:2 and P3BT1:2, the
second transition is decreased and remains unclear because
the ratio of the amine-functionalized DPP is lower than that of
the alkylated DPP unit. Polymers P1, P2, and P3 showed the
first transition around 102 °C and the second in the 203-205 °C
range and are presented in Table S1 (ESIT). Polymers P1BT1:1,
P1BT1:2, P3BT1:1, and P3BT1:2 showed the first and second
transition temperatures around 99 °C and 177 °C, respectively.
The C-12 alkyl chains on the bithiophenes in P1BT1:1, P1BT1:2,
P3BT1:1, and P3BT1:2 make polymers less crystalline than
P1, P2, and P3, leading to a decrease in the glass transition
temperatures. Thermogravimetric analysis of the polymers
revealed that all the polymers possess excellent thermal stabi-
lity. The thermal stability of polymer semiconductors is an
important parameter that allows the use of different deposition
techniques other than solution deposition techniques like spin
coating or drop-casting. All polymers showed high decomposi-
tion temperatures Ty, (defined as the temperature at which
5 wt% loss is observed). The observed thermal stability of the
polymers suggests a minimal possibility of degradation and
molecular deformations during device fabrication and opens
for vacuum deposition techniques. P1BT1:1, P1BT1:2, P3BT1:1,
and P3BT1:2 showed decomposition temperatures of 395,
360, 394 and 396 °C, respectively. P3BT1:2 shows the highest
T4, suggesting it is thermally more stable than the other
polymers. The TGA thermograms are shown in Fig. 2(d), and
the results are depicted in Table S1 (ESI¥).

Electronic properties and responses

The output and transfer characteristics of each OFET were mea-
sured to assess the quality of transistor behavior in each sample
along with their stability and reproducibility and are shown in
Fig. 3 for OFETs comprising PDPPAT, P1BT1:1, or P3BT1:1 active
layers on XLPS/SiO, gate dielectrics. Additional output and transfer
characteristics of all measured OFETs, including OFETSs comprising
SiO, gate dielectrics for P1, P2 and P3 with no XLPS, are provided in
Fig. S8-S14 of the ESLT

OFETs comprising P1BT1:1, P1BT1:2, P3BT1:1, and P3BT1:2
on XLPS/SiO, gate dielectrics show clear signs of shallow
trapping by the aniline groups. While the threshold voltages
are similar, the gate-induced current increments are signifi-
cantly less for the aniline-containing polymers. This may be an
inevitable effect of attempting to use a nucleophilic binding
group in an OFET detection mechanism.

After determining OFET characteristics, device responses to
various concentrations of acetone gas were assessed. Before
exposing a device to acetone gas, the drift current was deter-
mined by measuring 25 transfer curves at a rate of —10 V s *
with the device exposed to air under ambient conditions, where
I4s was measured as a function of V, from 0 to —50 V with Vg,
held constant at —50 V. Upon completion of the drift current

J. Mater. Chem. C, 2025, 13,18176-18186 | 18179
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Fig. 3 The output characteristics of OFETs comprising (a) PDPP4T on XLPS/SiO,, (b) P1BT1:1 on XLPS/SiO,, and (c) P3BT1:1 on XLPS/SiO,, and the
square root transfer characteristics of OFETs comprising (d) PDPPAT on XLPS/SiO,, (e) P1BT1:1 on XLPS/SiO,, and (f) P3BT1:1 on XLPS/SiO,.

measurement, the device was immediately exposed to acetone
gas in a closed chamber with transfer curves measured every
3 minutes under conditions identical to those used for the drift
measurement. The initial concentration of acetone gas was
held at 5 ppm, and once a transfer curve was recorded after
3 minutes of exposure, the process was repeated for concentra-
tions of 10, 20, and 50 ppm of acetone gas. The results of the
acetone sensitivity measurements are shown in Fig. 4, with
additional transfer curves showing OFET drift currents and
responses to acetone gas available in Fig. S14-S17 of the ESL.{
Limits of detection ranged from 0.043 ppm for P1BT:PDPPAT to
1-16 ppm for the others, as shown and explained in Fig. S31,
ESL.¥ In addition to measuring the responses of OFETs to
acetone gas, the changes in transfer characteristics of each
OFET were measured when exposed to solutions of various
analytes in 2-propanol (IPA).>! Solutions with concentrations of
1 pg analyte/1 mL IPA, 10 pg analyte/1 mL IPA, and 100 pg
analyte/1 mL IPA were prepared for the analytes, acetic acid
(AA), dimethyl carbonate (DMC), and acetone to produce a total
of nine unique solutions.

