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Abstract

Stimuli-responsive m-conjugated materials present opportunities for chemical sensing, whereby
through interaction with an analyte, the m-conjugated system undergoes a change in molecular
geometry and/or electronic structure that can be detected as a change in either the optical or
electrical characteristics. Here, a naphthalene diimide donor-acceptor conjugated polymer,
poly(2,7-bis(2-decyltetradecyl)-4-methyl-9-(5'-methyl-[2,2'-bithiazol]-5-yl)benzo[Imn][3,8]-

phenanthroline-1,3,6,8(2H,7H)-tetraone) (PNDI2Tz) is reported as an acid sensing material.
Shifts in the UV-vis spectroscopic signature of PNDI2Tz in the presence of protic and Lewis
Acids were investigated. Further, PNDI2Tz-based n-channel organic field-effect transistors
(OFETs) were fabricated and shown to respond to the gas phase Lewis acid, boron trifluoride

(BF3), whereby the transistors reproducibly turn off in the presence of 60 ppm BFs.



Introduction

Functional m-conjugated materials are beginning to emerge as attractive stimuli-responsive
platforms for applications ranging from pressure sensitive devices to chemical sensors'"!!. In the
latter case, selective interaction between a target analyte (i.e. volatile chemicals, biological
macromolecules, ions, particles) and a m-conjugated system effects changes in electronic
structure and/or molecular geometry that impact the system’s optical or electronic properties® !>
3. For example, m-conjugated compounds that undergo a change in either their absorbance or
fluorescence spectrum upon interaction with ionic analytes containing iodide!*, cyanide's, and
ionic forms of mercury'* and zinc,'® !” have been reported. In addition, m-conjugated materials
are also known to interact with biological systems,'8, and in select cases exhibit halochromic
effects upon changes in pH'?. Polyaniline (PANI) is arguably one of the earliest m-conjugated
polymers to be incorporated into a sensor platform.?!">*> PANI can exist in several forms,
including the emeraldine base and emeraldine salt form which were shown to be effective for the
reversible sensing of NH3 and HCI using spectrophotometric analysis. In the presence of
hydrazine, the salt is readily converted to the leucoemeraldine form, thus creating an avenue for
the detection of this highly toxic, volatile compound.>* More recently, interest has turned toward
semiconducting molecule and polymer platforms for sensor applications because they enable the
sensitive detection of analytes via an electronic device platform. For instance, Huang. et al.
fabricated organic field effect transistors (OFETSs) using copper or cobalt phthalocyanine blended
with tris(pentafluorophenyl)borane as a receptor that was capable of selective sensing of NHs,
with a detection limit to 350 ppb v/v.® Mechanistically, NH3 forms a complex with the
substituted borane through B—N and hydrogen bonding interactions. Molecular organic

semiconductors have also been reported to be effective for the detection of citric acid and a range



of other organic acids that are common in biological systems.?’ Studies related to the direct

detection of analytes by a polymer semiconductor have been less widely reported.

The examples provided above typically require incorporation of additional components to bind
with the analyte, which results in an increase in system complexity. Semiconducting polymers,
particularly donor-acceptor (D-A) semiconductors, present an interesting alternative, where
several conjugated units that possess functionalities that could directly bind to a number of toxic
species can be identified. Among the m-conjugated molecular architectures reported to date,
thiazole-based materials are garnering increasing attention because the nitrogen-bearing moiety
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can be used to effectively manipulate frontier molecular orbital energies™~’, and facilitate

28, 29 30, 31

directed intermolecular interactions in solution and in the solid-state . For instance,
thiazoles have been suggested as a promising building block for a new generation of electron
transporting conjugated polymers for organic electronics applications, such as organic
photovoltaics (OPV)*? and organic field-effect transistors (OFET)*-*, Further, the nitrogen
atom, integral to thiazole, imparts a level of basicity that may allow for acid-base interactions
that are foundational for the design of halochromic materials. Mechanistically, the halochromic
response of thiazole-based compounds is based on the activation of intramolecular charge
transfer absorption that results from protonation and/or interaction with a Lewis acid. In general,
n-conjugated structures with strong, built-in donor—acceptor interactions are expected to exhibit a

more pronounced halochromic effect due to an enhanced ability to redistribute charge density

and promote charge-transfer (CT) absorption.'

