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include low-cost fabrication on diverse substrates, synthetic 
tunability, mechanical compliance, and direct integration with 
existing signal processing electronics, enabling monolithic 
sensing systems.[15] Furthermore, OFET-based sensors offer 
improved sensitivity resulting from amplification endowed by 
the field-effect, the integration of chemical probes at the sur-
face, channel, or electrodes of the device, and high diversity 
in device architecture. These attributes have advanced OFET-
based sensors to the forefront of environmental, biomedical, 
and wearable diagnostics platforms. Among these, electrolyte-
gated OFETs (EGOFETs) are promising for in situ monitoring 
since they directly transduce interfacial phenomena such as 
molecular recognition events into electrical signals with ultra-
high sensitivity.[14] While these transistors can be endowed 
with selectivity through various functionalization strategies, 
it remains a challenge to electronically couple such receptor 
chemistries to the active materials of these devices.[15] Further-
more, the integration of many host–guest chemistries into 
transistors comes at the cost of reduced device performance 
and a loss of both stability and selectivity in complex aqueous 
environments.

Over the past two decades, there have been remarkable 
breakthroughs in the design and synthesis of supramolecular 
receptors capable of host–guest oxyanion complexation.[16] In 
particular, penta-t-butylpentacyanopentabenzo[25]annulene 
“cyanostar” (CS) demonstrates high-fidelity binding of larger 
anions such as H2PO4

− within its electropositive, size-selective 
cavity by virtue of aromatic C-H hydrogen bonding interac-
tions (Figure 1).[17,18] CS has been utilized as an ionophore[19] 
but has not been leveraged in an OFET architecture to endow 
selectivity. Here, we describe the development of an EGOFET 
comprised of a composite layer of a semiconducting polymer 
poly[2,5-bis(2-decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-
dione-alt-(E)-1,2-di(2,2’-bithiophen-5-yl)ethene] (PDVT) and CS 

(Figure 1) that enables the detection of oxyanions within com-
plex aqueous environments. Crucial aspects of the sensor, such 
as high environmental stability and oxyanion recognition, are 
achieved using a new strategy in which CS dopes the semicon-
ducting polymer. In the presence of analytes, CS preferentially 
binds phosphate, resulting in dedoping and large changes to 
the electrical properties that are compatible with digital readout 
methods. The robust nature of the electronic doping-dedoping 
phenomena is demonstrated in complex aqueous environ-
ments such as seawater and is therefore amenable for the real-
time selective detection of phosphate oxyanions.

2. Results and Discussion

The conjugated polymer PDVT was chosen on the basis of its 
high field-effect mobility (µ), excellent film-forming properties, 
and environmental stability.[20] Both PDVT and CS feature rigid 
extended π-systems that promote strong intermolecular and 
solid-state interactions, indicative of their potential for elec-
tronic coupling. The polymer was synthesized using a micro-
wave-assisted Stille cross-coupling copolymerization resulting 
in a number average molecular weight (Mn) of 43.7  kg mol−1 
and dispersity (Đ) of 2.14 (Figure S1, Supporting Information). 
Mixtures of the polymer and receptor were initially examined 
using UV–vis–NIR and electron paramagnetic resonance (EPR) 
spectroscopies. Thin films for UV–vis–NIR studies were pre-
pared by spin-coating chlorobenzene mixtures of the polymer  
(10  mg mL−1) and CS (1:1 w/w% relative to polymer) onto 
quartz substrates. An absorption maximum (λmax) at 804  nm 
in the pristine PDVT is consistent with aggregation from π−π 
stacking. The solid-state absorption of PDVT-CS displayed a 
modest blueshift of 11 and 6  nm at the 0–0 and 0–1 vibronic 
peaks, a concomitant lowering of the relative intensity of these 
transitions (PDVT-CS: I0–0/I0–1  =  1.07, PDVT: I0–0/I0–1  =  1.24), 
and the presence of a low energy absorption tail (Figure 2a). 
The decrease of intensity of the π−π stacking peak can be asso-
ciated with a partial disruption of polymer chain interactions 
and solid-state ordering.[21] These data further suggest the for-
mation of a ground-state charge-transfer complex from the elec-
tronic coupling between the PDVT and CS.[22] Further details 
regarding optical and electrochemical characterization can be 
found in Figure S2 and Table S1 in the Supporting Information.

