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1. Introduction

Electrochemical QCM-D for insights into organic
mixed ionic—electronic conductors and transistors
(OECTs)

Nikolay Mukhin, (22 Andreas Dietzel, (2 ° Vadim Issakov® and Liubov Bakhchova*®
Recent progress in the synthesis of high-performance organic mixed ionic—electronic (semi)conductors
(OMIECs) has given impetus to the development of organic electrochemical transistors (OECTs), which
are key components for next-generation bioelectronics, neuromorphic devices, and flexible sensors. To
ensure operational stability and enhanced performance of OECTs, it is essential to gain insight into the
internal processes occurring within the transistor layers during electrochemical doping/de-doping,
including mass exchange between the OMIEC and the electrolyte, interaction of the OECT channel with
the substrate, its morphological changes, and so on. One method to address this problem in situ is an
electrochemical quartz microbalance with dissipation monitoring (EQCM-D). This review aims to
demonstrate how EQCM-D can facilitate the study of OMIECs and their interfacial interactions relevant
to the operation and further development of OECT devices. EQCM-D allows real-time investigation of
ion injection and charge carrier transport, water uptake, morphological changes and swelling (both
passive and active), ion-to-electron coupling, the impact of oxygen reduction reactions, adhesion,
degradation mechanisms, adsorption, OECT channel and gate electrode functionalisation, thereby
shedding light on the mechanisms underlying electrochemical processes in the OMIEC—-electrolyte sys-
tem and OECT operation. This review unifies existing knowledge and offers guidance for effective use of
EQCM-D, pointing to future interdisciplinary opportunities in OMIEC and OECT studies.

challenges include trade-offs between transconductance and
speed,’® and between ionic charge accumulation effectiveness

With major advances in the development of a new generation of
high-performance organic mixed ionic-electronic (semi)con-
ductors (OMIECs) in recent years,"” the organic electrochemi-
cal transistor (OECT) is becoming a promising platform for
bioelectronic>* and biosensor>® applications. OECTs exhibit
outstanding transconductance values,” the highest among
electrolyte-gated transistors,® record-high sensitivities,” excel-
lent selectivity,” biocompatibility,’ mechanical flexibility,""
low-voltage operation,"” and cost-effective fabrication.” How-
ever, at present, long-term operation stability remains one of
the key factors limiting the widespread commercialisation of
OECT devices.">'* Moreover, success in achieving high stability
of OECTs is often accompanied by low efficiency in modulating
the conductivity of their channel layer during the electroche-
mical doping/de-doping process,"™” and vice versa.'® An addi-
tional limitation of OECTs is their low response time. Other
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and high electron mobility of OMIECs.*® Therefore, there is
ongoing research into the design of new OMIEC materials and
the modification of existing ones to simultaneously meet
stringent requirements for electrical and dynamic performance
as well as long-term stability.*®?*2* Among OMIECs for OECTs,
the largest number of works is devoted to the development of
those types of conjugated polymers (CPs) that are capable of
significant modulation of their conductivity with small injec-
tions of ions from the electrolyte;**>° also of interest is the
development of alternatives to CPs, such as small organic
molecule semiconductors (SOMSs),”” CP-SOMS hybrids,*® and
organic-inorganic hybrids.*®

At its core, from the point of view of typical electrical measure-
ments, an OECT can be likened to a “black box” that transforms
input electrical signals into output responses. While electrical
measurements provide important information about device
performance,®**! they offer limited insight into the intricate
processes occurring within the transistor layers. Understanding
the inner workings of OECTs requires complementary, in situ
techniques. One such method is the electrochemical quartz
crystal microbalance with dissipation monitoring (EQCM-D).**
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A quartz crystal microbalance (QCM) is a well-established,
cost-effective, and highly sensitive mass sensor that operates on
the principle of the piezoelectric effect. When an alternating
voltage is applied to the quartz crystal, it oscillates at its
resonance frequency. The resonance frequency shifts are pro-
portional to small quartz surface mass changes, making the
QCM a simple and powerful tool for measuring minute changes
in mass at the sensor surface. Its modified version, the quartz
crystal microbalance with dissipation monitoring (QCM-D),
additionally provides information about the energy loss within
the oscillating system, reflecting the viscoelastic properties of
the deposited layers. This method is instrumental in
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understanding the behaviour of polymer films and complex bio-
molecular systems, both in the dry state and at the solid-liquid
interface.**** To study electrochemical processes during the inter-
action of thin organic films (particularly OMIECs) with electrolytes
at the nanoscale, the EQCM-D technique is used.>***

Under an applied electrical potential, ions and water molecules
from the electrolyte are transported into and out of the OMIEC film,
resulting in changes in its mass. These mass changes modulate the
resonance frequency of the quartz crystal. The electrochemical
activity and the associated morphological and relaxation changes
of the organic layer are also reflected in the dissipation shift. By
combining the QCM-D with the OECT setup, researchers can
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simultaneously monitor the electrical current and the dynamic
changes in mass and dissipation at the OMIEC-electrolyte interface
and within the OMIEC bulk under different OECT operating modes,
defined by varying the gate voltage. This allows real-time investiga-
tion of jon penetration and water uptake,® passive and active
swelling,”” ion-to-electron coupling,® transient responses,’
adhesion,” adsorption,*® functionalisation,? the impact of oxygen
reduction reactions (ORR),"® and reversible and irreversible
processes,” thereby shedding light on the working mechanisms of
OECTs. Additionally, EQCM-D data can be correlated with OECT
performance characteristics to optimize device operation. This
knowledge aids in the design of tailored organic materials for
improved OECT performance and stability.
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The purpose of this review is to demonstrate how (E)QCM-D
can facilitate the study of the behaviour of OMIEC materials
and OECT components to support their further development.

2. Organic mixed ionic—electronic
(semi)conductors for OECT
applications: materials, characteristics
and challenges

OMIECs enable simultaneous transport of electronic and ionic
species. Their operation is governed by reversible electroche-
mical doping and de-doping processes that involve ionic
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exchange between the electrolyte and the OMIEC to maintain
electroneutrality.*>** These processes are schematically illu-
strated in Fig. 1.

In Fig. 1, the top row illustrates the initial states of p-type
and n-type OMIECs in the absence of any externally applied
potential. The bottom row shows the modulation of OMIEC
conductivity induced by the application of an appropriate
potential, accompanied by the penetration of electrolyte ions
into the bulk of the semiconducting film. The simplest electro-
chemical configuration consists of a two-electrode cell, in
which an OMIEC-coated working electrode is immersed in an
electrolyte and biased with respect to a counter electrode.

In p-type OMIECs operating in accumulation mode (Fig. 1a),
electrochemical oxidation of the neutral state (OMIEC®) results
in the formation of hole carriers (h*) and uptake of electrolyte
anions (A7) into the film (Fig. 1a), as in general can be
described by the equilibrium:

OMIEC® + A~ + h™ <> OMIEC™A™. 1)
This p-doping process leads to an increase in hole concen-

tration, enhancing the electronic conductivity of the film. The
mode of operation can be either accumulation or depletion,
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depending on the initial doping state of the OMIEC. In accu-
mulation mode, applying a potential difference between the
electrodes enhances doping, further increasing conductivity. In
contrast, in depletion mode, the OMIEC channel is initially
doped and an applied bias drives de-doping, reducing conduc-
tivity (Fig. 1b).

N-type OMIECs, in contrast to the eqn (1), operate in accumu-
lation mode through a reduction mechanism, described by:

OMIEC® + C* + e~ «» OMIEC C', (2)

where electron (e”) injection is compensated by cation (C)
uptake from the electrolyte (Fig. 1c). This enables electron
transport and n-type conduction. In accumulation mode, the
applied potential-induced reduction introduces additional elec-
trons and cations, increasing conductivity. In depletion mode,
applied bias removes free electronic charge carriers from
OMIEC bulk, suppressing conductivity.

The coupled electronic and ionic transport, enabling elec-
trochemical modulation of charge carrier density throughout
the bulk of the OMIEC materials, makes them particularly well
suited for OECT-based sensors and bioelectronic applications.
While Fig. 1 (bottom row) shows a simplified schematic of a
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Fig. 1 Simplified schematic of electrochemical processes in an OMIEC—electrolyte system, illustrating ion penetration from the electrolyte into the
OMIEC film and the resulting modulation of its conductivity under an applied potential for three cases: p-type OMIEC operating in accumulation mode
(a), p-type OMIEC operating in depletion mode (b), and n-type OMIEC operating in accumulation mode (c).
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two-electrode OMIEC-electrolyte configuration, commonly
used to study fundamental ion-electron interactions in
OMIECs, an OECT features three terminals: source, drain,
and gate (Fig. 2a-c). The gate-source voltage controls the
doping state of the OMIEC channel via ion exchange with the
electrolyte. This doping modulation affects the channel con-
ductivity and, consequently, changes the drain current, which
is measured by applying a small voltage between source and
drain. Fig. 2a-c schematically illustrate several common OECT
architectures, though this list is not exhaustive. Fig. 2a depicts
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a planar OECT, where the channel lies laterally between the
source and drain electrodes. Fig. 2b shows a vertical OECT
configuration, in which a part of channel extends perpendi-
cular to the substrate. Fig. 2¢ presents a vertical OECT with the
channel sandwiched directly between the source and drain
electrodes. OECTs utilise the electrochemical responses
of OMIECs to achieve signal amplification and switching
behaviour. The operation of an OECT is accompanied by a
complex interplay of processes, including ion penetration
from the electrolyte into the OMIEC film, electronic charge
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Fig. 2 Schematic illustrations of several possible OECT architectures (not exhaustive): planar OECT (a); vertical OECT (b); vertical OECT with the channel
sandwiched between the source and drain electrodes (c). (Semi)conducting polymer materials and their characteristics for OECT application (d) and (e):
electron mobility multiplied by volumetric capacitance (uC*); number of switching cycles; absolute value of threshold voltage (|Vi|); inverse response
time (1/7); on/off drain current ratio (Ion/lofr), and normalized transconductance (gm L Wtd1), where Jdm is transconductance, W is width, d is thickness,
and L is length of OMIEC film (f). Diagrams (d) and (e) are plotted based on experimental data for p-type>®>*7% and n-type!>26°=¢7 (semi)conducting
polymers. The axes of the three-dimensional plots are oriented so that improvements in each parameter are directed towards the viewer. These
directions of parameter improvement are shown by red arrows (d) and (e). For clarity, the corresponding numerical values are summarised in Table 1.
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injection at the electrode-OMIEC interface,
and ionic charge carrier transport within the OMIEC
bulk,***® ion-to-electron charges coupling,*”*® OMIEC film
morphology changes,**® energy dissipation,® and chemical
reactions involving the accumulation or removal of reaction
products.'”*> During electrochemical doping and de-doping,
OMIECs undergo both reversible and irreversible processes,
which critically affect the electrical and dynamic performance,
stability, and long-term reliability of OECT devices.

Currently, CPs are the most widely used OMIECs. Among
them, poly(3,4-ethylenedioxythiophene) (PEDOT), a p-type CP,
is commonly blended with polystyrene sulfonate (PSS), which
acts as a charge-balancing dopant. The resulting complex,
PEDOT:PSS, is the most widely employed p-type channel mate-
rial in OECTs due to its commercial availability, effective charge
storage and transport, biocompatibility, optical transparency,
relative stability in aqueous electrolytes and mechanical
flexibility.®®*7° Pristine PEDOT:PSS typically exhibits moderate
properties and is therefore modified through post-processing
or additive incorporation. For example, the addition of the
surfactant Triton X-100 (TX) improves the self-healing
properties,® while ionic liquid additives, specifically 1-ethyl-3-
methylimidazolium (EMIM) as the cation and the anions
chloride (Cl), trifluoromethanesulfonate (OTF) and tricyano-
methanide (TCM), improve the PEDOT:PSS morphology and
mixed ionic-electronic transport.>® However, the acidity of PSS
may negatively affect adjacent materials.”' To address this
issue, other PEDOT-based CPs have been developed, including
PEDOT with tosylate (PEDOT:Tos),”” dodecylbenzenesulfonic
acid (PEDOT:DBSA),”® as well as ammonium salt complex
(PEDOT-S:(Oct),NH,),'® etc. Side-chain and backbone
engineering offer opportunities for further development of
advanced polymers such as PE,-OE,;, a copolymer of 3,4-
propylenedioxythiophene (ProDOT) and 2,2'-bis(3,4-ethyl-
enedioxy)thiophene (biEDOT) backbone bearing linear
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oligo(ethylene oxide) side chains.>* Most PEDOT-based materi-
als operate in depletion mode, exhibiting significant conduc-
tivity at zero gate bias. This has motivated the development of
alternative CPs to enable different operating modes and meet
application-specific requirements.

