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ABSTRACT: Ionic doping effects in conjugated polymers often cause non-specific signaling and a low selectivity of bioelec-
tronic sensing.  Using remote-gate field-effect transistor characterization of molecular and ionic doping in poly(3-hexylthio-
phene) (P3HT) and acid-functionalized polythiophene, poly [3-(3-carboxypropyl) thiophene-2,5-diyl] (PT-COOH), we discov-
ered that proton doping effects on the interfacial potential  occurring in P3HT could be suppressed by sequentially doping 
P3HT by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). To be specific, intrinsic pH sensitivity shown by 
pure P3HT (18 mV/pH in a range from pH 3 to 9) was fully dissipated for doped P3HT:F4TCNQ. However, F4TCNQ sequential 
doping instead increases pH sensitivity of acid-functionalized polythiophene, PT-COOH (40 mV/pH), compared to that of a 
pure PT-COOH (30 mV/pH). Interactions between polythiophene backbone and side chains, which constrain the activity of 
COOH, are weakened by stronger F4TCNQ doping leaving behind responsive COOH groups exposed to aqueous solutions. This 
is supported by the reduced pH sensitivity of PT-COOH sequentially doped by a weaker dopant, tetracyanoethylene (TCNE) 
(21 mV/pH).   Thus, doping is shown to stabilize a nonpolar conjugated polymer to pH-induced fluctuations on one hand, and 
to activate a COOH side chain to pH-induced response on the other. 

 

Introduction 

Field-effect transistor (FET) biosensors have drawn huge 
attention over the past decades because of their rapid, label-
free detection, and high sensitivity to targeted molecules. 
The multiple laboratory processes for conventional immu-
noassays such as enzyme-linked immunosorbent assay 
(ELISA)- or polymerase chain reaction (PCR)- based detec-
tions could be reduced in number using a label-free FET 
sensing format as part of a “lab-on-a-chip” system.1-2 These 
FET bioelectronic platforms are potentially useful for point-
of-care testing that enables on-spot diagnostics of wide-
spread and contagious infections.3-4  

While intrinsic electrochemical, physical, and mechanical 
properties of semiconducting and sensing materials deter-
mine characteristic of the detection platform, conducting 
polymers (CPs) based on polyaniline, polypyrrole, and pol-
ythiophene (PT) have gained significant attention with in-
creasing needs for wearable electronics.5-8 CPs offer low-
cost production, stretchability, enhanced stability, long life-
time, and fast response in ionic liquids.9  

One of the most promising and widely used CPs is 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS).10 Conducting conjugated PEDOT with posi-
tive charges interacts with insulating PSS with negative 
charges via strong Columbic attractions. PEDOT is insoluble 
in water, but insulating PSS facilitates the dispersion of 
PEDOT in water. Mobile holes in the PEDOT backbones are 

compensated by sulfonate acceptors on the PSS. Thus, 
PEDOT:PSS-based organic electrochemical transistors 
(OECTs) has been regarded as one of the most promising 
FET sensing platforms for wearable bioelectronics thanks 
to the mixed electron/hole and ion transport in the aqueous 
environment.11 That is, conductivity of CPs is strongly mod-
ulated by transfer of doping/de-doping ions between a so-
lution and the entire volume of CPs.12 

Nonetheless, it is often challenging to modify PEDOT:PSS 
via synthesis,13 such as to incorporate carboxylic or amino 
acid groups that are useful for functionalization by biore-
cognition elements such as antibodies, enzymes, and DNA. 
Therefore, PEDOT:PSS is often blended with functionalized 
additives. A finely balanced PEDOT:PSS solution, however, 
could be disturbed by additions of extraneous additives or 
solvents, causing disruption of conductivity of PEDOT:PSS 
films and having significant impact on the electrical perfor-
mance of PEDOT:PSS.14 Alternatively, biological moieties 
are functionalized on a gate electrode of OECT devices15-16 
or over electrolytes17 instead of at interfaces between the 
PEDOT:PSS and electrolyte.  

Also, CPs also hold drawbacks regarding their selectivity 
as biosensing interfacial materials6 because any solute able 
to undergo oxidation or reduction at CPs provokes electrical 
fluctuations regardless of whether it was  the targeted ana-
lyte. However, complicated polymorphic aspects of CPs in-
cluding crystalline and amorphous domains complicate our 



 

understanding of ionic doping effects in CPs.18 With a vari-
ety of options for tailoring specific properties of CPs, pro-
gress in bioelectronics requires better understanding of or-
igins of ionic doping effects to address issues mentioned 
above. 