EPR spectroscopy was used to investigate the doping phe-
nomena. Films were prepared by evaporating chloroform solu-
tions of PDVT and PDVT-CS in 4 mm quartz EPR tubes using 
the same CS loading as the UV–vis–NIR films. While PDVT 
films and CS showed no signal (Figure S4a,b, Supporting 
Information), PDVT-CS films displayed a broad, single line at 
a g-factor (g) of 2.0034, indicating the formation of paramag-
netic species (Figure  2b,c and Table S2, Supporting Informa-
tion) by doping. Doping was also supported by Kelvin probe 
force microscopy (KPFM) measurements, which demonstrate 
a considerable shift in the PDVT Fermi level upon the addi-
tion of CS (Figure S5, Supporting Information).[23] CS mac-
rocycles offer novel anion recognition capabilities on account 
of their propensity to bind and stabilize anions (Figure S35, 
Supporting Information).[24] As such, organic-soluble tetrabu-
tylammonium dihydrogen phosphate (TBAP, 1 equiv. relative 

Figure 1. a) Molecular structures of the semiconducting polymer (PDVT) 
and b) cyanostar receptor (CS) which can bind phosphate.
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to CS) was mixed with PDVT-CS, which resulted in a dramatic 
reduction in the EPR signal and predominantly diamagnetic 
behavior (Figure 2b,d). Taken together, the PDVT-CS combina-
tion demonstrates an anion-induced electronic transition which 
presents itself as a design paradigm for the chemical sensing of 
phosphate.

OFETs have demonstrated utility in a large number of con-
sumer technologies and show unparalleled modularity in 
sensing a wide variety of biological, chemical, and physical 
analytes.[25] Thus, PDVT and CS were combined and utilized 
as the active layer within the channel of an OFET in order to 
investigate whether the previously observed doping phenomena 
could be translated into a signal transduction mechanism and 
applied for anion sensing. PDVT-CS films (CS loading =  0, 4, 
10, 20 wt%) were spin-coated onto n-octadecyltrichlorosilane-
treated SiO2/Si substrates (electrodes: Cr  ≈ 5 nm, Au ≈ 60 nm, 
length (L)  =  80  µm and channel width (W)  =  1  mm) to con-
struct bottom-gate, bottom-contact (BGBC) devices (Figure 3a). 
Figure  3b–d shows the room-temperature conductivities (σRT) 
obtained using two-point probe measurements and OFET 
transfer and output characteristics for neat PDVT and PDVT-
CS (20 wt%) composite films. Further details on the fabrication, 
solution processing, and testing parameters are discussed in 
the Supporting Information.

All devices demonstrated p-type FET behavior. The 
neat PDVT films displayed an average hole mobility of 
2.95  ×  10–2  cm2 V−1 s−1 and on/off current ratio (Ion/Ioff) of 
≈106. Low loadings of 1–2 wt% CS are pinned to a trap-lim-
ited doping regime,[12,26] while a critical threshold of 4 wt% 
CS was found to produce linear I–V characteristics consistent 
with Ohmic transport. A concomitant increase in σRT was 
evident upon increasing the CS concentration. Loadings of 4, 