To test OFET responses to each analyte, an initial transfer
curve was recorded using previously described measurement
conditions, followed by distribution of 1.5 pL of pure IPA with
no analyte in the OFET channel using a 100 pL pipette tip. The
IPA was allowed to completely evaporate until no liquid
remained in the OFET channel, upon which a second transfer
curve was immediately recorded under identical measurement
conditions. This process was then repeated three times
for a given analyte, where 1.5 pL of the 1 pg analyte/1 mL IPA
solution was evaporated in the OFET channel and a new
transfer curve was immediately recorded, followed by 1.5 pL
of the 10 ng analyte/1 mL of IPA solution and lastly 1.5 puL of the
100 pg analyte/1 mL of IPA solution. A unique OFET was used
for measuring the response to each type of analyte solution to
avoid contamination and conflicting device responses.

18180 | J Mater. Chem. C, 2025, 13, 18176-18186

The sensitivity of select OFETs to IPA and each of the three
analytes are shown in Fig. 5, with transfer curves showing OFET
responses to each analyte and additional OFET sensitivities
provided in Fig. S18-S25 of the ESIL.{ To further characterize the
charge trapping behavior of the aniline groups in the functio-
nalized semiconducting polymers, a series of two-terminal
measurements were conducted on each OFET. Starting with a
constant V, of 0 V, 25 consecutive scans of Iy were measured as
a function of V4, from 50 V to —50 V. The same protocol was
then repeated with V, set to —25 V and subsequently +25 V to
produce three sets of 25 curves measured at three unique gate
biases. The results of the two-terminal measurements at each of
the three gate biases for two OFETs are shown in Fig. 6, with
additional OFET two-terminal measurement results provided in
Fig. S26-S30 of the ESL

Discussion and analysis

The inclusion of aniline groups in the semiconductor layer of
each OFET causes modest changes in the quality of the output
and transfer behavior, as shown in Fig. 3. OFETs comprising
PDPPAT on XLPS/SiO, gate dielectrics show ideal transistor
behavior with large I, high mobility, and very small leakage
currents. There are slight effects of contact resistance present
in the output characteristic,?* but they are minimized up to a Ve
of —40 V. OFETs comprising aniline-functionalized semicon-
ducting polymers exhibit decreased I, lower mobilities, and
larger leakage currents, with similar effects of contact resis-
tance observed in the output characteristics.

The decrease in I45 observed in both the output and transfer
characteristics of OFETs comprising aniline-functionalized
semiconducting polymers is due to the hole trapping charac-
teristics of the aniline groups.>** The greater concentration of
aniline leads to increased hole trapping and consequently

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Responses to analyte in IPA solutions of (a) PDPP4T on XLPS/SiO, OFETSs, (b) P1BT1:1 on XLPS/SiO, OFETs, and (c) P3BT : PDPP4T blend (25: 75 by
weight) on XLPS/SiO, OFETSs. Error bars are standard deviations from three measurements per point.

smaller currents, which is clearly observable when comparing exhibits the largest maximum I4s of —13 pA due to the lowest
samples such as P1BT1:2, P1BT1:1, and P1BT1:1 blended with concentration of hole trapping aniline groups being present,
PDPP4T in a 25:75 ratio by weight. The blended sample while samples with 33% and 50% functionalization and no
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Fig. 6 Two-terminal measurements of PDPP4T on XLPS/SiO, OFETs with gate biases of (a) 0 V, (b) =25V, and (c) +25 V. Two-terminal measurements of
P1BT1:1 on XLPS/SiO, OFETs with gate biases of (d) O V, (e) =25V, and (f) +25 V.

blended PDPPAT exhibit currents two orders of magnitude
smaller at —800 nA and —400 nA, respectively. The same
comparison can clearly be made when considering the transfer
characteristics of these devices, where similar differences in Iy
magnitude are observable.