Many studies have focused on the development and inves-
tigation of CPs for OECTs based on polythiophene derivatives.
A variety of molecular building blocks are employed in their
synthesis to tailor the electronic, structural, and ionic transport
properties of the resulting polymers. These building blocks
include benzodithiophene (BDT); thiophene (T); bithiophene
(T2); thienothiophene (TT); various glycolated bithiophenes
(e.g., 22T, gT2, 23T2, etc.); cyclopentadithiophene (CPDT);
3,30-dimethoxy-2,20-bithiophene (MeOT2). Additionally, other
commonly used units such as diketopyrrolopyrrole (DPP), iso-
indigo (IID), naphthalene diimide (NDI), benzotriazole (BTz),
benzothiadiazole (BT), and fluorinated thiophene derivatives
further modulate energy levels, improve planarity, and opti-
mize mixed ionic-electronic conduction in thiophene-based
CPs. As a result, many p-type thiophene-based CPs have been
synthesized, including poly(3-hexylthiophene) (P3HT),”* poly[3-
(6-hydroxy)hexylthiophene] (P3HHT),”> p(g2T-TT),”® P(g2T-
TT),”” p(g2T2-g4T2),”® Pg2T-T,> Pg2T-S,>> P3gCPDT-MeOT2,>®
etc. Some of these thiophene-based CPs exhibit higher trans-
conductance (g,) than PEDOT:PSS, but usually show lower
long-term stability (Fig. 2d and e).

Heteroaromatic ladder polymers have rigid, fully fused back-
bones that enhance planarity and charge transport. PBBT-Me, a
methylated pyrrole-benzothiazine ladder polymer, exhibits
high p-type OECT performance with increased hole mobility,
and operational stability.>®

Several n-type CPs with satisfactory characteristics have been
developed, including ladder-type polymers such as poly(benzi-
midazobenzophenanthroline) (BBL)*® and poly(benzimidazoan-
thradiisoquinolinedione) (BAL) tuned via chlorine-substitution

Table 1 Comparative summary of (semi)conducting polymer properties and OECT metrics in 0.1 M NaCl aqueous electrolyte

ucr, gm LI(WAd),
OECT channel material Type C*Fem™ Fem 'vV's™' Scem™ Vin, V' Ion/lorr Ton; Torr, MS  Ng; Iqr/lao Year, ref.
PEDOT:PSS/TX p 38 91 49 036 1.5 x 10° 6.8 10%; 98% 2020,>3
PEDOT:PSS/EMIM OTF  p 78 354 188 0.52  ~10° 0.034 10%; 92.8% 2022,>°
PEDOT:PSS/EMIM TCM  p 89 426 218 0.73 ~10° 0.059 10%; 97.6% 2022,%°
PE,-OE, p 207 830 453 0.24  10*-10° 16.9; 1340 200; 104% 2025,>*
p(g2T-T) P 332 288.9 118 -0.161 ~10* 14.2; 7.6 10% 100% 2024,
p(g2T-S) P 254 332.7 157 -0.094 ~10* 10.8; 5.9 10% 100% 2024,%
P(bgDPP-MeOT?2) p 120 195 83 -0.33 1.7 x 10°  0.52; 0.03 700; 98.8% 2021,
P3gCPDT-MeOT2 p 145 449 344 -0.09 ~10* 49.3; 8.8 600; 98% 2022,%°
PBBT-Me P 259 92.3 40.6 -0.52 2 x 10° 3.19; 0.16 1.8 x 10% 90%  2023,>%
PDPP-4EG p 105 684 137.1 0.6 10°-10° 39 600; 88% 2024,>°
BBL,5, n 589 25.9 11.1 0.15 4.4 x 10° 0.38;0.15 103; 95% 2022,%°
P75-TBACIO, n 41 0.24 0.39 029  ~10* 7.4; 15.6 360; 79% 2023,%°
gNDI-FBT n 197 0.12 0.036 019  ~10* 45.5; 26.8 360; 100% 2022,%*
P(f-BTI2g-TVTCN) n 170 41.3 12.8 0.68 ~10° 52; 17 240; 70% 2022,
P(gTDPP2FT) n 156 42.2 7 0.64 5x10°  1.75;0.15 400; 54% 2022,%
gAIID-2FT n 99.8 4.09 0.941 0.45  ~10° 58.5; 18.2 1200; 100% 2023,%*
p(C2F-V) n 118 107.6 25.67 0.02  ~10* 0.34; 0.11 60; 77.2% 2024,%
PgNaN n 100 0.66 0.212 0.37 ~10* 127 >200; 75% 2021,%¢
Cl,-BAL n 442 6.2 1.6 0.26 ~10° 2.4 5 x 10% 99% 2024,
PBFDO n 357 196.6 ~90 -0.1 ~10% 1.81; 1.96 600; 92% 2023,%
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(Cl,-BAL)," as well as thiophene-based CPs such as PgNaN,*®
P(gTDPP2FT),** P75-TBACIO,,* etc. However, compared with
most p-type CPs, n-type CPs still show lower electron mobility
and g.,, and lower long-term stability (Fig. 2d and e).

Further performance improvements have been achieved
through the design of donor-acceptor (D-A) polymers. Such
materials enable precise tuning of energy levels and enhanced
charge transport.”” Depending on their molecular structure,
D-A CPs can operate as p-type, n-type, or ambipolar materials.
Representative examples include p-type P(bgDPP-MeOT2),””
and PDPP-4EG,”® and n-type gNDI-FBT,*' and P(f-BTI2g-
TVTCN),** p(C2F-V),* PBFDO®” D-A polymers (Fig. 2d and e).

Due to the large number and chemical diversity of (semi)-
conducting polymers, their molecular structures, classifica-
tions and material design strategies are not discussed in
detail here; instead, corresponding comprehensive review arti-
cles are cited.>®**!

Fig. 2d and e summarises key performance metrics of
various CPs used in OECTSs, including g,, which reflects the
efficiency of voltage-to-current conversion and is proportional
to the product of electronic charge carrier mobility () and
volumetric capacitance (C*); response time (), indicating the
device’s switching speed; number of stable switching cycles,
representing operational stability; threshold voltage (Vip),
defining the gate bias required to activate the device; and the
on/off drain current ratio (Ion/Iorr), characterising the device’s
modulation capability. The Fig. 2d and e demonstrates that no
single material simultaneously achieves optimal values across
all metrics. For instance, materials with high uC* often suffer
from slower © or larger |Vy,|, and vice versa. Likewise, high-
performance materials may compromise long-term stability.
These trade-offs highlight the need for continued development
of new CPs and refinement of existing ones to achieve balanced
characteristics.®”

In addition to CPs, OECT channels can also be made using
biopolymers, SOMSs, CP-SOMS and organic-inorganic hybrid
materials.

Biopolymers offer biodegradable, biocompatible options for
OECTs. For example, PEDOT-cellulose nanocomposites show
good conductivity and water dispersibility,®* and adapt OECTs
for environmentally conscious wearables.®*

SOMSs offer high charge carrier mobility, high purity, pre-
cise structure-property control, high switching currents ratio,
and fast response time.>”*>%® However, some CPs still outper-
form them in key metrics. SOMSs in combination with CPs are
used for some improvements, including passivation to enhance
stability,®” tuning conductivity type,®® and structure ordering.®°

Inorganic nanosized components integrated into organic
matrices can enhance their performance. Metallic and oxide
nanoparticles can improve sensitivity, charge transport, and
stability: hydrophilic polyEG-coated gold nanoparticles
enhanced mixed ionic-electronic transport in hydrophobic
P3HT;” iron oxide in PEDOT:PSS boosted sensitivity and
selectivity,”® while plasmonic gold nanoparticles increased
conductivity and, with photo-annealing, improved pC* and
stability.”> Nafion nanoinclusions in PEDOT:PSS create phase-
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separated, proton-permeable domains that enlarge the internal
ion-accessible interfacial area, thereby accelerating ion pene-
tration and improving channel doping/de-doping efficiency,
which enhances the OECT g,,, and response speed.’** Carbon
nanotubes were used to enhance charge mobility in BBL,>® and
to decrease contact resistance in PEDOT:PSS.>> MXenes offer
high conductivity and surface area; their interaction with
PEDOT:PSS improves both y and C*.%

The chemical and structural diversity of OMIECs enables
tuning of multiple device-relevant properties, but optimisation
often involves trade-offs and complexities in understanding
their mechanisms, requiring direct, real-time, label-free
insights into material layer behaviour, for example via techni-
ques such as (E)QCM-D.

3. Basic principles of (E)QCM-D.
Opportunities for OMIECs and OECT
study

Within the broad class of acoustic resonant sensors, QCM
represents a particularly well-developed platform for probing
mass and viscoelastic loading at surfaces.”®*° Its widespread
adoption stems from its exceptional mass sensitivity and the
inherently high quality factor of quartz resonators, which
together enable detection limits on the order of 107 to 1077,
defined as the ratio of the added mass to the resonator mass
per unit area. A QCM is a piezoelectric device comprising a thin
quartz crystal plate with a defined crystallographic orientation,
most commonly the AT-cut operated in the thickness shear
mode.'** In more specialised applications, other cuts such
as SC,'°*1%4 BT,'°® and others may also be employed. Variations
in electrode design, such as their shape, morphology, thick-
ness, and configuration, can influence the device sensitivity,
energy dissipation, and stability of the resonant mode.
The conventional QCM architecture employs circular metal
electrodes on both faces of the quartz crystal to achieve uni-
form excitation of the thickness-shear mode. Nevertheless,
several electrode design variants, differing in shape,"®®'"”
morphology,'®® thickness,'®® and configuration,"*® have been
developed, which influence the spatial distribution of the shear
field, energy dissipation, and overall device sensitivity. Various
quartz plate-electrode architectures have been developed,
including configurations with electrodes on one or both sides
of the crystal, supporting different excitation schemes.’®*°
Additionally, highly sensitive electrodeless techniques have
been introduced.'™ Although numerous configurations are
possible, the following discussion focuses on the standard
QCM technique to ensure clarity and emphasise its fundamen-
tal use in studying OMIECs.

QCM operates based on the principle of the converse piezo-
electric effect, where the application of an alternating electric
potential leads to the generation of quartz crystal vibrational
oscillations.'®™'"> For a theoretical analysis of microacoustic
sensors, a wave description can be applied,""® in which
the medium in contact with the resonator acts as an
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acoustic load impedance. The further developed acoustic load
concept®®''* 7 extends the mass load by an acoustic factor,
wherein the so-called Sauerbrey''® and Kanazawa'*® equations
are just two special cases. In particular, in the Sauerbrey rigid
mass case Af ~ Am applies, in case a Newtonian liquid is in
Y2 where
Af is frequency change, m is mass, p is density, # is viscosity.
Measurements or resonance frequency changes of the quartz
crystal sensor become a wonderful tool to measure minute
changes in equivalent mass or acoustic load impedance at the
sensor surface. This simple method is particularly effective
when measuring rigid uniform thin coatings. The analysis of
the QCM response when interacting with layers with a more
complex nature like suspensions'®® and other heterogeneous
materials, soft and biological materials,'**'** etc., exhibits
more intricate behaviour and in some cases cannot be satisfied

direct contact to the quartz crystal surface Af ~ (pn)

only by measuring the frequency changes, but also requires an
analysis of changes in scattering (or losses). QCM modified
version with dissipation monitoring (QCM-D) in addition to
measuring frequency change provides information about the
energy loss of the oscillating system, reflecting the viscoelastic
properties of the deposited layers."”*™**> The most important
advantages of the QCM-D characterisation technique include
accurately measures series and parallel resonance, simulta-
neous frequency (f) and dissipation (D) tracking capability
and overtones excitation;'*® moreover, contactless setup is
available.""' Speaking for easier understanding, in QCM-D
approach the changes in f and D can be related to the mass
associated with the deposited material and its viscoelastic
properties. What is especially important for this review, this
method is instrumental in understanding the behaviour of
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organic material layers,">”"'*®
acting with a liquid solution.