10, and 20 wt% CS result in σRT of 1.17 × 10–5, 1.75 × 10–4, and 
8.20 ×  10–3  S  cm−1, respectively. The PDVT-CS transfer curves 
do not demonstrate an off-state (Figure 3c), indicating the pres-
ence of free carriers, consistent with EPR studies, and a low-
ering of the gate-dependent channel conduction. There was a 
concomitant increase in µ up to 3.43 ×  10−2 cm2 V−1s−1 for the 
20 wt% CS devices. The enhancement of carrier mobility, with 
increasing CS loading, is unique and emanates from doping 
since all prior reports generally demonstrate deleterious effects 
on mobility upon the incorporation of receptor chemistries into 
organic semiconductors.[27] The carrier concentration (n) was 
calculated from the mobility using the equation σ = nqµ, where 
q is the elementary charge (Table S4, Supporting Information). 
The addition of CS correlates with a proportional increase in 
σRT with n increasing from 1015  cm−3 (neat PDVT) to greater 
than 1018 cm−3 at 20 wt% CS.

The Ohmic transport of the composite systems can be associ-
ated with the presence of free carriers introduced by doping and 
the modified injection barrier at the electrode-semiconductor 
junction.[28] As such, variable temperature (180–340 K) mobility 
and transmission line method (TLM) measurements were 
performed to extract the activation energy (Ea) and the contact 
resistance (RC), respectively. The temperature dependence of µ 
originates from a thermally activated process described by the 
relation µ(T)  =  µ0exp(–Ea/kBT), where µ0 is a pre-exponential 
factor, kB is the Boltzmann constant, and T denotes the tempera-
ture. The values for Ea of 78 meV (PDVT-CS) < Ea  =  113 meV 
(PDVT) (ΔEa ≈ 35 meV) are consistent with a reduced energetic 
barrier for charge transport. The TLM results suggest a reduc-
tion of the contact resistance (RC  =  4.5 MΩ) consistent with 
doping and change in surface potential observed by KPFM 
(Figure S5, Supporting Information).[29] Therefore, despite 

Figure 2. a) UV–vis–NIR absorption profile of pristine PDVT and PDVT-CS films spin-coated from chlorobenzene onto quartz substrates. The inset 
illustrates a pronounced low-energy absorption tail upon CS addition. b) EPR (X-band) spectra at room temperature of PDVT-CS demonstrating the 
formation of paramagnetic species, consistent with c) doping. Upon addition of tetrabutylammonium dihydrogen phosphate (TBAP, 1 equiv. relative 
to CS) to PDVT-CS the films show predominantly diamagnetic behavior, consistent with d) dedoping.
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producing kinetically quenched morphologies from spin-
coating, the composite systems do not appear to be hampered by 
non-interactive interfaces formed at the electrode-semiconductor 
junction.[30] To investigate the electrical stability of the PDVT-CS 
transistors, devices were monitored under an atmosphere of 
nitrogen in the dark, in ambient conditions, in ultrapure deion-
ized (DI) water, and in Instant Ocean Sea Salt electrolyte. In all 
cases, the devices exhibit excellent storage stability over a 60 d 
testing period, even when completely submerged into Instant 
Ocean Sea Salt electrolyte (Figure 3e), a rare demonstration that 
is essential for practical translation to field use.[10,31]

We sought to translate the electronic behavior observed for 
PDVT-CS mixtures exposed to TBAP (Figure  2b) by incorpo-
rating the composite into an OFET architecture. Anions were 

directly embedded into the PDVT-CS composite matrix to inves-
tigate anion-induced electronic perturbations. Adopting the orig-
inal protocols for device fabrication and testing (Figure 3a–d),  
organic-soluble tetrabutylammonium salts (TBAX, where 
X  =  dihydrogen phosphate (P), nitrate (N), chloride (Cl), per-
chlorate (PC), and hydrogen sulfate (HS)) were added to 
PDVT-CS chlorobenzene solutions (1 equiv. relative to CS) for 
competitive binding measurements. The anions listed were 
selected based on their vital role and prevalence in ecosystems 
and agriculture.[32] The binding of anions by CS in low dielec-
tric solvents is an electrostatically driven process, which takes 
place inside the central cavity (dcavity  ≈ 4.5 Ǻ) and arises from 
activated C‒H hydrogen-bonding units.[17] The solvent choice 
(chlorobenzene, ε =  5.62) and the sequential film casting into 