Due to the aniline groups producing observable current
decreases in the output and transfer characteristics of OFETS,
the leakage current of devices comprising these polymers is
relatively more prominent than for pure PDPPAT OFETs. The
magnitude of the leakage current is similar for all devices on
the order of 200 nA, yet it is only clearly observable in the
characteristics of devices not containing PDPP4T. OFETs con-
taining PDPPAT exhibit maximum I3 more than 100 times
greater than the leakage current, while those without PDPPAT
and containing aniline-functionalization exhibit a maximum
I4s just 5 to 10 times greater than the leakage current.
In addition to leakage current being more prominent in aniline-
functionalized OFETs, a significant decrease in device mobility is
also observable as tabulated in Table 2. These mobilities were
calculated from the transfer characteristics of each OFET using

174
the following equation: Iys = i,uC (Ve — Vth)z, where W is the

channel width of the OFET, L is the channel length of the OFET,
u is the hole mobility of the OFET, C is the measured capacitance
per unit area of the OFET, and Vy, is the threshold voltage.>® The
mobility of PDPPAT on XLPS/SiO, OFETs was determined to be
0.25 + 0.01 cm® V' 57!, while blending in just 25% by weight of
P1BT1:1 reduces the mobility more than 10 times to 0.23 x
107" 4+ 0.09 x 10" em® V' ' s, A similar order of magnitude
decrease in mobility is observed when blending 25% by weight of
P3BT1:1 with PDPP4T, while OFETs comprising aniline-functio-
nalized semiconductors with no PDPPAT exhibit mobilities two orders
of magnitude smaller than pure PDPPAT OFETs due to the strong
hole trapping characteristics of the functionalized aniline groups.

18182 | J Mater. Chem. C, 2025, 13,18176-18186

Table 2 Active layer, threshold voltage, capacitance, and hole mobility of
measured OFETs. Three devices were measured to obtain each parameter

Active layer Vin (V) C (pF) p(em?>v'ts™

PDPPAT —41+01 430+ 17 0.25 4 0.01

P1BT1:1 —-1.2+03 400+ 10 0.15 x 1072+ 0.01 x 1072
P1BT1:2 0.84 + 0.18 410 +25 0.29 x 10" 2 £ 0.02 x 102
P1BT:PDPPAT  0.17 + 0.22 560 +20 0.23 x 10 ' £ 0.09 x 10!
P3BT1:1 71+06 440 +£60 0.13 x 107>+ 0.02 x 10?2
P3BT1:2 22408 450+ 70 0.16 x 102 £ 0.02 x 10>
P3BT:PDPPAT  0.64 = 0.11 520 £ 50 0.26 x 10" * 4 0.02 x 10"

While the OFET characteristics of devices comprising XLPS/
SiO, dielectrics are stable and reproducible, this is not the case
for dielectrics comprising only SiO,. When a polymer other
than PDPPAT is deposited on SiO,, initial OFET characteristics
can be measured, albeit with far less ideal results than what is
shown in Fig. 3. The quality of these characteristics rapidly
degrades with repeated measurements, with OFETs becoming
immeasurable after just a few measurements are performed.
This irreversible failure of the devices is likely due to the aniline
groups of the functionalized polymers reacting with the oxide
dielectric.>®**>° This failure is also not dependent on the total
number of measurements performed on a device, as a given
device could be measured once, stored under a vacuum for a
short period of time, and then be immeasurable once removed
from storage due to the amine-oxide reaction. As a result of the
discovery of this failure mechanism, P1BT and P3BT OFETs
were only fabricated on XLPS/SiO, dielectrics, as the introduc-
tion of XLPS to separate the aniline groups from the oxide
completely resolved this observed failure mechanism. P1, P2,
and P3 could not produce measurable OFETs on the XLPS/SiO,
dielectric due to a lack of solvent compatibility hindering the
deposition of a continuous semiconducting layer atop the
XLPS layer.