Regarding OMIEC layers analysis, if the material deposited
on the quartz sensor surface is rigid, the changes in dissipation
are small, so QCM is often sufficient for measuring the thick-
ness of thin dry OMIEC films. However, if a film has a sufficient
viscous component, which is typical for thick soft polymer
films, or OMIEC films have interacted with an electrolyte, the
dissipation can change significantly and the QCM-D method is
preferable.

In most cases, the EQCM-D setup used to study electroche-
mical processes in polymer and OMIEC film-electrolyte systems
involves a quartz crystal that is coated with a thin film contain-
ing a nanosized metal (Me) sublayer deposited on the quartz
surface (Fig. 3a and b). This Me/OMIEC-coated quartz crystal is
then immersed in an electrolyte solution (Fig. 3c).

A typical EQCM-D setup employs a three-electrode configu-
ration consisting of a working electrode (WE), a counter elec-
trode (CE), and a reference electrode (RE), as illustrated in
Fig. 3c. The coated quartz crystal acts as a WE. A typical CE is
made of Pt. The RE is usually made of Ag/AgCl for aqueous-
based electrolytes (in some cases, the RE material may be

especially when such films inter-
34,129

different, especially for non-aqueous electrolytes). The electro-
Iyte solution is usually pumped into the chamber with a
controlled flow rate.

The three-electrode configuration enables precise control
and stabilisation of the working electrode’s potential, indepen-
dently of current fluctuations and resistance changes in the
cell. In a two-electrode system, the WE potential is defined by
the voltage difference between the WE and CE (see Fig. 1a-c);
however, the CE can experience a variable voltage drop

[ T°CE;
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Fig. 3 Schematic of a bare QCM-D sensor (a), an OMIEC-coated sensor in air (b), and a swollen OMIEC-coated sensor in electrolyte in an EQCM-D
setup (c) using a three-electrode configuration of working (WE), counter (CE) and reference (RE) electrodes. Typical QCM-D and EQCM-D responses
showing changes in frequency (Af), dissipation (AD) and charge (Q) during four stages: baseline measurement, OMIEC film deposition, electrolyte

introduction and electrochemical cycling (d).
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depending on the current, which may lead to inaccurate control
of the WE potential, especially at higher currents or with
unstable electrolytes. The three-electrode setup allows the WE
potential to be measured and controlled relative to a stable and
well-defined RE, while the CE only serves to carry the current.
This ensures more accurate and reproducible control of the
electrochemical processes at the WE, which is critical for
detailed studies using EQCM-D.

The described configuration of EQCM-D setup completely
reproduces all the processes that occur when the OECT oper-
ates in the mode when the potentials at the source and drain of
the OECT are the same. The electrolyte has an interface with an
OMIEC film into which its ions can penetrate into material bulk
under the action of an applied electric field. The ion activity in
the electrolyte and their penetration into the OMIEC film are
controlled by the electric field. The applied voltage can promote
ion injection from the electrolyte into the OMIEC layer, and
thus modulate the OMIEC film conductivity. Cyclic voltamme-
try is a common electrochemical method combined with
EQCM-D to quantify changes in mass and viscoelasticity during
the oxidation and reduction processes of OMIECs."*® Specifi-
cally, the current is recorded along with changes in frequency
and dissipation in response to changes in voltage.

A typical EQCM-D experiment begins with taking baseline
measurements of the bare sensor in both air (Fig. 3a), as well in
the electrolyte, followed by similar baseline measurements of
the coated sensor (Fig. 3b) to determine the dry coating’s
thickness (Fig. 3d). Next, the electrolyte is pumped into the
chamber with the coated sensor, and then the cell is kept for
some time (usually >15 min) to equilibrate with the electrolyte
(Fig. 3d). In some cases, to achieve a more complete equili-
bration of the OMIEC, additional conditioning is performed
through repeated electrochemical cycling. Following this,
EQCM-D measurements are carried out by combining quartz
crystal sensor data with cyclic voltammetry (CV) at various scan
rates. Once the raw data are collected, the user must analyze the
relationships between frequency shift (f), dissipation (D), and
the transferred charge (Q) (Fig. 3d). The CV modulation
features of OMIEC depend on the material. Some OMIECs with
p-type conductivity initially have mobile carriers (named holes)
without any voltages on the electrodes. However, if we apply a
positive voltage to the CE, it allows electrolyte cations to enter
the OMIEC film. This makes the holes disappear in OMIEC
layer and reduce electrical conductivity. In other OMIECs, films
show nonconductive properties even with no applied voltage.
When the voltage makes anions (for the case of a OMIEC with
p-type conductivity) or cations (for the case of n-type) penetrate
into the OMIEC layer, this generates respectively holes or
electrons that switch the film in conductive state.

For OMIEC films, EQCM-D applications have included mon-
itoring the evolution of the viscoelastic properties and swelling
characteristics,’**™** quantifying ion/solvent transport, and
ionic-to-electronic coupling efficiency.*® Besides, EQCM-D has
also been applied to characterize and optimize electropolymer-
isation/deposition of CPs."** In the area of biosensors, where
bio-molecules adsorb onto the surface, EQCM-D has been
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utilized while biasing the surface to monitor the biomolecular
response of proteins, cells, DNA, and other species.'*> Some
specific cases are discussed below.

Table 2 provides examples of the use of (E)JQCM-D for
OMIEC and OECT studies.

Table 2 shows that most works focus on EQCM-D studies of
OMIECs in aqueous electrolytes. It is due to their biocompat-
ibility, safety and environmental friendliness in OECT applica-
tions. For aqueous electrolytes, Ag/AgCl reference electrodes are
typically used due to their stable and well-defined potential.
However, non-aqueous systems are sometimes employed for
improved electrochemical stability, where OECT device long-
evity is crucial. For example, the use of PEDOT-S:(Oct),NH,/
BMIMBEF, achieved high OECT cycling stability.'® In this work a
standard Ag/AgCl RE was also used. Other work compared Ag/
AgCl and Pt electrodes in PEDOT:PSS with [BMIM][OTf] and
[EMIM][DCA] ionic liquids, finding similar transconductance
but lower threshold voltages with Ag/AgCL."*® Both electrodes
suit non-aqueous electrolytes, though Ag/AgCl offers slight
advantages. In some cases, Ag/Ag" electrodes are preferred for
stable potentials in organic solvents. E.g., it was shown that
0.1 M TBAHFP in acetonitrile enhances electrochemical stabi-
lity and device performance with P3HT channels and Ag/Ag"
gate electrode compared to aqueous electrolytes.'®

4. OMIEC layers mass (thickness)
change, viscoelastic properties and
depth-sensitive analysis: the cases of
dry films and immersed in electrolyte
solution

Understanding the behaviour of OMIEC layers in different
environments is important for applications in organic electro-
nics and neuromorphic devices because their performance and
stability are highly sensitive to external conditions. OMIEC
films properties can change significantly when moving from a
dry state to an electrolyte-immersed environment,* and are
further influenced by the specific type and composition of
electrolyte.>*'** In the dry state, OMIEC films typically exhibit
a stable and well-defined thickness, with mechanical properties
primarily determined by their molecular structure, packing
density, and intermolecular interactions. The viscoelastic
response in this state usually reflects the intrinsic character-
istics of the material. When immersed in an electrolyte
solution, OMIEC layers undergo hydration, swelling, and ion
uptake, resulting in an increase in mass and thickness.>”'”°
These changes can be dynamic and depend on factors such as
the type of electrolyte ions, ionic strength, pH, OMIEC charge
density, film hydrophilicity, OMIEC-electrolyte interfacial con-
ditions and etc.>*®®”'”* The hydration process affects the vis-
coelastic behaviour, often making the film more compliant and
changing its mechanical moduli. QCM-D is a powerful tool for
analyzing these properties in real time, providing insight into
mass absorption, viscoelastic and morphological changes. In
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OMIEC material;

conductivity type; Electrolyte/solution; ~ Microbalance technique; elec- Objectives and applications of Measurement data acquisition Ref.,
original thickness flow rate trode materials (E)QCM-D study and processing aspects year
PEDOT:PSS and  0.5-10 mM Ca®" in QCM; 5 MHz QSX 301; Q-Sense Observing the nonspecific Resonance frequencies were  °%2025
PEDOT-PC; p-type HEPES buffer; AB system (Biolin Scientific); interactions of OMIEC materi- measured simultaneously at
1mgmL 'BSAand Au WE. als with proteins. 5 MHz and its harmonics (15,
FBS in PBS buffer; 25, 35, 45, 55, and 65 MHz).
30 pL min~* Protein-OMIEC interactions
study was performed at 25 °C.
PEDOT:PSS and 0.1 M NaCl AS EQCM-D; BluQCM QSD-300  Investigating the doping and Prior to measurements, the ~ '*°2025
PEDOT:CIOy; p- with SP-200 PS (Bio-Logic); Au de-doping mechanisms; mass CP-coated sensors were soaked
type; ~100 nm WE, Pt CE, Ag/AgCl RE. transport during electro- in electrolyte for 1 h to reach
chemical processes. equilibrium, and 20 repeated
electrochemical cycles were
applied for conditioning.
Samples were measured at
different scan rates from 20 to
100 mV s~ . Sauerbrey and
viscoelastic models used to fit
3th, 5th, and 7th overtones
data.
p(g2T-TT) and 0.1 M KCI AS; EQCM-D; 5 MHz Q-sense E1/ Monitoring the mass uptake/ Only the 3rd overtone was 882025
PrCeoMA; p/n-type; 100 pL min~" E4, RenLux Crystal Ltd, ejection during electro- used in calculations. Am was
60 nm QWEM 401, Q-sense Explorer chemical process. calculated based on the
(Biolin Scientific); Au WE, Pt Sauerbrey equation.
CE, Ag/AgCl RE.
p(C2F-z); n-type; 0.1 M NaCl AS EQCM-D; QWEM 401, Ton penetration and water ~ The analyzer measured fand D 72025

79 + 15nm

BBL/PCBM,; n-
type; ~40 nm

Polythiophene-

based CPs; p-type;

~50 nm

P-30; n-type;
~50 nm

P3HT; p-type;

~50 nm

ETE-S:PC based;
<70 nm

p(gNDI-gT2); n-
type; ~95 nm

0.1 M NaCl or NaOH

AS

0.1 M NaCl AS;
34 pL min™%

1 mg mL ™" BSA
solution

0.1 M NaCl AS

0.1 M KTFSI AS

0.01 M NaCl AS/3 M

KCl

0.1 M NacCl AS

Mater. Chem. Front.