Figure 3. a) Schematic illustration of a bottom-gate bottom-contact (BGBC) device structure. PDVT-CS devices (CS loading = 0, 4, 10, and 20 wt%) 
were fabricated and tested to evaluate electronic transformations, material compatibility, and storage stability. b) Electrical conductivities obtained 
from two-point probe measurements (−2 to 2 V) of PDVT-CS films. c) FET transfer characteristics and d) output curves (left) without and (right) with 
CS (20 wt%) showing enhancement in p-channel operation using source and drain electrodes (L = 80 µm, W = 1 mm). e) Monitoring of device stability 
for high performing PDVT-CS films over 60 d. Films were completely submerged in Instant Ocean Sea Salt electrolyte (in the absence of light) and 
showed minimal changes in the conductivity (black), field-effect mobility (red), and carrier concentration (blue).
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an OFET architecture introduces the appropriate conditions to 
monitor the analyte's preferential interactions, whether toward 
the receptor or polymer chain.

Both σRT and µ measurements reveal anion composition-
dependent channel conduction and offsets from the original 
PDVT-CS film properties (dedoping) (Figure 4). The TBAP and 
tetrabutylammonium nitrate (TBAN) films, in particular, dis-
played the highest reduction (> 2 orders of magnitude) in bulk 
channel conduction with σRT = 3.55 × 10–5 and 5.28 × 10–5 S cm−1 
and in carrier density with n = 5.24 × 1016 and 2.49 × 1016 cm−3, 
respectively (Figure 4a,c). These characteristics coincide with 
the high on–off current ratios (Ion/Ioff  >  105) (Figure  4b,d) 
and closely mirror the native PDVT profile (Figure  3c). On 
the other hand, σRT values only moderately decreased to 
3.09  ×  10–3  S  cm−1 (TBACl), 4.86  ×  10–4  S  cm−1 (tetrabutylam-
monium perchlorate), and 6.40 × 10–4 S cm−1 (tetrabutylammo-
nium hydrogen sulfate) and similar carrier concentrations were 
obtained with n = 4.59 × 1017, 2.40 × 1017, and 1.54 × 1017 cm−3, 
respectively. To ensure these anion interactions are preferen-
tial to the receptor, TBAP and TBAN were separately added 
to PDVT (without CS) to assess how it alters the transfer pro-
file. Both conditions degraded the PDVT p-channel operation 
once introduced (Figure S19, Supporting Information) and 
support the notion of receptor-anion host–guest complexa-
tion as the dominant factor in the dedoping responses. Collec-
tively, the electrical characterization techniques correlate to the 

diamagnetic behavior found in EPR studies (Figure 2b). Due to 
the weak nature of intermolecular interactions, the host–guest 
complexation of CS resulted in a perturbation of the electronic 
structure or diminished steric interactions with the π-system. 
This robust phenomenon manifests as a dramatic change in 
electrical properties only in the presence of specific anions.

To investigate whether the observed anion selectivity in the 
OFET configuration could be translated to a real-time aqueous 
sensor, water-soluble sodium salts of the previously tested anions 
were introduced to the PDVT-CS film within an aqueous electro-
lyte (HEPES, pH = 7.4), (Figure 5a). In this EGOFET configura-
tion, the Ag/AgCl gate was electrically coupled to the composite 
film via the electrolyte solution, which was then spiked with 
the anion salt of interest. The gate electrode bias facilitates ion 
migration toward the channel interface with no bulk volumetric 
response due to the hydrophobic nature of the film (Figure S20, 
Supporting Information). Further details regarding EGOFET 
fabrication can be found in the Supporting Information. While 
PDVT-CS films remained stable when tested under various pH 
conditions (4–10, Figure S21, Supporting Information), HEPES 
buffer (baseline) solution showed consistent output responses 
(Figure S22, Supporting Information) and was used to main-
tain consistent sensing environments between each analyte 
(Figure S23, Supporting Information). Baseline measurements 
were first conducted by monitoring the drain current (IDS) drift 
upon continuous exposure to an aqueous solution with no target 