This journal is © The Royal Society of Chemistry 2025
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P2 was not further functionalized to enable use on XLPS/
SiO, due to extreme charge trapping and instability when
deposited on SiO,, consistent with the easier oxidizability of
oxyanilines®” compared to the other two. Despite the modest
stabilization against oxidation offered by the chloro group, the
chlorinated aniline derivative P3BT showed better-behaved
cyclic voltammograms than P1BT, while their OFET character-
istics were similar.

In addition to observing failure when functionalized poly-
mers were deposited on dielectrics comprising only SiO,, fail-
ure was also observed in devices comprising functionalized
polymers deposited on XLPS/SiO, after exposure to acetone gas.
While the largest responses in acetone gas could be observed in
XLPS/SiO, OFETs comprising P3BT1:2 and a 25:75 by weight
blend of P1BT: PDPP4T, the measurement results could not be
reproduced by the same OFETs that generated these responses.
After exposing these devices to acetone gas at concentrations of
5, 10, 20, and 50 ppm for three minutes each, the devices were
placed under a vacuum at 50 °C for 30 minutes to remove
any remaining acetone gas, attempting to reset the device to
baseline characteristics for additional sensing experiments.
However, when an attempt was made to repeat the sensitivity
measurement on the same device, that device proved immea-
surable, and baseline transfer characteristics could not be
obtained. This observation held for all devices containing any
aniline functionalization, where the sensitivity of a given OFET
could be measured at each concentration of acetone gas once
but would not be measurable the second time. It is possible
that this failure occurs due to an irreversible reaction between
the aniline groups and acetone that forms carbinolamine in
the active layer of the OFETs.”® To obtain an average acetone
response value with uncertainty values for each exposure
concentration, three unique batches of devices for each type
of OFET had to be fabricated and independently tested due to
this failure mechanism. Additionally, the failure did not seem
to be dependent on the concentration of acetone gas, but it
rather depended on the duration of exposure to acetone gas.
Thus, the materials could function in one-time detectors of
acetone but would not be suitable for continuous monitoring.
Efforts to attain reversible strong responses to acetone from
such semiconducting polymers are ongoing.

In general, while responses to acetone gas of all devices on
XLPS/SiO, dielectrics are modest, they are apparently enhanced
by the aniline functionality. As mentioned above, devices
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comprising P3BT1:2 and a 25:75 by weight blend of P1BT:
PDPP4T exhibit the largest absolute responses to acetone gas,
with maximum responses of —4.3 £ 1.9% and —5.8 £ 3.3%,
respectively, occurring in response to 50 ppm of acetone gas.
Both devices exhibit more significant responses to acetone gas
than do PDPPAT on XLPS/SiO,, which shows only a —2.5 +
1.0% change in current when exposed to 50 ppm acetone gas.
This results in a p-value of 0.077 for the P3BT1:2 device and
a p-value of 0.051 for the blended device for the response
differences between these polymers and PDPPAT occurring by
random chance when taking into account responses at all four
concentrations of acetone gas.

Because the current drifts in air were in the opposite
direction as the current responses to acetone, the effect of
acetone is actually higher than what is indicated by the abso-
lute responses. To correct the acetone responses for the drift,
we did the following data analysis. Using the 25 transfer curves
scanned in air, I4s was plotted as a function of time for a fixed
V. A linear line of best fit was applied to the current-time plot
for times where I35 no longer showed non-linear dependence
on the measurement time. This line of best fit was then used
to project Iys to a longer timescale to account for the total
exposure time to acetone gas at each measured concentration.
The projected Is was then used to calculate the sensitivity of
each device to each concentration of acetone gas, resulting in a
“corrected response” that accounts for shifts in I for drift in
air and acetone gas response being in opposite directions.
Table 3 lists the observed drift over three minutes in air, the
concentration at which the first measurable acetone response
was recorded, the time it took to complete that exposure after
starting the series of exposures, the observed response, and a
response corrected for the drift, as absolute percentages and as
percent per ppm.

It can be observed that two of the aniline polymers, P3BT1:2
and P1BT1:1, showed significantly higher normalized
responses, corrected for drift, than did PDPPAT itself.
Furthermore, the P1BT: PDPPAT blend (25:75) showed the
highest uncorrected response because it had the lowest drift.
Regardless of the magnitude of device response or the direc-
tion of shift in current, no devices could be remeasured once
exposed to acetone gas except for pure PDPP4T OFETs,
indicating instability associated with anilines responding
to acetone that is not present in the unfunctionalized (but
less responsive) PDPPAT.