QCM5140TiAu120-050-Q
(Quartz Pro), Autolab
PGstat128N PS; 0.7854 cm? AA,
Au WE, Pt CE, Ag/AgCl RE

QCM coupled with CV; 8.94
MHz + 30 kHz QCM922A and
VersaSTAT PS (AMETEK Sci-
entific Instruments); Au WE,
Pt CE, Ag/AgCl RE

EQCM-D; 5 MHz quartz; Q-
sense E4 system (Gothenburg,
Sweden); Pt CE, Ag/AgCl RE

EQCM-D; CHI400C Evoltam-
metric PS; Au WE, Pt CE, Ag/
AgCI RE

EQCM-D; SRS QCM-200 Crys-
tals, Phillip Technologies; Au
WE, Pt CE, Ag/AgCl RE

EQCM-D; QSense E4 Analyzer
(Biolin Scientific), IPC ISMA-

TEC, pAutolab III PS; Au WE,
Pt CE, Ag/AgCl RE

EQCM-D; QSense Analyzer
(Biolin Sci entific), QEM 401,

VSP-300 PS; Au WE, Pt CE, Ag/

AgCl RE

uptake monitoring. Swelling
analysis.

Control of polymer layer pas-
sivation to prevent ORR. Swel-
ling and mass changes
control.

Evaluation of the modulation
characteristics of CPs in rela-
tion to the penetration/
removal of ions into/from the
films. Testing CP films for
delamination resistance.
Studying protein adsorbtion/
desorbtion.

Thickness variation monitor-
ing. Passive and active swel-
ling analysis.

Irreversible ion trap-ping
study.

Control of polymerisation of
polymer samples.

Evaluation of the ion uptake
ability. Swelling analysis.

shifts of the 1st, 3rd, 5th, 7th,
9th, and 11th harmonics,
which provide information
about the changes in sample
mass and softness. The films
are approximated to behave as
Kelvin-Voigt elements.

The electrolyte comprised N-
purged 0.1 m NaCl, and cali-
bration of the QCM was
ensured by determining the
linear sensitivity factor using
the Sauerbrey equation with
galvanostatic deposition of
silver.

QCM-D measurements were
conducted through a three-
step process: step 1 was initial
stabilisation in 0.1 M NaCl AS,
step 2 involved 5 cycles of CV
scans in the range of —0.5 and
+0.5 V, and step 3 for sub-
sequent washing. Af and AD
were monitored at 37 °C.

The change in frequencies was '**2024
converted to the change in
mass using the Sauerbrey
equation.

Data were collected on the
NOVA pro-gram. All data ana-
lysis was done on MATLAB.
The mass calculations were
obtained using the Sauerbrey
equation.

Results were obtained and
analyzed using QSoft, QTools,
QSense Dfind 1.2.7, Nova 2.1,
and origin 2024 software. Kel-
vin-Voigt viscoelastic model-
ling (overtones 3, 5, 7, and 9).
Voigt viscoelastic modeling
built into the QTools software.
Various overtones, including
3rd, 5th, 7th and 9th.

872025

222024

742024

1392024

1402024
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OMIEC material;
conductivity type; Electrolyte/solution;

Microbalance technique; elec-

Objectives and applications of Measurement data acquisition Ref.,

original thickness flow rate trode materials (E)QCM-D study and processing aspects year
p(jg-NDI-T2), 0.1 M NacCl AS EQCM-D; QCM5140TiAu120-  Swelling and shrinkage analy- Q-Tools software was used for *72024
where j = 1-4; n- 050-Q (Quartz Pro), Q-sense  sis of CPs during doping/de- the modeling and data analy-
type; 52-65 nm Analyzer, QWEM 401 (Biolin doping cycles. sis. The films are approxi-
Scientific), Autolab mated to behave as Kelvin-
PGstat128N; 0.7854 cm? AA, Voigt elements. Several over-
Au WE, Pt CE, Ag/AgCl RE tones’ data (N =3, 5,7, 9, 11)
were processed.
PE2gT, PT2¢TT, 0.1 M KCI AS EQCM-D; QCM200 (Stanford ~ Swelling analysis of CPs dur- The change in frequencies was *'2024
PT2gT; p-type; 61— Research System, SRS) 5 MHz; ing doping/de-doping cycles. converted to the change in
127 nm Metrohm Autolab PGSTAT204; mass using the Sauerbrey
Au WE, Pt CE, Ag/AgCl RE equation.
P3HT:TCB; p-type; 0.1 M NaCl AS EQCM-D; QWEM Biolin Sci-  Testing films adhesion. Mon- The change in frequencies was 92024
18-26 nm entific; Au WE, Pt CE, Ag/AgCl itoring mass (thickness) chan- converted to the change in
RE ges. Measuring of capacitance. mass using the Sauerbrey
equation.
PBFDO; n-type; 0.01-5 M NaCl AS EQCM-D; QCM-D instrument Tracking mass variations aris- Several overtones’ data (N = 3, ¢72024
60-80 nm (Biolin Scientific AB, Sweden); ing from the doping and de- 5, 7, 9, 11, 13) were processed.
Au WE, Pt CE, Ag/AgCl RE doping processes under dif-  Viscoelastic modeling was uti-
ferent potentials. lized to fit the data.
Poly(EDOT-COOH- DI water, 0.1 M NaCl QCM; QSX 301 5 MHz sensor Swelling characterisation of ~ The resonance frequencies at 5 °°2024
co-EDOT-PC)/PED- AS, Biomolecule AS; 30 and Q-Sense AB (Biolin polymer films. Testing the MHz and its five harmonics
OT:PSS; p-type; puL min~* Scientific) anti-adhesion properties to a (15, 25, 35, 45, 55, and 65
90-103 nm variety of proteins (BSA, FBS, MHz) were simultaneously
fibrinogen, fibronectin, measured. The adsorbed Am
lysozyme). were estimated from Af using
the Sauerbrey equation.
PEDOT:PSS/Par-  Buffer solutions with QCM-D; QSX 301 5 MHz sen- Monitoring the protein (BSA, The resonance frequencies %2024
ylene; p-type/insu- proteins (BSA, FNG,  sor and Q-Sense AB (Biolin  FBS, fibrinogen) adsorption of were measured simulta-
lator; 72 nm and FBS); 30 uL min~" Scientific) polymer films. neously at 5 MHz and its five
harmonics (15, 25, 35, 45, 55,
and 65 MHz) at 25 °C.
P(ProDOT)s; p- 0.5 M TBA'PF, /PC;  EQCM-D; 5 MHz QSX 301 and Swelling characterisation. The change in frequencies was '**2024
type; 80-100 nm 0.1 mL min ™" QSense Analyzer (Biolin Sci- converted to the change in
entific), Gamry Reference mass using the Sauerbrey
3000; Au WE, Pt CE, Ag/Ag" RE. equation. N = 3, 5, 7, 9 over-
tones were monitored.
p(N-T); n-type; 83— 0.1 M NaCl AS; 0.1 mL EQCM-D; Q-sense analyzer (QE Study of the correlation The data were modeled using '**2024
104 nm min~ 401, Biolin Scientific, Gothen- between swelling and stability the Sauerbrey equation within
burg, Sweden), Metrohm of films during electro- the QSense Dfind software
Autolab PGSTAT101 PS; Au  chemical processes. (Biolin Scientific).
WE, Pt CE, Ag/AgCl RE.
PEDOT-PBA; p- AS for electro- QCM-D; Q-sense analyzer Monitoring of the electro- The Sauerbrey equation was %2024
type polymerisation, 20 pL.  (QE401, Biolin Scientific), deposition of PEDOT-PBA used to quantify Am on the
min~/glucose sen- PalmSens PS; Au WE, Pt CE, films. Analysis of the speed  sensor resulting from glucose
sing, 100 uL min " Ag/AgCl RE. and amount of glucose uptake. uptake based on the 5th, 7th,
and 9th overtones data.
PEDOT:PSS; p- NH,CI, KCI, NaCl, EQCM-D; Stanford Research ~ Correlate electrical parameters The change in frequencies was *°2024
type; ~200 nm  CaCl,, MgCl, AS Systems, 5 MHz, SRS QCM200 with film swelling. converted to the change in
instrument coupled with the mass using the Sauerbrey
K2636B; Au WE, Ag/AgCl RE. equation.
DTP-based CPs; p- 0.1 M NaCl AS EQCM-D; Q-sense analyzer Monitoring mass (thickness) To calculate Am, complex 1132023
type; 49-66 nm (QE401, Biolin Scientific), changes. Swelling shear modulus was analyzed
PalmSens PS; Au WE, Pt CE, measurements. and fitted using three different
Ag/AgCl RE. overtones (3rd, 5th and 7th).
QTools and D-find software
were used for modeling and
data analysis. The Kelvin—-
Voigt viscoelastic model was
used to fit the data.
BBL; n-type; 100 mmol L™! KCl AS EQCM-D; SRS QCM200 instr. Study of irreversible and Evaluating of the ORR impact, *'2023
~100 nm 5 MHz, Metrohm Autolab reversible mass uptake. Eva- the charge calculations in the

PDSTAT204 PS; 0.4 cm? AA, Au
WE, Pt CE, Ag/AgCl RE.

luation of the ORR impact.
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QCM measurement were
based on the de-doping cur-
rent. CP films were considered
as rigid, so Am was calculated
using the Sauerbrey model.
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OMIEC material;
conductivity type; Electrolyte/solution;

Microbalance technique; elec- Objectives and applications of Measurement data acquisition Ref.,

original thickness flow rate trode materials (E)QCM-D study and processing aspects year
PEDOT:PSS; p-type PBS buffer and LCB1 QCM-D; Qsense E4 QCM. Quantifying the mass of LCB1 The experiment consisted of '°2023
(57 uM); 50 pL min~* adsorbed onto the CP surface. three steps, when PBS buffer,
and 40 uL min~' LCB1, and PBS buffer were
injected sequentially into the
chamber. Change in mass was
calculated by using the Sauer-
brey equation.
NDI-T2-based P- 0.1 M NacCl AS; EQCM-D; Q-sense analyzer Evaluation of passive and Measurements were con- 92023
75; n-type; 46— 100 pL min~* (QE401, Biolin Scientific AB), active swelling. Calculation of ducted before (used as refer-
105 nm Autolab PGstat128N; 0.7854  water and cation species ence) and after coating with
cm” AA, Au WE, Pt CE, Ag/AgCl injected into the films upon the CPs in the degassed elec-
RE. electrochemical doping. trolyte to prevent any effect of
ORR on the current values. Q-
Soft was used to calculate the
respective films’ areal mass in
dry and swollen states based
on several overtones’ data (N =
5,7, 9).
PEDOT:PSS and 0.1 M NaCl AS; EQCM-D; QWEM Biolin Sci-  Study water uptake and CP  Data acquiring via QSoft pro- 72023

1

p(g2T-TT); p-type; 0.2 mL min~

150 nm

PgBT(F)2¢TT, 0.1 M KCI AS
PgBT(Ion)2gTT,
PgBT(TriEG)2gTT;
p-type; 60 nm
PEDOT-PC; p-type;
45 nm

Biomolecules buffer

P3HT; p-type; NaCl and NaClO, AS

60 nm

gAIID-2FT and 0.1 M NaCl AS
gAIID-T; n-type; 35

and 50 nm

P3CAT; p-type; 28- 0.1 M NaCl AS
94 nm

0.1 M NaCl/0.02 M
KTFSI

P3MEEET; p-type;
170 nm

22T2-gBTj, where j 0.1 M NaCl AS

=2,4,6; p_type;
35-150 nm

Mater. Chem. Front.

solutions; 30 pL min~

entific, Autolab PGSTAT128N films swelling. Quantifying the

PS; Au WE, Pt CE, Ag/AgCl RE. number of water molecules
entering the films operated at
different biases.

Monitoring the mass change
of the films during electro-
chemical processes.

EQCM-D; QCM200 SRS,
Metrohm Autolab
PGSTAT302N PS; Au WE, Pt
CE, Ag/AgCl RE.

QCM, Q-Sense AB system,
Biolin Scientific.

Monitoring the PEDOT films’
nonspecific and specific inter-
action with proteins (BSA, FBS,
CRP). PEDOT based OECT gate
electrode functionalisation
measurement.

CP film quality change esti-
mation. Analysis the penetra-
tion of the ions into the film
during the electrochemical
doping depending on the
electrolyte and anion type.

QCM; QCM200 (Stanford
Research Systems) on the 10
MHz Au-coated AT quartz
crystal, tungsten probe.