Figure 4. OFET devices (BGBC configuration) based on a three-component mixture of PDVT-CS•TBAX salts (X = P, N, Cl, PC, and HS) and their 
associated a) two-point probe I–V characteristics and b) OFET transfer curves. The variation in the dedoping response and the preservation of charge 
transport characteristics without degradation demonstrates that receptor-anion interactions dictate the magnitude of charge carrier reduction. c) Sum-
mary of carrier concentration (cm−3) within the conductive channel and d) OFET on/off current ratio comparing ten independent devices with source 
and drain electrode geometries of L = 80 µm and W = 1 mm.
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analyte present. Next, the transient responses toward dissolved 
sodium salts of phosphate (H2PO4

−), nitrate (NO3
−), bicarbo-

nate (HCO3
−), carbonate (CO3

2−), and chloride Cl− at various 
concentrations (nm‒mm) were measured and compared to the 
baseline trend so as to determine the channel current offset and 
the resultant chemical sensing performance (Figure S24, Sup-
porting Information). The sensitivity (S) is defined by the rela-
tive change of the drain current under the same voltage condi-
tions (VGS = ‒0.7 V and VDS = ‒1.0 V) following the equation[33]

S
I analyte I baseline

I baseline

DS DS

DS

| ( ) ( ) |

( )
100=

−
×

 
(1)

Upon analyte introduction, the electrical response to phos-
phate anions emanates from migration to the film interface 
(<1  nm film swelling exposed to DI water, Figure S20, Sup-
porting Information), leading to physical adsorption and 
channel conduction changes. In this case, receptor-analyte 
complexation generated a dedoping response as a function of 
anion concentration, which matches the results from the three-
component films (Figure 4). The limit of detection (LOD) and 
quantification (LOQ) were calculated from the noise of each 
sensor as previously reported (Figure S25, Supporting Infor-
mation).[34,35] From the calibration plot for phosphate, the LOD 
and LOQ were calculated to be 178 × 10−12 m (17.3 ppt) and  
430 × 10−12 m (41.7 ppt), respectively. The observed sensitivity 
is competitive with diverse classes of state-of-the-art phosphate 
sensors including capacitive,[36] colorimetric,[37] lab-on-chip,[38] 

ISEs,[39] FETs,[34,40] and commercialized products (Figure 5d and 
Table S8, Supporting Information).

The selectivity was investigated by individually challenging 
the device with other mono- and divalent anions comprising 
NO3

−, SiO3
2−, Br−, HCO3

−, CO3
2−, SO4

2−, and Cl− (Figure 5c and 
Figures S24–S26, Supporting Information). Overall, the tran-
sient responses revealed a more pronounced reduction in the 
bulk channel conduction upon exposure to phosphate when 
compared to the other anions tested. Calibration and sensitivity 
metrics for each anion can be found in Figures S24–S26 in the 
Supporting Information. To further support the CS-dependent 
selective dedoping of the real-time sensor, EGOFETs were fab-
ricated and tested with photoisomerized IsoCS (Figures S3 
and S9 and Table S5, Supporting Information), rather than 
CS. The solution NMR of IsoCS (Figures S27–S29, Supporting 
Information) and sequential PF6

− anion titration experiments 
(Figures S30–S32, Supporting Information) suggested a lack of 
anion affinity. Moreover, aqueous sensors using PDVT-IsoCS 
active layers were electrochemically unstable and no statistically 
significant electrical responses were observed upon anion addi-
tion (Figure S33, Supporting Information). Taken together, the 
anion-selective dedoping response of the device was dependent 
on the shape-persistent electropositive cavity of the CS, rather 
than other possible interactions with PDVT.