Table 3 Responses to acetone corrected for drift and normalized to concentration

Observed Corrected Corrected

Drift Acetone Total exposure Observed response response response

Figure Polymer (%) conc. (ppm) time (min) response (%/ppm) (%) (%/ppm)
Fig. 4(a) and (b) PDPP4T 255 10 6 -1.0 ~0.10 —~3.96 ~0.40
Fig. 4(c) and (d) P3BT1:2 16.16 5 3 -0.8 —0.16 -8.53 —1.71
Fig. 4(e) and (f) P1BT: PDPPAT 059 10 6 —-4.0 —0.40 —5.37 —0.54

blend (25:75)

Fig. S14a and b (ESI) P1BT1:1 —1.68 5 3 —-1.05 —-0.21 —11.65 —2.33
Fig. S15a and b (ESI) P3BT1:1 8.49 20 9 —0.4 —0.02 —11.68 —0.58
Fig. S16a and b (ESI)  P3BT:PDPP4T 1.49 10 6 0.2 —0.02 —2.20 —0.22
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Responses of functionalized OFETs to solutions of acetone
when delivered by IPA are far larger than their responses to
acetone gas. Fig. 5 shows P1BT1:1 on XLPS/SiO, OFETs exhibiting
a response of —45% to —65% for solutions of 1 pg to 100 pg of
acetone per 1 mL IPA. The maximum response of this device to
50 ppm of acetone gas, however, is only —3%. Increases in
response to acetone when in a solution of IPA rather than a gas
are not proportional among the materials, as PDPPAT on XLPS/
SiO, OFETs exhibit a maximum response of just —10% to the
10 ug acetone/l mL IPA solution compared to a maximum
response of —2% to 50 ppm acetone gas. In this case, the aniline
functionalized OFETs show an increase in maximum sensitivity of
more than 20 times when exposed to the acetone solution rather
than acetone gas, while PDPPAT OFETs only show a maximum
sensitivity increase of 5 times. Shown in Fig. 5, the P3BT:PDPP4T
blended OFETs exhibited the smallest response to acetone of all
functionalized OFETs, with a maximum sensitivity of —30% to the
acetone in the 10 pg acetone/1 mL of IPA solution. While this is
the smallest response observed of all functionalized OFETS, it is
still 3 times greater than the maximum response of the PDPPAT
OFET with no aniline functionalization. Despite the improved
sensitivity to acetone exhibited by functionalized OFETs when
exposed to a solution rather than a gas, similar failure was still
observed after the completion of the sensitivity measurement.

The vapor pressure of pure acetone is about 200 torr at room
temperature. The vapor pressure of 10 ppm acetone in a
noninteracting solution would be 10~> times lower, about 2 x
107 torr if the solvent and acetone molecular weights are
similar, which is the case for isopropanol as the solvent. This
is an upper limit of the activity of the acetone (equivalent to
partial pressure)—the activity could be further decreased in an
interacting solvent (like isopropanol). An example of such
decreased activity at low acetone concentrations in a hydro-
xylated medium has been described.’® The partial pressure of
10 ppm acetone gas is about 760 x 10~° torr, or about 8 x
102 torr, if it is ppm by moles or volume, or 4 x 10~* torr if by
weight, since there would be half as many moles of acetone in
equal weights of acetone and air. Thus, the activity of the
acetone is actually somewhat lower in isopropanol than in
the chamber. The increased signal in isopropanol might arise,
for example, from the solvent swelling the polymer and decreas-
ing the packing density of polymer subunits, or increasing the
proximity of aniline groups to the polymer interface relative to
the vapor phase.