Here, we investigated the response of the thiazole-based donor-acceptor (D-A) conjugated
polymer, poly(2,7-bis(2-decyltetradecyl)-4-methyl-9-(5'-methyl-[2,2'-bithiazol]-5-

yl)benzo[lmn]-[3,8]-phenanthroline-1,3,6,8(2H,7H)-tetraone) (PNDI2Tz), to both protic and



Lewis acids. Studies explored PNDI2Tz response in the solution state and solid state (Figure 1),
where pronounced halochromic behavior was observed. Furthermore, in the solid state,
PNDI2Tz exhibited a change in electronic characteristics upon exposure to the representative
Lewis acid, boron trifluoride (BF3) when the polymer was incorporated as the active layer in
organic field-effect transistor (OFET) devices. The results obtained here facilitated evaluation of
the acid sensing mechanism and provide a platform for the future development of robust, low-

cost and effective sensor technologies.
Experimental
Materials and Measurements

PNDI2Tz was synthesized and prepared according to literature procedures.*> *° Detailed
characterization results are presented in the Supporting Information (S.I.). All reagents, solvents
and acids were purchased from commercial sources, and were of reagent grade. Chloroform,
dichloromethane, toluene, p-xylene, isopropanol, tetrahydrofuran (THF), dimethylformamide
(DMF), chlorobenzene, 1,2-dichorobenzene (o-DCB), and 1,2,4-trichlorobenzene (TCB) were
purchased as anhydrous grade solvents from Sigma-Aldrich. N-octadecyltrichlorosilane (OTS),
was purchased from Gelest, Inc. Silica gel was purchased from Sorbent Technologies (Premium

Rf™, porosity: 60A; particle size: 40-75 pm).

All polymer thin films for UV-vis absorption characterization were prepared by spin-coating
polymer solutions in p-xylene (5 mg/mL) or chloroform (5 mg/mL), onto pristine SiO2 glass
substrates and pre-treated glass coverslip substrates. Low concentration OTS solutions (0.1% v/v
in toluene) were prepared in a N2 filled glovebox. UV-ozone cleaned device substrates were

transferred into a N2 filled glovebox immediately after cleaning, and then submerged in the as



prepared surface treatment solution overnight at room temperature. The passivated substrates
were then bath sonicated in toluene for 30 min, followed by blow drying with compressed air

(after passing through a bed of molecular sieves to remove water and oil).

For device studies, substrates were coated with the semiconductor ink (prepared by dissolution of
5-10 mg of polymer in p-xylene) using an in-house blade coater equipped with a glass blade and
temperature-controlled heating stage. Blade coating speeds were programmed and precisely
controlled by a DMX-UMD 23 controller from Arcus Technology. Blade height was controlled
to be within a range of 45-55 pum, and blade angle was set to be 8° + 1°. Heating during blade
coating was achieved by embedded thermocouples with precise temperature control. For
chloroform samples, the heating temperature was set at 45 °C; for p-xylene samples, the

temperature was set at 100 "C.