EQCM-D; QWEM, Autolab Monitoring the mass uptake/
PGstat128N PS; Au WE, Pt CE, ejection during electro-
Ag/AgCl RE. chemical process.

QCM-D; QSense Explorer Ana-
lyzer (Biolin Scientific AB,
Sweden); Au WE.

Passive swelling
measurements.

EQCM-D; QCM chips (Quartz
PRO, 5 MHz, 14 mm Ti/Au);
0.785 cm? AA, Au WE, Pt CE,

Analysis the role of electrolyte
composition on the molecular
weight dependence of mixed

Ag/AgCl RE conduction.
EQCM-D; Q-sense analyzer Passive and active swelling
(QE401, Biolin Scientific), SP- measurements.

300 (BioLogic Science Instru-
ments); Au WE, Pt CE, Ag/AgCl
RE

gram. To quantify the mass

and viscoelastic property

changes the Voight element

was used. Several overtones’

data (N = 3, 5, 7, 9) were

processed.

The change in frequencies was 72023
converted to the change in
mass using the Sauerbrey
equation.

The resonance frequencies
were measured simulta-
neously at 5 MHz and its five
harmonics (15, 25, 35, 45, 55,
and 65 MHz).

1479023

The voltage bias was applied *%2023
between the Au on the quartz
crystal and a tungsten probe
immersed in the salt solution.
After applying different vol-
tage, Af was converted to a
mass change using the Sauer-
brey equation.

Q-Tools and D-find software
were used for the modeling
and data analysis. CP films to
behave like a Kelvin-Voigt ele-
ment were approximated. The
fand D data of three different
overtones (N = 5, 7, 9) were
used.

The f difference between the
bare and the Ti/Au/CP coated
sensors was compared using
the Q-Soft. Am was calculated
based on the Sauerbrey model.
The mass change was modeled '°°2023
with the Sauerbrey equation

using a Pythonscript.

642023

1492023

The f difference between the °'2023
bare and coated sensors was
compared using the Q-Soft.

Am was calculated based on

the Sauerbrey equation.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Table 2 (continued)

View Article Online

Review

OMIEC material;
conductivity type; Electrolyte/solution;

Microbalance technique; elec- Objectives and applications of Measurement data acquisition Ref.,

original thickness flow rate trode materials (E)QCM-D study and processing aspects year
P-75, P-90, P-100, GOx solution, QCM-D; Q-sense analyzer Monitoring enzyme adsorp-  The adsorbed mass values are '°22023
P-ZI; n-type; 60- 10 mg mL™'/PBS, (QE401, Biolin Scientific AB) tion and characterisation of  calculated from the Sauerbrey
80 nm 20 puL min~* with Cr/Au-coated quartz the adsorbed layer. equation and the Voigt model,
crystals. fitting the 5th, 7th, and 9th
harmonic of fand D data.
P(CeNDI-T); n- 0.1 M NacCl AS QCM-D; Q-sense analyzer Quantifying polymer film The f difference between the °2023
type; 45 nm (QE401, Biolin Scientific) with electrolyte uptake. bare and coated sensors was
Au-coated quartz crystal. compared using the Q-Soft.
Am was calculated based on
the Sauerbrey equation.
PEDOT:PSS (CE); Electrolyte with TGF-B; EQCM-D; QWEM, Ivium PS;  Monitoring the equivalent Non-standard organisation of *°2023
p-type; and Au/ aptamer Quartz PRO 5MHz Ti/Au WE, functionalisation process (Au the measurement setup, in
aptamer (gate, Ag/AgCl RE, PEDOT:PSS CE.  gate electrode measurements). which PEDOT:PSS OECT
WE); ~100 nm channel is used as CE. The
mass change was modeled
with Sauerbrey equation.
P(gPzDPP-CT2), 0.1 M NaCl AS QCM-D; Q-sense analyzer Passive swelling The f difference between the '°*2022
P(gPzDPP-T2); n- (QE401, Biolin Scientific) with measurements. bare and coated sensors was
type; 68 and Au-coated quartz crystal. compared using the Q-Soft.
655 nm Am was calculated based on
the Sauerbrey equation.
p(g2T-TT)/ 0.1 M KCI AS; EQCM-D; 5 MHz Q-sense E1/ Monitoring the mass uptake/ Only the 3rd overtone was 192022
PrCeMA blend; p/ 100 pL min~" E4, RenLux Crystal Ltd, ejection during electro- used in calculations. Am was
n-type; 60 nm QWEM 401, Q-sense Explorer chemical process. Evaluation calculated based on the
(Biolin Scientific); Au WE, Pt of the ORR impact. Sauerbrey equation.
CE, Ag/AgCl RE.
PEDOT-PAH/PSS/ 0.1 M KCl + 0.1 mg  QCM; QCM200 setup (Stan-  Monitoring of layer-by-layer ~ The thickness estimation was '°2022
PDDA; p-type; mL~" PSS and PDDA  ford Research Systems); 5 MHz assembly process. performed applying Sauerbrey
22 nm QCM25 Au WE. equation. The motion resis-
tance was analyzed in order to
identify either elastic or vis-
coelastic behaviour of the
architecture.
PEDOT:PSS; p- 0.1 M RbBr1/0.1 M NaCl EQCM-D; QWEM, Ivium PS;  Understanding the mass All data analysis and model 322022
type; 40 and AS 0.785 cm” AA, Au WE, Pt CE, uptake, morphological chan- simulation were performed
220 nm Ag/AgCl RE. ges, and charge transport in ~ with Matlab software based on
CP during electrochemical the Sauerbrey equation (dry
process. thin films) and viscoelastic
model (soft and thick films).
P4gNDI and 0.1 M NaCl AS EQCM-D; Q-sense analyzer Study of passive and active The modeling and data analy- '°°2022
P4gNDTI; n-type; (QE401, Biolin Scientific) and swelling of polymer films. sis was carried out using Q-
~80-90 nm Autolab PGstat128N PS; Au Tools and D-find software. CPs
WE, Pt CE, Ag/AgCl RE. thickness was calculated by
using the Sauerbrey model.
The Kelvin-Voigt viscoelastic
model was used to fit the data
of soft films. To quantify the
mass, the data of three over-
tones (N = 3, 5, 7) were used.
P3gCPDT-based 0.1 M NaCl AS EQCM-D; Q-sense analyzer CPs thickness change mea-  The f difference between the °°2022
CPs; p-type; 39— (QE401, Biolin Scientific), SP- surements. Investigation of  bare and coated sensors was
57 nm 300 (BioLogic Science Instru- the correlation between film compared using the Q-Soft.
ments); Au WE, Pt CE, Ag/AgCl morphology and ion Am was calculated based on
RE. penetration. the Sauerbrey equation. The
5th overtone was used. 3 CV
cycles from 0 to 0.8 V were
performed for the ions and
water absorption calculations.
P(NDITEG-T), 0.1 M NacCl AS QCM-D; QCM200 System; Au Passive swelling study Am was calculated based on  '°72022

P(NDIDTEG-T); n-
type; 42-110 nm

p(g3C.T2-T); p- 0.1 M NacCl AS;
type and p(C¢NDI- 100 uL min "
T); n-type; 85 nm

WE.

EQCM-D; Q-Sense analyzer
(QE401, Biolin Scientific),
Autolab PGstat128N PS; 0.7854
cm? AA, Au WE, Pt CE, Ag/AgCl
RE.

depending on polymer mate-
rials and their EG content.

Using as an additional inves-
tigation of stability.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

the Sauerbrey equation (dry

films) and viscoelastic model

(soft films).

Am were calculated using the '°%2022
Sauerbrey Equation.
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OMIEC material;
conductivity type; Electrolyte/solution;

Microbalance technique; elec- Objectives and applications of Measurement data acquisition Ref.,

original thickness flow rate trode materials (E)QCM-D study and processing aspects year
P3HT; p-type; 0.5 M LiCF;S0; propy- EQCM-D; Q-sense E1 module Identifying the time scale at Am was quantified using the '°2022
215 nm lene carbonate (Biolin scientific), Interface ~ which the doping reaction Sauerbrey model in Qtools
1000, Gamry Instruments and transitions from kinetic to software. Modelling was car-
Solartron 1260/1280 PS; Au diffusion control. ried out using the 3rd, 5th and
WE, Pt CE, Ag RE. 7th overtones
PEDOT:Tos; p- 0.1 M NacCl AS EQCM-D; QSense QSX301; Au Study of water uptake and ion The frequency to mass con- 72021
type; ~65 nm WE, Pt CE, Ag/AgCl RE. exchange in PEDOT:Tos films. version was done with the
Investigation on the effect of Smartfit viscoelastic modeling
ORR on the frequency function of QSense Dfind
changes. including overtones (N = 3, 5,
7, 9, 11). To study the ORR
impact on the mass changes,
independent investigations
with CVs were performed.
p(NDI-g3T2); n- 0.1 M NaCl AS; 50 pL.  EQCM-D; Q-sense analyzer Monitoring the water uptake. Measurements were per- 1692021
type; 71-169 nm  min " (QE401, Biolin Scientific), Investigating the electro- formed at low O, concentra-
Autolab PGstat128N PS; Au  chemical stability of polymers. tions to limit Faraday side
WE, Pt CE, Ag/AgCl RE. reactions between CP and
molecular oxygen. Am was
calculated using Sauerbrey
equation and viscoelastic
model.
p(C3-gNDI-gT2), 0.1 M NaCl AS EQCM-D; Q-sense analyzer Investigating the effect of The modelling and data ana- ®'2021
p(C6-gNDI-gT2); n- (QE401, Biolin Scientific), functionalisation with alkyl  lysis was carried out using Q-
type; 70 and 91 nm Autolab PGstat128N PS; 0.7854 spacers on the swelling ability Tools and D-find software. To
cm? AA, Au WE, Pt CE, Ag/AgCl of the polymers. quantify the mass correctly
RE. (via Kelvin-Voigt viscoelastic
model), the fand D data of
three different overtones (5th,
7th, and 9th) were used.
P-90, BBL; n-type; 0.1 M NaCl AS EQCM-D; QSensors QSX 338  Elucidating the amount of Measurements were per- 462021
40 and 44 nm and QEM 401 (Biolin Scien-  mass loaded in the films dur- formed with de-oxygenated
tific), Autolab PGstat128N PS; ing electrochemical doping. electrolytes. The fand D data
0.7854 cm? AA, Au WE, Pt CE, Estimation for ion-to-electron of the 3rd, 5th, 7th, 9th, and
Ag/AgCl RE. coupling efficiency. 11th harmonics were mea-
sured. Am was calculated
based on the Sauerbrey equa-
tion (dry films) and viscoelas-
tic model (soft films).
p(NDI-T2-L2); PBS; 0.1 mL min " QCM-D; Qsense Analyzer sys- Thickness evaluation. Char-  QSoft software. Sauerbrey 1622020

n-type; 56 nm
p(g2T-TT): p(a2T- 0.1 M NaCl AS
TT); p-type; 50-

60 nm

P-90:TBAF; n-type; 0.1 M NaCl AS
72-160 nm

p(g3T2), p(g2T2- 0.1 M NaCl AS
g472), p(g1T2-

g5T2), p(g0T2-

g6T2); p-type; 45—

75 nm

P3MEET, 0.1 M NacCl AS
P3MEEMT,

P3MEEET; p-type;

92, 122, 143 nm

p(g2T-TT); p-type; 0.01-6 M NaCl AS
54-59 nm

Mater. Chem. Front.

tem (Biolin Scientific AB,
Sweden);

EQCM-D; Q-sense analyzer
(QE401, Biolin Scientific),
Autolab PGstat128N PS; 0.7854
cm’® AA, Au WE, Pt CE, Ag/AgCl
RE.

EQCM-D; Q-sense analyzer
(QE401, Biolin Scientific), PS;
Au WE, Pt CE, Ag/AgCl RE.