Herein, we first aim to investigate factors that control 
ionic doping in a PT backbone by using remote-gate field-
effect transistor (RGFET) characterization and then pro-
pose a way to suppress undesirable ionic doping by using 
sequential chemical doping methods.19 We discover that in-
trinsic pH sensitivity shown by regioregular poly(3-hex-
ylthiophene) (P3HT) is completely dissipated on P3HT 
films sequentially doped by 2,3,5,6-tetrafluoro-7,7,8,8-tet-
racyanoquinodimethane (F4TCNQ). It is interpreted that 
F4TCNQ has already oxidized all dopable sites in amor-
phous domains in P3HT, deactivating the films for proton 
doping and leaving no other significant mechanism for pro-
ton interaction with P3HT. 

The result suggests a facile way to achieve highly stable 
PT-based CPs that could even incorporate receptor-func-
tionalizable carboxylic acid groups, such as starting from re-
gioregular poly [3-(3-carboxypropyl) thiophene-2,5-diyl 

(PT-COOH). Such functionality is much more difficult to in-
corporate into PEDOT:PSS. However, PT-COOH itself is com-
plicated by additional interactions between PT backbones 
and COOH side chains that lead to self-doping.20-22 Hole car-
riers are injected into the main backbone of the π-
conjugated system that is compensated by proton reduction 
or transfer occurring at/from the acidic COOH moiety, re-
sulting in the formation of a carboxylate moiety that serves 
as the oppositely charged counterion. We investigated this 
critical role of COOH groups in PT-COOH by comparing it 
with P3HT.  

Finally, we discover self-doping in PT-COOH is mitigated 
by F4TCNQ doping while pH response by COOH groups in 
PT-COOH is enhanced. Electrons from the polymer main 
chains appear to be drawn to the strong electron acceptor 
F4TCNQ rather than to the acidic protons, which results in 
decreased interactions between PT and COOH leaving be-
hind active COOH groups that are free to respond to pro-
tons. This is supported by the observed decreased pH sen-
sitivity of PT-COOH sequentially doped by the weaker elec-
tron acceptor tetracyanoethylene (TCNE), which does not 
compete as effectively for electrons.  

Figure 1. Schematic images of the RGFET system combining RG solution system and FET transducing system. (b) Chemical 
structure of P3HT and microscopic images of P3HT on SiO2 surface. Confocal microscopic images of the same P3HT films with 
different contrasts are shown below. (c) Schematic diagram of the P3HT film including amorphous and crystalline domain 
and sequential solution doping method. (d)  Chemical structure of charge transfer complexes between P3HT and F4TCNQ. (e) 
Schematic diagram of the F4TCNQ doping in P3HT. (f) Chemical structure of PT-COOH and confocal microscopic images of PT-
COOH on SiO2 surface with different contrasts. (g) Schematic diagram of the polymorphic systems of PT-COOH. (h)  Repre-
sentative transfer curves of the RGFETs with the RG of SiO2, P3HT/SiO2, and PT-COOH/SiO2 measured in ACN. Transfer curve 
of intrinsic Si-FET without a connection of the RG is compared in the same plot. (i) 𝐸𝑅𝐺

𝐴𝐶𝑁 distributions at least over 8 samples 
as a function of the type of RG surfaces. (j) Schematic diagram of PT(+)-COO− in ACN. (k) Schematic diagram for 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁  



 

Results and Discussion  

RGFET setup and definition. The RGFET structure iso-
lates a sensing surface from the FET transducer (Figure 1a). 
An RG solution system consists of an Ag/AgCl reference 
electrode, a media solution, and an RG material. The RG sur-
face, here P3HT or PT-COOH, is electrically coupled to the 
gate of a Si-FET via a Si electrode underneath SiO2. In-
creased positive electric potentials in the RG system lead to 
the same amount of reduction in Vth of the RGFET by mak-
ing the n-FET transducer turn on more easily.  

Current flow over the conjugated polymers is completely 
blocked in this configuration, as shown in Figure S1. More-
over, the input impedance of a Si-FET chip is at least 100 
times higher than those of our typical RG module (Figure 
S2). Therefore, Vth of the RGFET is an independent variable 
from factors that could alter the impedance of RG modules 
such as the thickness of the RG materials and SiO2 and the 
contact area of media on the RG surface, as shown in our 
previous work.23 That is, the RGFET only translates electro-
chemical potentials at the solution interface to the gate of 
the Si-FET.  

A P3HT film is spin-coated on the SiO2 substrate as the RG 
surface, shown to be essentially continuous (Figure 1b, op-
tical image in Figure S3a). Extensive literature has already 
reported that P3HT films have semi-crystalline microstruc-
tures consisting of crystalline P3HT separated by amor-
phous domains,19, 24-27 schematically shown as a simplified 
diagram in Figure 1c). Highly conductive P3HT films could 
be obtained by the sequential doping method of drop-cast-
ing an F4TCNQ-ACN solution on the pure P3HT film. 
F4TCNQ doping is facilitated by electron transfer from the 
HOMO level of the host P3HT to the LUMO of the F4TCNQ 
molecule, leaving behind polarons or bipolarons on PT 
backbones of P3HT (Figure 1d).  