UV-vis Measurements (halochromism). For solution UV-vis spectroscopy, PNDI2Tz stock
solution in p-xylene was prepared at a concentration of 0.5 mg/mL, equivalent to a repeating-unit
molar concentration of approximately 4.5x10° mol/L. PNDI2Tz used in this study had a number
average molecular weight of 49.3 kD with a polydispersity index (P) of 3.33, as determined by
gel permeation chromatography (GPC) relative to polystyrene standards using 1,2,4-
trichlorobenzene as the eluent at a temperature of 135 °C. The as prepared p-xylene stock
solution was heated to 100 °C in a N2 filled glovebox for 30 min to disassemble polymer
aggregates, and was subsequently passed through a 0.2 um PTFE filter (VWR, part number
28145-499). PNDI2Tz stock solution (1.8 mL) was then transferred to a 1 cm x 1 cm quartz
cuvette which was then sealed with a Teflon cap. Acid stock solutions in acetonitrile (MeCN;
acid concentration of 1.02x10 M) were prepared in a similar fashion. A gas tight syringe was

used to transfer a specified amount of diluted acid solution into the UV-vis cuvette that contained



PNDI2Tz stock solution. Between adding acid aliquots to the cuvette, the syringe was rinsed
three times with MeCN, and then rinsed three times with the stock acid solution. The active
species was confirmed to be H" by through addition of complementary NOs™ (Figure S1). For
thin-film UV-vis spectroscopy, PNDI2Tz in chloroform and/or p-xylene stock solution (4-6

mg/mL) were blade coated onto UV-ozone cleaned SiO: glass slides.

For experiments that exposed PNDI2Tz OFETs to BF3, a custom apparatus was designed and
constructed. The apparatus comprised a stainless steel base (interior WxLxH:
30cmx30cmx30cm), with plexiglass sides where epoxy glue was used as the sealant. The system
was equipped with two gas inlets (BF3 and N2), and one gas outlet connected to a vial of
triethylamine solution for neutralization of BF3 (shown in S.I.). Prior to each experiment, the
chamber was purged with N2 for 3 min to ensure an inert anhydrous environment. Then,
anhydrous BF3-OEt2 which was used as the source of BF3 was introduced into the chamber. All
waste BF3 was neutralized with trimethylamine (TEA), and all measurements were performed in

an exhaust hood with appropriate ventilation.
Results and Discussion

PNDI2Tz was synthesized and characterized as previously reported*!, and purified by Soxhlet
extraction. The low-molecular-weight portions and residual catalyst impurities were removed by
sequential dissolution in ethanol, acetone, and hexane. The chloroform extracts were

concentrated and precipitated in methanol, and then the solids were collected as product.

Bronsted acid sensing. The PNDI2Tz-acid interaction was first explored in solution using a
variety of acids including sulfuric acid (H2SOs), trifluoroacetic acid (TFA) and nitric acid (HNO3)

(UV-vis of PNDI2Tz upon addition of sulfuric acid and trifluoroacetic acid are presented in



Figures S2 and S3 in the supporting information). Upon addition of acid, PNDI2Tz solution
changed color from pink to yellow within the first minute. HNO3 was used for mechanistic
studies since the monoprotic acid facilitated determination of H" equivalence. In addition, diluted
nitric acid presented a safer alternative than trifluoroacetic acid. As visualized in Video S1 in the
Supporting Information, injection of 3M HNOs effected a rapid (within 5 s) color change in a
process that was readily reversed upon addition of methanol (MeOH); and the cycle could be
repeated over multiple times (Figure 2). Note that MeOH is a poor solvent for PNDI2Tz and

thus addition of MeOH resulted in reduced solution transparency due to polymer aggregation.

The colorimetric process was then monitored via addition of stoichiometric quantities of HNO3
in MeCN (1.02x10 M) to a solution of PNDI2Tz in p-xylene (1.8 mL, approx. 4.5x10°> M). As
presented in Figure 3a, after addition of 0.3 equivalents of nitric acid (relative to the repeat unit
of PNDI2Tz), no further spectral changes were observed, suggesting a saturation threshold.
Specifically, addition of the protic acid led to a decrease in the n-n* absorbance at 540 nm (2.30
eV) with concomitant increase in absorbance at 450 nm (2.76 eV). The relative absorbance of
these signature bands (As40/A4s0) was used to evaluate the sensitivity of PNDI2Tz toward HNO3
(Figure 3b). Incremental addition of 0.025 eq. of the acid, resulted in apparent saturation of the
system within 12 injections of acid, facilitating rapid sensing of H'. The results demonstrated a
linear relationship between the absorbance ratio (As4o/A4so) and H' equivalence (R?=0.985).
During acidification, the PNDI2Tz optical bandgap increased from 2.12 eV to 2.26 eV (pristine
onset absorption at 584 nm, after acid onset absorption at 549 nm). In addition, an isosbestic
point was apparent at ca. 485 nm (Figure 3a), indicating that the stoichiometry of the reaction
remained unchanged and that no secondary reactions occurred during the considered time range.