EQCM-D; Q-Sense Analyzer
(QE401 system, Biolin Scien-
tific) with QSensors (QSX 338),
Autolab PGstat128N PS; 0.7854
cm® AA, Au WE, Pt CE, Ag/AgCl
RE.

EQCM-D; Q-Sense Analyzer
(QE401 system, Biolin Scien-
tific), Autolab PGstat128N PS;
Au WE, Pt CE, Ag/AgCl RE.
EQCM-D; Q-sense electro-
chemistry module, Autolab

acterizing lipid bilayer for-
mation on polymer film.
Investigating the swelling
behaviour upon doping.

Measuring water/cation
uptake due to electrochemical

doping. Studying the impact of

molecular n-doping on elec-
trochemical doping.
Quantifying the changes in
mass and viscoelasticity from
the influx of ions and water
into the organic
semiconductor.

Measuring thickness changes
and water uptake.

equation.

The mass change was modeled 2°2020
with Sauerbrey equation (for

rigid films) and viscoelastic
Kelvin-Voigt model (for

hydrated films) using 5, 7, 9th
overtones data.

No information. 1632020

The data analysis was carried 752020
out using QSoft401. The mass
change was modeled with
Sauerbrey equation (for rigid
films) and viscoelastic Kelvin-
Voigt model (for hydrated
films) using 1st-11th over-
tones data.

Q-Tools and D-find software
was used for the modeling and
data analysis of three different
overtones (3rd, 5th, and 7th).

1642020

Study of polymer film swelling The mass change was modeled '®°2019
when doped with low and high with Sauerbrey equation (for

rigid films) and viscoelastic

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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View Article Online

Review

OMIEC material;

conductivity type; Electrolyte/solution; ~ Microbalance technique; elec-

Objectives and applications of Measurement data acquisition Ref.,

original thickness flow rate trode materials (E)QCM-D study and processing aspects year
PGstat128N PS; Au WE, Pt CE, concentration electrolyte Kelvin-Voigt model (for
Ag/AgCl RE. solutions. hydrated films) using 5, 7, 9th
overtones data.
PTHS TMA'-co- 0.1 M NaCl AS QCM-D; Q-sense analyzer Dry and wet thicknesses of the The thickness was calculated °°2019
P3HT; p-type; 21— (QE401, Biolin Scientific); Au copolymer films after swelling using Sauerbrey equation. The
90 nm WE. evaluation. 5th overtone was used for cal-
culation. Q-soft software was
used for overtones (N = 3, 5, 7)
data processing.
P-90; n-type; 62 0.1 M NacCl AS EQCM-D; Q-sense analyzer Swelling measurements of CPs Q-Tools and D-find software 72019

and 88 nm (QE401, Biolin Scientific),
Autolab PGstat128N PS; Au

WE, Pt CE, Ag/AgCl RE.

p(g2T-TT); p-type; 0.1 M NaCl/NaF/NaBr/

~60 nm NaBF,/NaSbF; 401), QWEM, Autolab
50 pL min~* PGstat128 PS; 1 cm?® AA, Au
WE, Pt CE, Ag/AgCl RE.
PEDOT:PSS; p- 0.1 M NaCl AS/0.1 M EQCM-D; QX-338 Ti-Au QCM,
type; 170 and KCI AS, in air/in N;  Q-sense analyzer (QE401, Bio-
300 nm 100 pL min™* lin Scientific AB, Sweden),

Autolab PGstat128N PS; Au
WE, Pt CE, Ag/AgCl RE.

EQCM-D; Q-sense analyzer (QE Studying the role of the anion

with different solvents to were used for the modeling
determine the optimal solvent and data analysis. The mass
composition. change was modeled with

Sauerbrey equation (for rigid

films) and viscoelastic Kelvin-

Voigt model (for hydrated

films) using 5, 7, 9th overtones

data.

To calculate the mass changes '**2019
in CP, experimental fand D of

three different overtones (3rd,

5th, and 7th, or 5th, 7th, and

9th) were fit with Q-Tools and
D-Find software using a vis-

coelastic model.

The mass change was modeled **2018
with Sauerbrey equation (for

on the swelling characteristics
of the CP film.

Studying the efficiency of cou-
pling between ions and elec-
trons in polymer films. rigid films) and viscoelastic
Analysis of stability during Kelvin-Voigt model (for

cyclic measurements. Analysis hydrated films) using 5, 7, 9th
of the impact of ORR. Swelling overtones data.

and shrinkage analysis.

“ CP is the conjugated polymer; AS is the aqueous solution; QWEM is Q-sense window electrochemistry module; AA is the active area; WE is the
working electrode; CE is the counter electrode; RE is the reference electrode; PS is potentiostat; PBS is phosphate-buffered saline; BSA is bovine
serum albumin; FBS is fetal bovine serum; LCB1 is the engineered protein minibinder; PCBM is 6,6-phenyl-C61-butyric acid methyl ester.

particular, in OECT studies (Table 2), QCM-D is most often
used to measure OMIEC channel thickness both after fabrica-
tion (in the dry state) and after immersion in electrolyte, as well
as during electrochemical processes.

The QCM-D sensor simultaneously monitors the frequency
of oscillations (f) and energy dissipation factor (D) across
various overtones, usually 2N — 1 of the resonance frequency,
where N is natural number from 1 to 7.”°® The shear wave
generated by the quartz resonator propagates into the adjacent
viscoelastic medium, such as polymers, and/or viscous liquids,
where its dissipation is influenced by the material’s viscosity.
As the wave penetrates viscous medium, its amplitude decays
exponentially, reaching 1/e of its initial value at the penetration

depth (0):
n
0=,/ ,
mnfop

where p and # are density and viscosity of the layer or medium
interfacing with a QCM sensor; f; is the fundamental resonant
frequency of the quartz crystal; n is the overtone number.
Eqn (3) is the basis of the depth-sensitive QCM-D analysis.
With an increasing overtone number, the penetration depth is

®)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

reduced, facilitating the examination of distinct vertical sec-
tions of the investigated layer covering the sensor surface.

The changes in f and D parameters are measured for
unloaded and loaded cases of QCM-D sensor. This gives shifts
in the values of oscillation frequency (Af) and dissipation (AD).
These shifts are used to estimate the thickness and viscoelastic
properties of polymer films.

In the simplest case, when changes in the acoustic energy
loss of the shear wave before and after film deposition can be
neglected (AD ~ 0), the mass change is directly proportional to
the shift in the resonant frequency of the sensor, in accordance
with the Sauerbray relation:"'®'7

Am _ —Afnﬂ

= AL @

where (Am) is mass change of the QCM surface load; A is the
sensor active area; Af,, is the nth harmonic oscillation frequency
shift due to mass add; p, and v, are the density and the shear
wave velocity of quartz crystal. The eqn (4) is applicable to thin
rigid films, the characteristics of which correspond to thin dry
OMIEC layers. Eqn (4) can be used if inequality |n AD,/Af,| <
< 4 x 1077 1 Hz " is true."” To calculate the desired film

Mater. Chem. Front.
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thickness, the measured change in the areal mass related to the
QCM sensor loading should be divided by the coating density.

When interacting with an electrolyte solution, the QCM-D
will measure an additional frequency shift (Afj;q), which in the
case of a Newtonian liquid can be accounted for using the
Kanazawa equation:'">""* Afi, = —Ck \/PiqgTlig, Where pjiq and
Niiq are the density and viscosity of liquid; Cx is the constant of
the Kanazawa equation. It can be used for viscosity definition of
electrolyte solutions. The combination of Sauerbrey and Kana-
zawa models is particularly useful when dealing with liquid-
loaded rigid films in QCM-D measurements. This hybrid
approach helps separate the effects of a rigidly attached
film and the influence of the surrounding liquid’s viscosity
and density. However, due to hydration, a typical OMIEC film
becomes soft and the approximation of the rigid film (eqn (4))
ceases to work for assessing its thickness. In some cases, at
open circuit, thin hydrophobic OMIEC layers, immersed into
liquid electrolytes, generally behave as rigid, compact films
with minimal water uptake. However, when a sufficiently high
electrochemical potential is applied, even these materials can
absorb water and ions, leading to swelling and the emergence
of soft-film characteristics.*"

For a more general case, when the measured layer is
sufficiently thick and/or soft (JAD,/Af,| > 107° 1 Hz '),"**
it will move with a delay compared to the shear wave movement
of the quartz crystal surface, which leads to additional
losses in the oscillating system. As a result, the dependence
of the loaded QCM resonant frequency shift on the mass
change becomes nonlinear. For relatively thick and/or soft
films, including OMIECs interacting with electrolytes, visco-
elastic models®*'”>™""” are used in most cases instead of eqn (4)
to estimate their thickness, assuming that films are character-
ized by both elastic and viscous properties. Thus, the complex
shear modulus of the OMIEC film (G*) can be given:'”®

G* = p + i-2nfn, (5)

where / is imaginary unit; # and u are film viscosity and shear
modulus.

In viscoelastic model, fand D depend on of the thickness of
the quartz crystal covering film, its density, viscosity, and shear
modulus. In the case where the measuring film is immersed in
an electrolyte, the density and viscosity of the electrolyte also
influence fand D and must be taken into account in the model.
To correctly determine the thickness of the OMIEC film, it is
necessary to use fand D data from several overtones. Usually, a
minimum of three overtones is required,*”®*'** but to increase
the accuracy of the model’s agreement with experimental data,
it is better to use a larger number of overtones.*>”*'*” Typically,
a simplified viscoelastic Kelvin-Voigt model'”®'”? is used based
on eqn (5). The Kelvin-Voigt model is a parallel connection of
an elastic element (a spring with a certain Young’s modulus)
and a viscous element (a damper described by viscosity). This is
due to the parallel connection in Voigt element that the terms
appear as a sum in the constitutive relation and hence in the
complex modulus written in eqn (5). In QCM-D measurements,

Mater. Chem. Front.
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this complex modulus enters the boundary condition at the
quartz-film interface through the acoustic impedance of the
film Z = (pG*)"?. To determine the relationship between the f
and D shifts of a quartz sensor and the parameters of a
viscoelastic film, it is necessary to solve the wave equation for
the propagation of bulk shear waves in a viscoelastic medium.
Even approximate solutions are quite cumbersome and can be
found in ref. 172, 176 and 180.

The Kelvin-Voigt model well describes relatively homoge-
neous OMIEC films, including swelled OMIEC films due to the
uptake of ions and water from the electrolyte. When assessing
the errors in approximating the viscoelastic properties of poly-
mer films by the model, it was shown,"”” that the most accurate
measurements were made for layers with a thickness-to-
wavelength ratio of shear mechanical oscillation from 0.05
to 0.20.

In the vast majority of OECT studies, listed in Table 2,
authors resort to the Sauerbrei equation for thin dry OMIEC
films after fabrication and to the viscoelastic Voigt model for
these films after immersion in electrolyte. Indeed, in most
cases the simplicity of the models used is justified by the
sufficient homogeneity of the film structure, used as OECT
channels. However, in some special cases, researchers propose
rather complex promising structures of organic semiconduc-
tors, for example: a composite mixture of polymer (PEDOT:PSS)
and Nafion inclusions;”® CP film with ion-selective membrane
interface with electrolyte;"®"'®> composites of CPs and SOMSs
(e.g., p(g2T-TT) and PrCeMA mixture);** CPs doped by nano-
particles (e.g., Au-doped PEDOT:PSS,*> and P3HT*’); porous CP
films;*>* etc. Moreover, an initially homogeneous film, with
significant active water uptake, may be subject to heteroge-
neous swelling.'®>'** More complex models may be required to
approximate the behaviour of such films.

If the film under study has a composite structure or exhibits
viscoelastic relaxation in the studying frequency range, then the
extended viscoelastic Voight model should be used, where in
eqn (3) the viscosity and complex shear modulus G* of the
modeled film depend on frequency.'””'%*

As an alternative to the Kelvin-Voigt model, the Maxwell
model approximates viscoelastic material by a series connec-
tion of an elastic spring, and a viscous damper, elements. It
describes materials with dominant fluid-like viscoelastic
behaviour,"”®'®* and noticeably slow stress relaxation, meaning
they gradually lose stored mechanical stress over time. E.g.,
polymer electrolytes, ionic gels, polymers in a highly hydrated
state are relatively close to this approximation. Table 3 lists
some models that can be used.