P3HT is completely insoluble and appears non-swellable 
in the ACN solution. This means that there is little or no 
changed conformation of P3HT during the sequential dop-
ing process. It is well known for sequential doping that 
F4TCNQ anions are preferentially infiltrated in P3HT amor-
phous domains up to a 4.9 mol% solubility limit.19, 24-26 Thus, 
sequentially doped P3HT films reveal almost identical sur-
face roughness to that of pristine P3HT film.19, 25 Holes gen-
erated by the doping reaction preferentially move to the 
crystalline regions due to their higher HOMO levels28-29 as 
depicted in Figure 1e. 

The chemical structure of regioregular PT-COOH is simi-
lar to that of P3HT except for their carboxylic acid groups in 
side chains. Crystallites of PT-COOH are seen in microscopic 
images in Figure 1f (confocal) and Figure S3b (optical). PT-
COOH shows self-doping effects from carboxylic acid 
groups.20-22 The negatively charged carboxylate stabilizes 
positive charges on the backbone by electrostatic interac-
tions (Figure 1f), enabling higher hole carrier concentra-
tions on the polymer backbone.22 The self-doping effects in 
PT-COOH are supported by our prior studies23, 30 of a large 
intrinsic hole concentration (p0) of 1.06 x 1019 /cm3 for PT-
COOH,  compared to that of P3HT film (2.4 × 1017 /cm3). This 
result also corresponds to a higher drain current in the 
OFET device structure with PT-COOH (~ mA) as semicon-
ductor than with P3HT (~𝜇A) (Figure S4). It should be un-
derstood that the polymer we refer to as "PT-COOH" can 

exist as a mixture of multiple forms, for example, the neutral 
thiophene polymeric main chain with COOH side chains, the 
doped form with a positively charged main chain, COOH 
side chains, and extrinsic counterions, the self-doped form 
with positive charges on the main chain and COO− counter-
ion side chains, and a side-chain ionized form with a neutral 
main chain and COO− side chains.  Mixtures and hybrids of 
these are also possible.  

We model a polymeric system of PT-COOH consisting of 
two individual functional components: 1) PT and 2) COOH 
or COO−, based on the assumptions of additional effects 
coming from side chains in PT backbones (Figure 1g). Side 
chains vary from COOH to COO− depending on the environ-
ments. We also presume PT backbones in PT-COOH play the 
same role as in P3HT. PT(+)-COO− infers self-doping effects 
and higher hole concentration in PT backbones than P3HT 
and PT-COOH. PT(+)-COO− is more energetically favorable 
in contact with the non-reactive but polarizable ACN solu-
tion (no charge, no ions in ACN). In contrast, PT-COOH could 
be more preferred in water at more acidic pH, as COOH 
groups equilibrate with protons in aqueous solutions that 
also supply counterions.  

Figure 1h shows representative transfer curves of the Si-
FET itself and the RGFETs with the RG of SiO2, P3HT, and 
PT(+)-COO− measured in a pure non-polar ACN solution. 
There are no changes in the other electrical parameters 
such as subthreshold swing and transconductance (Figures 
1h and S5) over all transfer curves except for changes in Vth 
by the series electrical potential imposed on the RG system. 
Vth is 1.8, 1.26, and 1.13 V on average from the RGs of SiO2, 
P3HT, and PT(+)-COO−, respectively. Lower Vth  in PT(+)-
COO− than P3HT (Figure 1h) supports that PT(+)-COO− is 
dominant over the PT-COOH fraction in contact with the 
ACN solution  assuming that the electrical potential of P3HT 
is almost identical to that of PT-COOH (Inset of Figure 1i).  

In classic semiconductor physics31, Vth of the RGFET is a 
sum of electric potentials of each component in the RGFET: 

Vth = V FET + Eref + 𝜙𝑙𝑗 − 𝜑𝑠 + 𝜒𝑠𝑜𝑙 +
𝜙𝑅𝐺

𝑞
      (1) 

where V FET  is Vth  of a Si-FET, Eref  is absolute potential of 
the reference electrode, 𝜙𝑙𝑗  is the liquid junction potential 

difference, 𝜑𝑠  is the surface potential at the electro-
lyte/sensing film interface, 𝜒𝑠𝑜𝑙  is the electrolyte insulator 
surface dipole potential, and 𝜙𝑅𝐺  is work function (in en-
ergy units) of the RG material. V FET (1.5 V) and Eref (0.316 
V) are consistent over our all experiments. ∆Vth from that of 
the Si-FET originates from intrinsic electric potentials of RG 
materials as an ACN medium mostly acts as a solution die-
lectric without interaction with RG materials. We further 
define standard electric potential (𝐸𝑅𝐺 

𝑆𝑜𝑙) within equation (1) 
which is only associated with properties of intrinsic electric 
potentials of overlying solution, RG material and its contact. 