The results support the premise that PNDI2Tz is a weak Lewis base that forms a weak acid-base



adduct with H". The active species is most likely H: addition of a complementary ion such as
Na" or K" through addition of the corresponding nitrates in acetonitrile resulted in no observable
spectral change (Figure S1). This hypothesis finds additional support from results reported by
Yamamoto and co-workers, who demonstrated that trifluoroacetic acid can protonate the
nitrogen in thiazole moieties, based on >N NMR spectroscopy results.* ** It is noted that the
acid detection limit for PNDI2Tz is 0.3 eq. This equivalence is the ratio of H to the PNDI2Tz

repeating unit.

Lewis acid sensing: Having established the ability of PNDI2Tz to interact with strong protic
acids, the investigation was extended to explore the impact of exposure to neutral Lewis acid
species. Specifically, BF3 was selected as a representative example** given its ready availability,
commercial significance and known environmental health and safety issues and relatively low
LCs0.48, As stated in the AEGL book, the AEGL-3 can be treated as the LCso for BF3, which is
at 436.22 ppm (1210 mg/m®) for rats on 4-hour exposure.*’ In this study, fresh anhydrous
BF3-OEt2 was used as the source of BF3to facilitate handling. The response of PNDI2Tz to the

Lewis acid was evaluated in both xylene solution and solidified thin film state.

While solutions of PNDI2Tz underwent a color change upon exposure to BF3-OEt2, the ability
to detect low levels of atmospheric BF3 vapor presents a more relevant and challenging
application. Thus, the response of PNDI2Tz thin-films to the presence of controlled amounts of
BF3; was investigated both spectroscopically and electronically. Initial studies focused on the
spectroscopic/colorimetric response. Using a custom built, controlled atmosphere apparatus,
PNDI2Tz coated glass slides were treated with BF3. Upon injection of BF3-OEt2 (20 uL, 0.16
mmol BF3, 240 ppm) into the chamber, the initially pink PNDI2Tz thin film slowly changed

color to yellow in a reversible process, whereby the sample regained its original pink hue within



5 min under ambient conditions (Figure 4). The spontaneous recovery process was monitored
using UV-vis spectroscopy: the intensity of the n-n* PNDI2Tz absorption band centered at 543
nm (2.28 eV) increased, while that at 455 nm (2.73 eV) decreased, with an isosbestic point at
490 nm (2.53 eV) (Figure 3a). In addition, a shoulder observed at 387 nm (3.20 e¢V) in the BF3
treated sample decreased in intensity, and was not longer apparent after 240 s. The observed
spectroscopic changes were reversible, and mirrored the behavior of PNDI2Tz solutions upon
exposure to protic acids, vide supra. Similar to the solution results, the PNDI2Tz optical
bandgap increased upon exposure to acid, though in the case of the solidified film, the gap
changed from 2.04 eV to 2.16 eV (pristine PNDI2Tz thin-film onset absorption at 607 nm, after

BF3 exposure onset absorption at 575 nm) (Figure 5).