For OMIEC films exhibiting more complex viscoelastic
behaviour or a clearly defined two-component composite or
layered structure, simple Kelvin-Voigt and Maxwell models
may not be sufficient for accurate approximation. These
models can be enhanced by adding additional spring and
damper elements, forming systems with series and parallel
connections, or more complex arrangements. The three-
element Zener standard linear solid model accounts for both
relaxation and retardation processes.*®*”*%% The four-element

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Table 3 Models for approximating solid and liquid layers behaviour via QCM-D sensor response: applications to polymers, OMIECs, biolayers, and

electrolytes

Examples of materials suitable for

Model, ref. Main parameters Key features Applicability limits approximation
Sauerbrey''® Film mass - Simplest model - Works only for Thin rigid films Dry thin polymer and SOMS layers;
change rigid thin films metal(oxide) electrodes
- Assumes no interaction with liquid
Kanazawa''>'’* Liquid density - Takes into account the influence of Newtonian liquids Electrolyte solutions
and viscosity liquid (electrolyte) on the quartz
resonator
Kelvin- Film shear mod- - Model of parallel connection of an Homogeneous viscoelastic Soft and/or thick polymer and bio-

elastic and a viscous element

- Works for solid and viscoelastic
materials

- Can account for liquid interactions
with the polymer film

- Model of series connection of a
spring and a viscous element

- Describes materials with dominant
fluid-like viscoelastic behaviour

- Describes slow material relaxation

Voigt!7®179186  ylys, elasticity,

viscosity

Maxwel]'7>8%185 Relaxation time,
viscosity, elastic

modulus

Zener (standard
linear
Solid)l87*189

uli, one viscosity two systems in series: spring and
dashpot in parallel; and spring

- Describes both the relaxation and
retardation

190,191

Burgers Two elastic and

two viscous tions of 2 spring and 2 viscous
parameters elements
- Accounts for both fast and slow
relaxation processes
Extended Voigt Frequency-
viscoelastic dependent dependent complex shear modulus
model'”71919%  complex shear - Models inhomogeneous films and
modulus liquid interactions.

- Suitable for multilayer structures
- Describes the overall acoustic load
on sensor from layered structure

- Universal method for multilayer
solid structures and liquid
interactions

- Describes liquid interactions with
pores, particles and film fragments,
including liquid trapping

Acoustic impe-
dance
concep

Complex acous-
tic impedance

t*>9%114  components

Hydrodynamic

Density, viscos-
model!”*+19%

ity, hydro-
dynamic force

Burgers model describes systems with two distinct relaxa-
tion mechanisms, capturing more complex time-dependent
behaviour."*'**

A more general approach to analyzing the QCM-D response
can be framed through the concept of acoustic impedance,’®***
and suitable for multilayer structures description. In this con-
cept, the surface acoustic impedance represents the total
acoustic load (Z;) at the interface between the resonant sensor
and the film.°® For example, for a bilayer arrangement the total
acoustic load impedance is determined by the acoustic loads of
the first layer (Zi,), the next layer after quartz, and the sub-
sequent layer (Z;,), which is not just the sum of the impe-

dances:
. [P
ZLj = lch - tan <2T|:f 6}[])5 (6)
j

where Z; = /p;G; is the characteristic impedance of the j load
layer; p; and G; are its density and shear modulus; #; is
thickness the j load layer. The differences in the layer’s impe-
dances (Zy;) and their characteristic impedances (Z) are due to

Z1 + 21

Iy =————;
P +Z11Z12/ 212

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

Two elastic mod- - In Kelvin representation consists of

- Model of parallel and series connec- Best for materials with dual

- Voigt model improved by frequency- Suitable for inhomogeneous or

films molecular layers; OMIECs immersed

in electrolytes

Homogeneous fluid-like viscous Polymer electrolytes, ionic gels, poly-
films. Not applicable for highly mers in a highly hydrated state
elastic or rigid films

Suitable for materials with
complex viscoelastic behaviour

Polymers with a high degree of water
swelling, soft hydrogels, two-
component composite/layered films

Polymers with dual relaxation
mechanisms, two-component com-
posite/layered films

relaxation mechanisms

Polymers with varying hydration

multilayer films across thickness, layered OMIECs

Suitable for multilayer and
complex structures

Polymers, OMIECs on various sub-
strates, multilayer films, interaction
with electrolytes

Suitable for thin films-liquid
interactions

Porous or fragmented polymers and
membranes in electrolyte

the reflection of acoustic waves from inter-faces of materials
and interference of waves within layers. Eqn (6) can be simpli-
fied to a single-layer acoustic load model by setting Z;, = Z;, and
Zy, = 0, or, conversely, can be complicated by adding more Z;
layers.

The imaginary and the real parts of the acoustic load
impedance change contributes to resonant frequency and dis-

sipation factor shifts of the QCM-D sensor:"'*'”?

g _ 7Im(AZL) A£ _ RC(AZL)

; : (7)
f nnZeq 2

nnZeq
where Z is the characteristic impedance of quartz crystal; n is
the overtone number. In this approach, elastic and viscous
properties of OMIECs are described by complex shear modulus
based on eqn (5). In fact, the Sauerbray equation (as a special
case), and the mentioned viscoelastic models can be expressed
in terms of acoustic impedance with the corresponding Z;, to
approximate the response of a quartz sensor (eqn (7)).

In conventional QCM-D measurements, energy dissipation
is commonly expressed by D, a dimensionless quantity that
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describes the ratio of energy dissipated per oscillation cycle to
the energy stored in the resonator. In impedance-based QCM-D
and EQCM-D implementations, however, dissipation-related
losses are often quantified via the motional resistance of the
quartz resonator (R,,), obtained from equivalent circuit model-
ling. The motional resistance, expressed in ohms, provides an
electrical representation of mechanical and interfacial energy
losses and is directly proportional to the dissipation factor.

Rarely used, the hydrodynamic model'**'®® should be
involved to interpret the experimental data when the film under
study is porous or fragmented and it is necessary to take into
account the interaction of the electrolyte liquid with pores and
film fragments. This model takes into account liquid that is
trapped by the complex relief of the film.

More detailed information on the modeling of QCM-D and
EQCM-D measurement results can be found in the relevant
reviews,>>"*" and research papers.”®'7> 18019

QCM-D and EQCM-D techniques allow for determination of
the thickness and density of organic thin films with good
accuracy by analysing f and D shifts across multiple overtones.
By fitting these multi-overtone data with viscoelastic models, it
is possible to extract the film’s viscoelastic properties, thick-
ness, and density. This approach provides a self-consistent and
reliable method to characterise both the mechanical and mass
properties of thin organic films.

Although QCM-D and EQCM-D can independently deter-
mine film density through multi-overtone viscoelastic model-
ling, complementary techniques such as surface plasmon

View Article Online
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resonance (SPR),">'®” atomic force microscopy (AFM),”* and
others are sometimes employed to validate these results. SPR
offers an independent and highly sensitive measurement of
mass changes at the interface, enabling cross-verification of
density values when combined with QCM-D data. AFM provides
precise topographical mapping and direct measurements of
film thickness with nanoscale spatial resolution, which is
particularly useful for heterogeneous or rough films. Other
commonly used methods to determine film thickness and
density include ellipsometry, profilometry, and X-ray reflecto-
metry (XRR).'*® Ellipsometry is a non-destructive optical tech-
nique that enables rapid thickness measurements for uniform
thin films. Profilometry offers a straightforward mechanical
approach to assess film thickness by scanning surface step
heights. XRR provides detailed information on film thickness
and density through analysis of X-ray reflectivity patterns.'®®
Each of these techniques offers unique advantages in terms of
spatial resolution, sensitivity, or compatibility with different
film types. Combining these measurements with QCM-D mea-
surements allows to increase the reliability of the extracted
physical parameters.”**>>1%7

A typical example of determining changes in the mass and
thickness of CP films before and during an electrochemical
process is shown in Fig. 4 (adapted from ref. 145). The
authors'*® performed EQCM-D studies of DTP-based semicon-
ducting polymer (Fig. 4a and b) layers deposited on the Au-
coated quartz crystal sensors as substrates and interacted with
0.1 M NaCl aqueous electrolyte. Frequency shifts (Af) for the 5th
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Fig. 4 Chemical structures of the studied polymers: inDTP-T (a) and outDTP-T (b). Frequency shifts (Af) for the 5th overtone (c) and (d) and the
corresponding calculated thicknesses (e) and (f) of the polymer films cast on Au coated sensors (the unloaded sensor is taken as the reference point,
yellow area on the left), recorded in air (dotted line) and when immersed in 0.1 M NaCl aqueous solution (solid line), which are shown in the brown (for
inDTP-T) and green (for outDTP-T) areas on the right. Measured frequency shifts (Af) (g) and (h) and dissipation changes (AD) (i) and (j), and calculated
mass shifts (k) and (1) for polymer films cast on Au-coated sensors, recorded in 0.1 M NaCl aqueous solution when a 60 s doping pulse is applied at a bias
voltage of 0.8 V relative to the open circuit potential. The overtones shown are the 3rd (red lines), 5th (green), and 7th (blue). Adapted from ref. 145 under

Creative Commons CC BY License.
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overtone (n = 5) were used to calculate thicknesses of the
polymer films using Sauerbrey eqn (4) before and after their
immersion in electrolyte (Fig. 4c-f). The difference in the
thickness of the polymer films in air and when immersed in
the electrolyte indicates the passive mass uptake from the
electrolyte by the films.

Applying a pulse bias of 0.8 V to oxidise the polymer layers
leads to additional mass uptake (Fig. 4g-1). Authors used the
3rd, 5th, and 7th overtones to convert frequency shifts (Fig. 4g
and h) and dissipation changes (Fig. 4i and j) into the mass
changes (Fig. 4k and 1) using the Kelvin-Voigt viscoelastic
model (eqn (5)) to fit the data. It should be noted that de-
spite the same initial thickness of the polymer films (60 nm),
the same electrolyte composition (0.1 M NaCl) and the same
pulse bias (60 s of 0.8 V), the change in mass turned out to be
different for different polymers. The inDTP-T film increased its
mass by 3.1 ug cm™~> upon oxidation, whereas outDTP-T only
increased by 2.5 ug cm ™2 Authors found that the active mass
uptake was in good agreement with the volumetric capacitance
of the polymer layers, which were C* = 162 and 117 F cm >,
respectively. This arises from the fact that C* reflects the
amount of charge that can be stored per unit volume of the
material. During electrochemical oxidation, each unit of charge
stored in the OMIEC must be compensated by the ingress of
counter-ions, typically accompanied by a certain amount of
solvent. As a result, an OMIEC with a higher C* will accom-
modate a larger quantity of ions and associated solvent mole-
cules, leading to a proportionally greater increase in mass as
detected by the EQCM. Moreover, the authors observed dis-
sipation measurement results that could be correlated to the
OECT charge carrier mobilities. This reflects the common
structural origin of both charge-transport behaviour and the
viscoelastic response of the conducting polymer. The micro-
structural features that promote efficient charge transport,
such as improved backbone planarity and stronger interchain
packing, also reduce viscoelastic losses, thereby giving rise to
the observed correlation between mobility and the QCM sensor
dissipation signal. In particular, the regiochemistry (inDTP-T
vs. outDTP-T) influences the polymer backbone conformation,
chain packing and polaron distribution, which in turn deter-
mine the mixed ionic-electronic conduction properties. InDTP-
T maintains a more ordered backbone geometry and stable
packing upon oxidation, which corresponds to its higher hole
mobility and stable performance.'*® The inDTP-T polymer
shows a substantial mass uptake during electrochemical oxida-
tion, yet only a very small change in dissipation. The minimal
dissipation shift suggests that the polymer remains mechani-
cally robust and undergoes only limited viscoelastic softening
upon doping. This behaviour is consistent with the enhanced
backbone planarity and stronger interchain packing of the in-
isomer, which together support more efficient polaron hopping
and thus higher hole mobility. In this case, the small AD
reflects that ionic ingress does not significantly disrupt the
structural order of the film. In contrast, outDTP-T exhibits a
markedly larger dissipation increase upon oxidation. This
behaviour can be rationalised by the less favourable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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regiochemistry of the out-isomer, which results in reduced
backbone planarity and weaker chain packing. Upon ionic
ingress, this inherently less ordered microstructure becomes
further plasticised and undergoes more pronounced viscoelas-
tic softening. Consequently, the outDTP-T films dissipate more
energy during the quartz oscillation, giving rise to a higher AD.
This enhanced viscoelastic response is consistent with the
lower charge-carrier mobility of outDTP-T, as reduced struc-
tural order and increased segmental motion hinder efficient
polaron transport.