OFET responses to solutions of DMC in IPA and AA in IPA
were also measured to investigate the selectivity of responses to
solutions in IPA. All OFETs showed relatively small responses to
pure IPA of 10% or less while exhibiting responses to analytes
significantly larger than to pure IPA. PDPPAT on XLPS/SiO,
OFETs showed the greatest initial response to AA and greatest
maximum response to 100 ug DMC/1 mL of IPA; responses to
both DMC and AA at all three solution concentrations were
larger than responses to acetone, with significantly larger
responses to DMC and AA at the two highest solution concen-
trations. In contrast to PDPP4AT OFETs, all functionalized
OFETs exhibited the greatest responses to acetone at all solution
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concentrations with a single exception shown in Fig. C, where
P3BT:PDPPAT blended OFETs had a greater response to 100 ug
DMC/1 mL of IPA than 100 pg acetone/1 mL of IPA. This may be
because of the greater retention of the larger amount of DMC in
the liquid phase with this higher deposition quantity, compared
to acetone. Aniline-functionalized OFETs show sensitivity to
acetone solutions 3 to 6 times greater than PDPPAT OFETs, while
responses to AA and DMC are similar for all OFETs regardless
of functionalization. Provided that unfunctionalized PDPPAT
responds strongly to AA and DMC in IPA with little response to
acetone while aniline functionalized OFETs exhibit similar
responses to AA and DMC in IPA with much stronger responses
to acetone, the aniline functional groups appear selective towards
acetone while serving to enhance acetone sensitivity.

Two-terminal measurements conducted on each device give
insight into the charge trapping behavior of the aniline groups.
Depending on whether an accumulation or depletion bias is
applied to the OFET gate, currents in the positive V44 regime
can decrease or increase with repeated measurement scans.
Shown in Fig. 6, the PDPPAT on XLPS/SiO, OFET exhibits a
current increase larger than 500% when a depletion bias is
applied to the gate, while the P1BT1:1 on XLPS/SiO, OFET
exhibits a current increase of only 300% under the same bias.
While currents in the P1BT1:1 OFET are two orders of magni-
tude smaller than those in the PDPPAT OFET to begin with,
smaller relative shifts in current observed under an applied
depletion bias indicate a decrease in bias stress in the P1BT1:1
device due to trapped charges being present before beginning
the two-terminal measurement.®*®* This effect is even
more prominent in OFETs comprising functionalized polymers
shown in the ESL,f which exhibit smaller shifts in current
under an applied depletion bias due to the strong charge
trapping of the aniline groups.

Conclusions

We designed and synthesized a series of seven DPP-based
copolymers, each functionalized with an aniline amine group
while systematically varying the para-position substituent
from methoxy to chlorine. The initial polymers P1, P2, and P3
exhibited poor solubility, which was addressed by incorporat-
ing long C-12 alkyl chains into the bithiophene units, leading
to the development of the P1BT and P3BT polymer series.
Furthermore, the ratio of amine-functionalized to alkyl-
functionalized DPP units was adjusted to 1:1 and 1:2, result-
ing in four additional polymers: P1BT1:1, P1BT1:2, P3BT1:1,
and P3BT1:2. These polymers were thoroughly characterized
using UV-vis spectroscopy, cyclic voltammetry, differential
scanning calorimetry (DSC), and thermogravimetric analysis
(TGA) to evaluate their optical, electrochemical, and thermal
properties. Bottom-gate/top-contact OFETs were fabricated
using the synthesized polymers as semiconducting layers.
Additionally, OFETs incorporating pristine PDPP4T and
its blends with the synthesized polymers were tested for
their electrical characteristics. OFETs based on PDPP4T on
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XLPS/Si0, attained a hole mobility of 0.25 & 0.01 cm®> V' s,
while the hole-trapping activity of the aniline group decreased
the mobility by 1-2 orders of magnitude. Beyond OFET applica-
tions, the pristine polymers and their blends with PDPP4T were
evaluated for VOC sensing, specifically for acetic acid, dimethyl
carbonate, and acetone. Notably, P3BT1:2 and a 25:75 (by
weight) blend of P1BT : PDPPAT exhibited the highest response
to 50 ppm acetone gas, with signal changes of —4.3 &+ 1.9% and
—5.8 + 3.3%, respectively, and reached ca. —10% if corrected
for environmental drift. Responses several times higher were
still observed from solutions of acetone in IPA, despite the
activities of the acetone in those solutions being decreased
compared to activities of equivalent acetone concentrations in
air. These responses were also generally stronger than those to
alternative carbonyl compounds acetic acid and dimethyl
carbonate.
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