Given the clear colorimetric response of PNDI2Tz thin-films, the macroscale electronic response
of the electron transport conjugated polymer was investigated. PNDI2Tz was incorporated as the
active layer into bottom gate bottom contact organic field effect transistors (experimental details
associated with OFET fabrication are provided in the Supporting Information) and device
response to BF3 exposure was recorded. The device was first turned on, sweeping the gate with
voltage from -25 V to 80 V. Once stable performance was achieved, 5 uL. BF3-OEt2 (equivalent
BF3 concentration of 60 ppm) was introduced into the apparatus (Figure S4). In the presence of
BFs3, the transistor turned off: the source-drain current (Isa) decreased from approximately 10 A
to a current in the range of 10 ~10"1° A, representing a 4~6 order of magnitude change (Figure
6). The observed response was reversible upon exposure of the device to vacuum (—30 mmHg)
for 3 min followed by purging with pure N2. PNDI2Tz OFETs regained their transistor
characteristics, exhibiting similar Isd to untreated samples. Further, the impact of cycling the

devices was evaluated over 50 cycles by monitoring the Isa and threshold voltage and calculating



semiconducting polymer mobility for each run (Figure S5). Isa gradually decreased after 10
cycles but remained above 20 pA, while threshold voltage (Vi) increased from -1 V to -4 V.
OFET mobility decreased only slightly. Overall, the results suggest that PNDI2Tz-based OFET
sensors are highly stable and robust. Results presented in Figure Sé6 illustrate the OFET I«
response during the first 6 min after introduction of the analyte. Upon exposure to anhydrous
BF3-OEt2, OFET performance degraded significantly, exhibiting essentially no transistor
response. No change in source-drain current was observed in control experiments using

anhydrous ethyl ether, confirming that the active species was BFs.

Acid Sensing Mechanism: While thiazoles have been only recently introduced as molecular
entities of interest for semiconducting polymer applications, they have long been used as ligands
in biologically active materials such as bleomycin, a medication used to treat cancer.’” °! Further,
the ability of thiazole to form chelates or coordination compounds with metal ions has been
studied extensively.*? 3% Thus, from a mechanistic perspective, the response of PNDI2Tz to
acids may derive from weak interactions between acidic species and the nitrogen lone pair
residing on the bithiazole moiety of PNDI2Tz (Figure 7). For instance, in the case of BF3, the
Lewis Acid may interact weakly with the conjugated polymer repeating unit to form a Lewis
acid-Lewis base (LA-LB) adduct. Further, given that the response to H' saturates after addition
of only 0.3 acid equivalents and that an isosbestic point is observed, the sensing mechanism is
unlikely to proceed via stepwise addition of acid to each thiazole unit. In addition, recall that the
PNDI2Tz optical bandgap increased in the presence of acid, pointing to a decrease in the
conjugation length; suggesting that upon adduct formation, the torsion angle between the
thiazole rings increases, leading to an increased HOMO-LUMO energy gap. The apparent

change in molecular geometry, a.k.a., twist in the bithiazole structure from nominally planar to



non-planar*!, likely hinders binding with a second acidic species. Computational and resonance
Raman spectroscopic studies could further elucidate the mechanism associated with PNDI2Tz

response to acidic species.
Summary

In summary, the response of a thiazole-based conjugated polymer, PNDI2Tz to both protic and
Lewis acids was investigated. In addition to presenting a colorimetric response in solution and
solid films, PNDI2Tz-based n-channel OFETs were fabricated and device electronic response
against the vapor-phase Lewis acid, BF3 was evaluated. PNDI2Tz exhibited strong response to
ppm levels of BF3 through formation of a Lewis acid-base adduct; which led to a significant
reduction in charge transport performance, which is believed to derive from interactions between
the bithiazole nitrogen lone pair and the acidic species. PNDI2Tz and its analogs possess
significant potential for new, low-power OFET-based acid sensor designs. Further, the results
suggest the ability to tune the molecular structure and geometry of donor-acceptor (and/or
acceptor-acceptor) conjugated polymers to pave new directions for the design and development

of advanced and ubiquitous sensors for environmental monitoring.
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Figure 1. Chemical structure of PNDI2Tz showing nitrogen atom lone pairs.
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