𝐸𝑅𝐺 
𝑆𝑜𝑙 = 𝜙𝑙𝑗 − 𝜑𝑠 + 𝜒𝑠𝑜𝑙 +

𝜙𝑅𝐺

𝑞
   (2) 

where the superscript of 𝐸𝑅𝐺 
𝑆𝑜𝑙 is the type of solution placed 

on the RG surface such as ACN, F4TCNQ, and pH (F4TCNQ: 



 

F4TCNQ solution dissolved in ACN, pH: aqueous solution at 
a given pH). The subscript of 𝐸𝑅𝐺 

𝑆𝑜𝑙 is the type of RG surface.  

𝐸𝑅𝐺 
𝑆𝑜𝑙 of SiO2 in ACN (𝐸𝑆𝑖𝑂2

𝐴𝐶𝑁) should be set to 0 V meaning 
that the SiO2-ACN interface should not be ionically polar-
ized. 𝐸𝑅𝐺

𝑆𝑜𝑙of P3HT in ACN (𝐸𝑃𝑇
𝐴𝐶𝑁) significantly decreases by 

0.54 V resulting from initial hole concentrations in PT back-
bones of P3HT with counterions closer to the solvent sur-
face. Further decrease of 𝐸𝑅𝐺

𝑆𝑜𝑙 of PT(+)-COO− (𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐴𝐶𝑁 ) 

relative to that of P3HT is caused by additional hole concen-
tration resulting from interactions between side chains and 
PT backbones. We approximately estimate the electrical po-
tential originating from hole concentration compensated by 
self-doping effects (side chain effects) by subtracting 𝐸𝑃𝑇

𝐴𝐶𝑁 
of P3HT from 𝐸𝑃𝑇(+)𝐶𝑂𝑂−

𝐴𝐶𝑁  of PT-COOH; we designate that 

value  as 𝐸𝐶𝑂𝑂−
𝐴𝐶𝑁 . The COO− counterions seem to be directed 

more toward the solvent. 𝐸𝐶𝑂𝑂−
𝐴𝐶𝑁  is schematically described 

in Figure 1k. In our experiment setup, the fraction of COO−  

in a PT-COOH film would be maximized in a non-reactive 
ACN solution while COO− side chains interact with PT back-
bones via Columbic attractions.  

Molecular doping effect. We now turn our attention to 
sequential F4TCNQ doping effects in P3HT and PT(+)-COO− 
films. Sequential doping method results in smooth mor-
phology of doped PT-COOH films (Figure S6) as was case for 

F4TCNQ:P3HT films in our previous work.23 Again, 𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 
refers to electrical potential of a specific RG surface such as 
SiO2, P3HT, and PT(+)-COO− in contact with an F4TCNQ so-
lution dissolved in ACN. A pure SiO2 surface presents hardly 
any response to the increased F4TCNQ concentrations 
ranging from 100 ng/mL to 1 mg/mL (Figure S7) because 
little or no interaction occurs between F4TCNQ and SiO2. In 
contrast, F4TCNQ promotes similar shifts of transfer curves 
from the RGs of P3HT (Figure 2a) and PT(+)-COO− (Figure 

2b). In particular, lower 𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 shown over P3HT and 
PT(+)-COO− (Figure 2c) indicates additional positive poten-
tials applied on the P3HT and PT(+)-COO− surfaces from 

F4TCNQ doping. Each 𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 is calculated from the last 
value of each Vth for 20 consecutive measurements in a spe-

cific F4TCNQ concentration (Figure 8). Both 𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 and 

𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 saturate upon 1 mg/ml F4TCNQ solution where 

F4TCNQ molecules begin to aggregate on each surface due 

Figure 2. Representative transfer curves of the RGFETs with the RG of (a) P3HT/SiO2 and (b) PT(+)-COO−/SiO2 with increasing 

concentrations of F4TCNQ. (c) 𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 values over at least 8 samples as a function of F4TCNQ concentrations. Inset shows 
microscopic images of P3HT films doped by 1 mg/ml F4TCNQ. (d) Hole concentrations of P3HT and PT(+)-COO− as a function 
of increasing F4TCNQ concentrations. Inset shows energy band diagrams of P3HT resulting from F4TCNQ doping where EF, 
and ΦRG are Fermi level and work function of RG materials and the resultant ∆Vth translated by the Si-FET. (f) Schematics of 

detailed mechanisms of F4TCNQ doping in P3HT and PT(+)-COO− films. (g) 𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

/𝐸𝑅𝐺
𝐴𝐶𝑁 as a function of F4TCNQ concentra-

tions. Inset shows schematic diagram for 𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

. 