To demonstrate the potential for real-time phosphate oxy-
anion detection in the marine environment, we tested the 
PDVT-CS EGOFETs in high ionic strength, artificial seawater 
solution (Instant Ocean Sea Salt electrolyte). This mixture gives 

Figure 5. a) Schematic illustration of the EGOFET device and b) the proposed sensing mechanism. c) Transient responses of the device toward phos-
phate (H2PO4

−/HPO4
2−), nitrate (NO3

−), bicarbonate (HCO3
−), carbonate (CO3

2−), and chloride (Cl−) in HEPES buffer (pH = 7.4). d) Comparison of 
state-of-the-art phosphate sensors with PDVT-CS, which demonstrated a limit of detection (LOD) and quantification (LOQ) of 178 × 10−12 m (17.3 parts 
per trillion (ppt)) and 430 × 10−12 m (41.7 ppt), respectively.

Adv. Electron. Mater. 2022, 2101353



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2101353 (7 of 8)

www.advelectronicmat.de

a typical salinity of 35 parts per thousand and contains appre-
ciable concentrations of ions prevalent in seawater (>1  ppm): 
Na+, K+, Mg2+, Ca2+, Sr2+, Br ,̄ Cl ,̄ CO3

2–, HCO3 ,̄ and SO4
2−. 

The transient responses toward the dissolved sodium salt of 
phosphate at various concentrations (nm–mm) were measured 
using the same conditions employed for measurements in 
HEPES buffer. The LOD and LOQ in artificial seawater were  
65.4 × 10−9 m (6.54 parts per billion (ppb) and 940 × 10−9 m (91.2 ppb),  
respectively (Figure S34, Supporting Information). The meas-
ured sensitivity (Figure 5d and Figures S25 and S34, Supporting 
Information) and seawater stability (Figure  3e) are competitive 
with current technologies (Figure S38 and Table S8, Supporting 
Information), demonstrating the utility of our approach for the 
real-time selective detection of phosphate oxyanions.

3. Conclusion

In summary, we have demonstrated a new strategy for the 
selective detection of phosphate, an anion with central roles 
in biological, agricultural, industrial, and ecological processes. 
This was enabled by the combination of the semiconducting 
polymer PDVT with CS. This synergistic combination offered 
engineered electronic interactions that result in doping and 
unparalleled stability in water, selective phosphate complexation 
by the receptor in the presence of competing anions, and a sig-
nificant dedoping of the polymer in the presence of phosphate. 
Spectroscopic analysis suggests the doping was promoted by 
weak orbital mixing of PDVT and CS, forming a ground-state 
charge-transfer complex sensitive to electronic and structural 
perturbations induced by analyte binding. When the active layer 
was mixed with TBA salts of various anions, the device transfer 
and I–V characteristics demonstrate a selective and strong 
dedoping response toward phosphate. This selectivity was then 
translated to an EGOFET for real-time experiments, which 
demonstrated ultrasensitive phosphate detection with a LOD of 
178 × 10−12 m (17.3 ppt) in buffered samples, well within the U.S. 
Environmental Protection Agency specifications. The device 
also demonstrated the stable, selective, and sensitive detection 
of phosphate in artificial seawater, a rare demonstration and 
critical step toward practical field deployment. The unmatched 
performance of this sensor and new strategy for analyte detec-
tion overcome significant challenges and offer a novel approach 
for phosphate detection within complex aqueous environments. 
In a broader context, the combination of semiconducting 
polymers with next-generation receptors offers manifold oppor-
tunities for designing novel composite films that can be applied 
within emerging OFET-based diagnostic, healthcare, environ-
mental monitoring, and bioelectronics platforms.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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