 

to their solubility limits of F4TCNQ in PT backbones (Inset 

of Figure 2c). The saturated 𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 and 𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 is 

mostly maintained even after aggressive washing of the sur-
faces 3 times with pure ACN, implying that the doping effect 
is mostly irreversible. For a linear responsive regime in a 

range from 1 to 100 μg/ml F4TCNQ, slopes of 𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 are 
calculated to be 103 and 116 mV/M for PT(+)-COO− and 

P3HT, respectively. Maximum absolute values of ∆𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 

and ∆𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 from each 𝐸𝑃𝑇
𝐴𝐶𝑁  and 𝐸𝑃𝑇(+)𝐶𝑂𝑂−

𝐴𝐶𝑁  are 0.37 V 

and 0.29 V, respectively (i.e. before/after doping at 1 mg/ml 
F4TCNQ).  

In our previous work23, we connected ∆Vth, or ∆𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

, 
to the change in work functions as polymer is doped (Inset 
of Figure 2d). By assuming no loss in hole concentrations 
from any electron transfer or interface traps between SiO2 
and CPs, we have the following equation to express the hole 
concentrations of doped films (pd): 

 

pd = p0 exp (−
∆𝐸𝑅𝐺

𝐹4𝑇𝐶𝑁𝑄

kT
)   (3) 

 
where k is the Boltzmann constant, and T is temperature 
(K). Based on p0 of P3HT (2.4 × 1017 /cm3) and PT(+)-COO− 
(1.06 x 1019 /cm3) aforementioned, pd  of each polymer is 

calculated in Figure 2d. The actual value of ∆𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 is neg-

ative as ∆𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

= 𝐸𝑅𝐺
𝐴𝐶𝑁 − 𝐸𝑅𝐺

𝐹4𝑇𝐶𝑁𝑄
 and thus pd  increases 

as a polymer is doped.  Interestingly, a large difference in 
intrinsic hole concentrations ( ∆p0 ) between P3HT and 
PT(+)-COO− is highly decreased for the heavily doped films 
that show mostly identical pd  (Figure 2d). It is noted that 
∆p0 stems from self-doping effects of PT(+)-COO− in our as-
sumption.  

Our observations so far bring up several conclusions 
shown schematically in Figure 2f. First, similar slopes of 

𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 and 𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 in Figure 2c indicates similar 

F4TCNQ doping reactions for both polymers. It is inter-
preted that only the backbone is engaged in F4TCNQ doping 
reactions. It is noted that variations in electrochemical po-
tentials of P3HT and PT(+)-COO− for every 10-fold increase 
in F4TCNQ concentration are much higher than the Nernst 
limit of 60 mV/M. This infers strong chemical reactions and 
electrostatic attractions between F4TCNQ and conjugated 
polymers beyond simple 1:1 complexation. Second, mostly 
identical pd levels upon solubility limits of F4TCNQ in Fig-
ure 2d show that hole concentrations generated by F4TCNQ 
doping are limited at a similar level. This also infers that 

Figure 3. Representative transfer curves of the RGFETs with the RG of (a) SiO2, (b) P3HT/SiO2 and (c) PT-COOH/SiO2 depend-
ing on pH values in a range from 3 to 9. (d) Vth distributions of SiO2, P3HT, and PT-COOH at least over 8 samples in terms of 

increasing pH values over time. (e)𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 or 𝐸𝑅𝐺
𝑝𝐻

 as a function of concentrations of proton and F4TCNQ. (f) Comparison be-

tween 𝐸𝐶𝑂𝑂𝐻
𝑝𝐻

 and 𝐸𝐶𝑂𝑂−
𝐴𝐶𝑁  vs pH values. Inset shows schematic diagram for 𝐸𝐶𝑂𝑂𝐻

𝑝𝐻
. 



 

both polymers could have a similar amorphous/crystalline 
domain ratio because sequential F4TCNQ doping is only fa-
vored in amorphous domains. Finally, self-doping in PT(+)-
COO− is directly replaced with F4TCNQ doping reactions. As 
a result, a larger fraction of protonated COOH are formed in 
the PT-COOH:F4TCNQ system as will be further discussed 
later.  

We also calculate a difference in electrical potential be-

tween 𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 and 𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 which is defined as 

𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

and schematically illustrated in the inset of Figure 

2g. 𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 at each F4TCNQ solution concentration ranging 
from 100 ng/ml to 1 mg/ml is represented as its fractional 
contribution from F4TCNQ doping (that replaces some self-
doping) and the remaining contribution of 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁  (self-dop-
ing) in Figure 2g. Again, 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁   is a difference in electrical 
potentials between P3HT and PT(+)-COO− in a pure ACN so-

lution derived from side chain effects. 𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 at 100 ng/ml 
F4TCNQ is identical to 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁  (shown as contributing all of 
the threshold voltage or work function shift from doping) 
because self-doping in PT(+)-COO− is fully maintained for 

such a lightly-doped condition. However, 𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 is stead-
ily decreased, but not eliminated, with increased F4TCNQ 
doping, indicating electrons on F4TCNQ instead of carbox-

ylate anions. In particular, 𝐸𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 at 1 mg/ml F4TCNQ is 
associated with the number of COO− in crystalline domains 
of PT-COOH films, where F4TCNQ does not penetrate, while 
F4TCNQ is only infiltrated in amorphous domains of PT-
COOH where it induces a net increase in work function.  

Ionic doping effects in pure polymers. Figure 3a, 3b, 
and 3c shows representative responses of transfer curves 
from SiO2, P3HT, and PT-COOH for pH values in a range from 

3 to 9. 𝐸𝑅𝐺
𝑝𝐻

 refers to electrical potential of a specific RG sur-
face in contact with aqueous solutions of stated pH. We as-
sumed that PT-COOH could be more preferred than PT(+)-
COO− in aqueous solutions. A 300-nm-thick SiO2 has a lim-
ited pH sensitivity (3 mV/pH with the linearity of 87%) due 
to a hydrated SiO2 surface (Figure S9). P3HT deposited on 
SiO2, however, shows responses to different proton 
concentrations (Figure 2b) which could not be explained by 
a site-binding model.32 Instead, this response is from ionic 

Figure 4. (a) 𝐸𝑃𝑇
𝑝𝐻

 distributions of the doped P3HT at least over 8 samples vs proton concentrations. Inset shows schematic 

diagram of ionic doping in P3HT film. (b) 𝐸𝑃𝑇∙𝐶𝑂𝑂𝐻
𝑝𝐻

 distributions of the doped PT-COOH at least over 8 samples vs proton con-
centrations. Inset describes mechanism in the improved pH sensitivity from doped PT-COOH films. (c) pH sensitivity of P3HT 

and PT-COOH vs F4TCNQ doping concentrations on both polymers. (d) 𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 variation relative to 𝐸𝑃𝑇
𝐴𝐶𝑁 and 𝐸𝑃𝑇(+)𝐶𝑂𝑂−

𝑇𝐶𝑁𝐸  var-

iation relative to 𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐴𝐶𝑁  (Concentrations of both F4TCNQ and TCNE at 1 mg/ml. (e)  𝐸𝑅𝐺

𝑝𝐻
 distributions of F4TCNQ:P3HT, 

TCNE:P3HT, F4TCNQ:PT-COOH, TCNE:PT-COOH at least over 6 samples vs proton concentrations on each film. (f) pH sensi-
tivity of F4TCNQ:P3HT, TCNE:P3HT, F4TCNQ:PT-COOH, and TCNE:PT-COOH films. 



 

doping effects in π-conjugated polymers such as P3HT.18, 33 
Proton doping mostly occurs in amorphous PT domains in 
P3HT films (Inset of Figure 3b) as was the case for F4TCNQ 
doping in conjugated polymers. PT-COOH presents even 
larger shifts in transfer curves. pH response of PT-COOH 
films presumably combines contributions of ionic doping 
effects in PT and proton transfers from carboxylic acid 
groups (Inset of Figure 3c).  

Figure 3d displays Vth  distributions of SiO2, P3HT, and 
PT-COOH for different pH solutions over time. 20 consecu-
tive measurements are repeated under each pH solution. pH 
responses of both P3HT and PT-COOH are mostly reversi-
ble, which is opposite to the case of F4TCNQ doping in Fig-

ure 2c and shown again here for comparison. 𝐸𝑅𝐺
𝑝𝐻

 and 

𝐸𝑅𝐺
𝐹4𝑇𝐶𝑁𝑄

 of P3HT and PT-COOH are compared in Figure 3e. 
pH sensitivities of P3HT and PT-COOH are measured to be 
18 and 30 mV/pH with a linearity of 80% and 99%, respec-

tively. A difference between 𝐸𝑃𝑇∙𝐶𝑂𝑂𝐻
𝑝𝐻

 and 𝐸𝑃𝑇
𝑝𝐻

, which is now 

designated as 𝐸𝐶𝑂𝑂𝐻
𝑝𝐻

, is 0.098 and 0.158 V for pH 9 and pH 3 

solution. To be specific, 𝐸𝐶𝑂𝑂𝐻
𝑝𝐻

 is a difference in electrical 
potential between P3HT and PT-COOH which is affected by 
concentrations and arrangements of COOH protons. In 

Figure 3f, 𝐸𝐶𝑂𝑂𝐻
𝑝𝐻

 at each pH level ranging from pH3 to 9 is 
compared with 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁  that was already calculated in Figure 
2c. 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁  infers less influence of protonation of side chains 

because it was measured in less polar ACN.   𝐸𝐶𝑂𝑂𝐻
𝑝𝐻

 is larger 
than 𝐸𝐶𝑂𝑂−

𝐴𝐶𝑁  in acidic solutions, meaning COOH in acidic 
solutions is dominant over COO−. The opposite trend is 
observed in basic solutions. 

Ionic doping effects in doped polymers. Responses of 

𝐸𝑃𝑇
𝑝𝐻

 and 𝐸𝑃𝑇∙𝐶𝑂𝑂𝐻
𝑝𝐻

 for proton concentrations are shown in 
Figure 4a and 4b, respectively, while P3HT and PT-COOH 
are sequentially doped by F4TCNQ from 10 μg/ml to 1 

mg/ml before pH testing. 𝐸𝑃𝑇
𝐹4𝑇𝐶𝑁𝑄

 and 𝐸𝑃𝑇(+)𝐶𝑂𝑂−
𝐹4𝑇𝐶𝑁𝑄

 are also 

compared on the right of each plot. Doped P3HT films reveal 

lower 𝐸𝑃𝑇
𝑝𝐻

 with the increased doping concentartions even 
in aqueous solutions (Figure 4a). This is because higher 
work functions of doped films achieved by F4TCNQ doping 
are still maintained. At the same time, proton sensitivity 
shown in pure P3HT is completely suppressed in the doped 
P3HT films (Figure 4a and 4c). That is, proton doping mostly 
occurs in amorphous regions of P3HT films where F4TCNQ 
anions are already present as counterions for doped P3HT 
films (Inset of Figure 4a), which corresponds to recent work 
in the Salleo group that most ionic doping effects occur in 
amorphous regions of P3HT.33 In contrast, PT-COOH films 
reveal enhanced pH sensitivities with increasing F4TCNQ 
doping (Figure 4b, 4c). It could be interpreted that stable 
carboxylic acid groups which are free to respond to protons 
are formed in doped PT-COOH due to negative charges on 
F4TCNQ instead of on carboxylate (Inset of Figure 4b).  

We verify our hypothesis above by observing dependency 
of dopant strength on pH sensitivity of doped polymers. 
TCNE (Inset of Figure 4d) is a weaker electron acceptor than 
F4TCNQ. Changes in electric potentials resulting from TCNE 

doping (𝐸𝑃𝑇
𝑇𝐶𝑁𝐸 ) are much smaller than that of 𝐸𝑃𝑇

𝐹4𝑇𝐶𝑁𝑄
 for 

the same dopant concentration of 1 mg/ml applied on P3HT 
(Figure 4d). The same propensity is shown in PT-COOH.  

There is no proton response for P3HT:TCNE, as was the 
case for P3HT:F4TCNQ (Figure 4e, 4f). This shows TCNE 
fully occupies amorphous domains of P3HT, preventing 
ionic doping for P3HT:TCNE films. pH sensitivity of PT-
COOH:TCNE is largely reduced compared to that of 
F4TCNQ:PTCOOH (Figure 4e, 4f). This indicates that a 
weaker electron acceptor TCNE does not inhibit interac-
tions between PT and COOH (Inset of Figure 4f) that would 
have been evidenced by increased activity of carboxylic 
acidic groups in aqueous solutions; if anything, the pH re-
sponsiveness of PT-COOH was decreased by TCNE. 

 

Conclusion 

We discovered a facile way to modulate ionic doping ef-
fects in CPs using solution sequential molecular doping. The 
intrinsic pH sensitivity of P3HT of 18 mV/pH is completely 
eliminated in P3HT:F4TCNQ. It is evident that proton dop-
ing mostly occurs in the amorphous domains in P3HT. How-
ever, acid-functionalized polythiophene, or PT-COOH, actu-
ally shows enhanced pH sensitivity after F4TCNQ doping 
(40 mV/pH), compared to that of the pure PT-COOH (30 
mV/pH). This is because stronger F4TCNQ interactions with 
the main chain PT-COOH decrease the ionic interactions be-
tween PT backbones and COO- side chains, increasing the 
relative stability of COOH sites in aqueous solutions.  

We also verified characteristics of the pure PT-COOH in 
OECT devices (Figure S10). The OECT shows promising 
electrical performance with on/off ratio over 103 and on-
current level of ca.10 mA for the gate voltage of -0.6 V. Fur-
thermore, the OECT changes threshold voltages depending 
on pH changes in its solution gate. Sequentially doped PT-
COOH:F4TCNQ has promising advantages such as high con-
ductivity, smooth morphology, high stability in aqueous so-
lutions, and functionality for bioconjugations as an alterna-
tive to PEDOT:PSS. Furthermore, we expect that suppres-
sion of ionic doping effects in PT-COOR:F4TCNQ, where R is 
a biofunctional group, could offer high specificity for target-
ing biomarkers under physiological conditions. 

 
Experimental Section  
A standard RCA cleaning process was applied for the same 
sized SiO2/Si substrates with 300 nm thickness of oxide. 
P3HT was synthesized by the following protocol. To a 100 
mL, 3-neck round bottom flask, charged with a stir bar, was 
added 12 mL of anhydrous THF and 2,5-dibromo-3-hex-
ylthiophene (1 g, 3.07 mmol, 1 eq.). A 25 mL dropwise addi-
tion funnel was attached where lithium chloride (130 mg, 
3.07 mmol, 1 eq) dissolved in 6 mL of anhydrous THF was 
added. In addition, a solid addition funnel containing Di-
chloro(1,3-bis(diphenylphosphino)propane) nickel (50 mg, 
0.092 mmol, 0.03 eq.) was attached. The vessel was cycled 
multiple times under vacuum and filled with Argon. After 30 
minutes of continuous cycling, the vessel was refilled with 
Argon. The reaction vessel was then placed on an ice bath 
and 2.0 M of isopropylmagnesium chloride solution in THF 
(1.5 mL, 3.07 mmol,1 eq.) was added to the dropwise addi-
tion funnel with the dissolved lithium chloride. After 5 
minutes of allowing the vessel to stir at 0°C, the iPr-
MgCl/LiCl complex was added slowly at dropwise addition. 
After completion, the reaction vessel was stirred at 0°C for 
30 minutes before the ice bath was removed and replaced 



 

with an oil bath with a set temperature of 60°C.  The reac-
tion was left to stir for 2 hours before the solid addition fun-
nel was turned and the catalyst was added to the reaction. 
The solution immediately turned dark red. The reaction was 
left to stir at 60°C overnight, after which the mixture was 
precipitated into a well-stirred solution of H2O (500 mL) 
and stirred for 10 min. The resulting suspension was fil-
tered, dried in the oven overnight, and then Soxhlet ex-
tracted with hexane, acetone, methanol, and then chloro-
form in that order. The NMR spectrum of P3HT is shown in 
Figure S11. Solutions containing a concentration of 20 
mg/ml of the synthesized P3HT and PT-COOH purchased 
from RIEKE (Catalog #:4030) were prepared by dissolving 
each polymer in chlorobenzene and dimethylformamide, 
respectively.  The prepared solutions were then sonicated 
for 1 hour and then heated at 60 °C overnight for fully dis-
solve the polymer while the PT-COOH required the temper-
ature to be raised to 115°C for 20 minutes. P3HT and PT-
COOH were then spin coated on SiO2/Si under 1600 RPM for 
1 min and 1600 RPM for 5 min, respectively. P3HT/SiO2 and 
PT-COOH/SiO2 RG were baked at 80 °C for 2 hours. All solu-
tions were filtered using a hydrophobic PTFE or hydrophilic 
PTFE syringe filter before spincoating. The P3HT and PT-
COOH film had a thickness of 46 and 20 nm measured using 
the Thin Film Analyzer (F20-NIR). A commercial FET 
(CD4007UB) was used as a transducer to investigate fabri-
cated RGs above. Aqueous solution at defined pH or ACN 
was placed on each RG surface. A 1 mg/mL solution of 
F4TCNQ (Ossila, 29261-33-4) and TCNE (Sigma Aldrich, 
670-54-2) were prepared by dissolving the dopant in ACN 
aided by ultrasonication for 30 minutes, filtered using a hy-
drophobic PTFE syringe filter membrane, and then a series 
dilution was conducted in order to create the range of solu-
tion concentrations from 1 mg/ml to 100 ng/ml. 25 μl of 
each varying concentration of dopant dissolved in acetoni-
trile was placed on the P3HT surface of the RG module and 
a Ag/AgCl reference electrode was placed in the solution in 
order to apply the gate bias for all measurements. All trans-
fer curves were measured by using an Agilent (Keysight) 
B1500A semiconductor analyzer with a drain voltage set at 
50 mV and the gate voltage left at double sweep mode. pH 
sensitivity of each RG surface was evaluated by using stand-
ard pH buffer solution. 𝑉𝑡ℎ  is calculated as the gate voltage 
corresponding to drain current of 1 µA in each transfer 
curve. For optical measurements, P3HT and PT-COOH were 
spin-coated onto Si/SiO2 (300 nm) substrates that were 
diced to 1” by 1” dimensions. Confocal laser scanning mi-
croscopy (CLSM) and optical microscopic images were col-
lected using a Keyence 3D Laser Scanning Microscope VK-
X100/X200 Series that was operated in optical or confocal 
mode.  
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