5. Water uptake and ion injection
analysis during electrochemical
doping/de-doping of OMIECs

Water-based electrolytes are commonly employed in OECTs
due to their biocompatibility, safety and environmental friend-
liness. Water penetration into the OMIEC layer may occur both
through direct contact with the electrolyte and as a result of
electrochemical doping/de-doping, substantially affecting its
characteristics. This phenomenon, commonly referred to as
swelling of the OMIEC film, occurs when water molecules and
electrolyte ions infiltrate the film, leading to an increase in
volume and alterations in its morphology, microstructure, and
ion-electron mixed transport characteristics. A distinction
should be made between passive and active swelling. Passive
swelling occurs as the initially dry OMIEC film transitions to a
new equilibrium state upon contact with the electrolyte, driven
by the spontaneous diffusion of water molecules and ions into
the OMIEC matrix in the absence of an applied electric field.
Active swelling, by contrast, is electrochemically induced and
accompanies OMIEC doping/de-doping under an applied bias.
Depending on the material properties and operating condi-
tions, active swelling may be fully reversible upon removal of
the bias or may lead to irreversible morphological and micro-
structural changes. Both forms of hydration have complex,
sometimes controversial effects on the performance of OMIECs
and play a critical role in the efficiency of conductivity modula-
tion, and lifespan of OECT channel materials. The swelling
behaviour of OMIECs is studied using EQCM-D, which provides
insight into swelling mechanisms and enables quantitative,
in situ differentiation between water and ion mass uptake
during both passive and active swelling and shrinkage of
OMIECs films.

Swelling analysis using EQCM-D involves several key steps.
First, the frequency and dissipation response of the bare sensor
is recorded in air. Next, the aqueous electrolyte solution is
introduced into the measurement chamber. This step typically
causes significant shifts in both frequency and dissipation due
to the change in density and viscosity between air and the
liquid medium. These shifts are not related to OMIEC swelling
and must be accounted for or excluded to ensure accurate
calculation of the swelling behaviour. After this reference
measurement, the experiment is paused, and the sensors are
removed. Thin OMIEC layers are then deposited directly onto
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the same sensors. Once the coated sensors are reintroduced,
the absolute frequency and dissipation shifts for multiple
overtones are measured for both the air phase and the electro-
lyte phase. The Af and AD shifts between the bare and OMIEC-
coated sensors, under identical environmental conditions,
provides a baseline for assessing mass uptake due to water
and ion absorption. This procedure enables reliable quantifica-
tion of swelling and allows differentiation between passive and
active swelling processes when combined with electrochemical
control, including parallel measurements of current, frequency
shifts and dissipation under applied potential. In addition, for
accurate quantitative calculations of swelling and water/ion
mass uptake, it is essential to select an appropriate viscoelastic
model (see Table 3) that accurately represents the behaviour of
the OMIEC film during EQCM-D measurements.

Swelling of the OMIEC layer is calculated as the percentage
change in total film volume (Vi) relative to the film volume in
the dry state (Vgyy):>7**"*°

. Viotat — Vdr
Swelling = % x 100%, (8)
dry

The mass of injected ions can be determined by calculating
the number of electrons injected into the OMIEC film from the
recorded working electrode transient current and assuming a
1:1 electron-to-ion coupling:*”*

= ©)

where m;,;, is the mass of injected ions into the OMIEC film; Q
is the total charge transferred from the working electrode; Mo,
is the molar mass of injected ions; z is the valency number of
ions; F is the Faraday constant. The value of Q can be obtained
by integrating over time the current measured at the working
electrode.

The amount of water uptake can be calculated by subtract-
ing the injected ion mass from the total electrochemically
absorbed mass during swelling,>”*® assuming no other mass
contributions (e.g., side reactions*").

In the work ref. 37, the authors employed (E)QCM-D mea-
surements to study the passive and active swelling of n-type
semiconducting polymer films based on an NDI-T2 backbone
and different oligoether lengths of side chains denoted here as
R, where R corresponds to 1g, 2g, and 3g (Fig. 5a). Studies have
shown that film swelling depends significantly on the chemical
structure of p(R-NDI-T2) polymers. The authors quantified both
the passive (Fig. 5b) and active (Fig. 5¢ and d) swelling accord-
ing to eqn (8) for polymers with different R side chain lengths.
Moreover, to assess passive swelling, the waiting time for the
QCM-D sensor signal to stabilize took up to several hours, and
the assessment of active swelling was carried out in a dynamic
mode (Fig. 5d), when the polymer-electrolyte system was
exposed to electric field pulses of increasing amplitude, each
lasting 1 minute (Fig. 5¢). The changes in mass and volume of
the films in the dry and swollen states were estimated by
recalculating the Af measurements of dry films using the
Sauerbrey equation, and fitting the measured Af and AD data
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of the swollen films to the Kelvin—Voigt element. The authors
also determined the injected mass of sodium ions (Fig. 5e)
from a 0.1 M NaCl aqueous electrolyte based on eqn (7),
assuming a 1:1 electron-to-ion coupling. Water uptake was
estimated by subtracting the injected sodium ion mass from
the total electrochemically injected mass (Fig. 5f). The results of
this work highlight the importance of side chain engineering in
controlling water absorption of polymer semiconductors.

In work ref. 76, electrochemical and gravimetric EQCM-D
measurements were used to quantify water uptake in CP films
by subtracting ion mass from the total mass gained during
doping/de-doping. The authors measured the number of water
molecules entering PEDOT:PSS films (Fig. 5g) at various biases
in 0.1 M NaCl aqueous electrolyte. EQCM-D tracked mass
changes (~1 ng cm 2 resolution) and viscoelastic properties
(~10"% sensitivity) by monitoring oscillation frequency and
dissipation at 3rd, 5th, 7th and 9th overtones. Frequency
decreases upon bias indicated significant water and ion uptake
during doping/de-doping. Films with 1 wt% GOPS showed
lower dissipation changes than those with 0.1 wt% GOPS,
suggesting that stronger cross-linking creates a more rigid
network that limits water and ion infusion. Mechanical proper-
ties influence charging dynamics, as softer, more viscous films
allow faster ion uptake and capacitive charging. A viscoelastic
model incorporating shear viscosity and elasticity (the Voigt
element) was used to fit the data. Resulting mass changes due
to ion doping and water uptake are shown in Fig. 5h and i. The
study demonstrated that GOPS cross-linking enhances the
structural integrity of PEDOT:PSS films. Overall, ion and water
penetration increase viscosity and disorder, with water uptake
having a greater impact on morphological disruption.

In many similar studies, authors have investigated swelling
via EQCM-D and used various modifying additives and side-
chain engineering approaches®®’%64199721 4 optimize hydra-
tion and, consequently, the morphological and mixed transport
properties of CPs. Notably, the mechanisms of both passive and
active swelling differ between hydrophobic, hydrophilic and
amphiphilic OMIECs.*" Hydration has both positive and nega-
tive consequences on the performance of OMIECs and signifi-
cantly affects the performance and stability of OECT channel
materials, which is why research into the swelling process of
OECT channel materials is so important. Hydration has a
positive effect if it is moderate and reversible. A hydratable
OMIEC structure provides faster and easier access of ions than
it occurs in close-packed structures, so swelling is necessary for
more efficient injection and transport of ions in OMIECs. The
negative effect of residual water in the bulk of an OMIEC film is
that it prevents the formation of a relatively rich electron (hole)
carrier transport paths within an organic semiconductor
film."*> Indeed, swelling of amorphous regions of the film
connecting the crystalline regions will prevent the movement
of charge carriers between the crystalline regions of the film.
Thus, a balance must be struck in the ability of the film to
absorb water. A moderate amount of hydration capacity will
increase the performance of the OECT, while excess and
residual water leads to electron (hole) mobility decrease and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 5 The p(R-NDI-T2) polymer chemical structure with different side chain

modifications (a). The p(R-NDI-T2) films passive swelling in NaCl calculated

from QCM-D data (b), as well as relative active swelling during stepwise electrochemical doping (c), calculated from EQCM-D measurements (d); the
inset highlights early-stage swelling. Injected Na* ions (e) and water uptake (f) in p(R-NDI-T2) films, calculated from EQCM-D data. Reproduced from
ref. 37 with permission from John Wiley & Sons, copyright 2024. The PEDOT:PSS chemical structure (g). Mass increase (h) and water uptake (i) of the
PEDOT:PSS films with different GOPS content in 0.1 M NaCl AS at different voltages calculated with the Voight model from EQCM-D data. Reproduced
from ref. 76 with permission from John Wiley & Sons, copyright 2023. The number of water molecules per cation injected into the PEDOT:PSS film during
the de-dope process (j, black circles), and the number of ions injected in the film normalized using the NH4 " as reference (j, red triangles) for the five

electrolytes; adapted from ref. 36 under Creative Commons CC BY License.

irreversible morphological changes in the film and, conse-
quently, to degradation of the device.

In other studies,*®'**?°>2% authors employed various elec-
trolyte types and compositions to examine their effects on CP
swelling and performance. Studies of ref. 202 delved into the
impact of assorted potassium salts containing distinct anions
on the behaviour of P3HT films and showed that anions with a
more complex structure and a large effective size (e.g., PF~ and
TFSI") made it possible to achieve higher levels of doping
compared to anions with smaller effective sizes (e.g., CI~ and
ClO, 7). It was observed that, CI~ and ClO,” ions contribute
about ten solvent molecules due to the formation of hydration
shells; other ions such as PF~ and TFSI™ penetrate the polymer
film with little or no water. Using EQCM-D, the work ref. 132
showed that the electrochemical behaviour and hydration of
CPs strongly depend on electrolyte-CP interaction nature. By

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

studying p(g2T-TT) with various sodium salts, the authors
found that anion size influences ion transport and structure,
with doping causing irreversible changes in lattice spacing.'*”
In ref. 203, a distinct study was undertaken to unravel the
mechanism underlying ion-dependent charge compensation in
the electrochemical doping of PAMEEMT, where the investiga-
tion unveiled the interplay of cations and anions in charge
doping/de-doping processes. EQCM measurements of PED-
OT:PSS films in various water-based electrolytes (NH,Cl, KCl,
NacCl, MgCl,, CaClz),36 showed that cations with greater hydra-
tion radii and bigger charge, transport into the film more water
molecules per ion (Fig. 5j). These studies have contributed to
understanding the swelling mechanism in which ions dissolved
in water, surrounded by hydration shells, penetrate the OMIEC
film and undergo drift and diffusion. This process alters the
film’s morphology, loosens its structure, and leads to volume
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expansion. These findings help explain why different ions affect
the doping/de-doping behaviour of OMIECs differently. A key
factor is the amount of water accompanying each type of ion as
it enters the OMIEC film. Small atomic ions with low polarizability
typically enter with larger hydration shells, bringing more water
into the film. In contrast, larger, more polarizable molecular ions
may penetrate with fewer or no water molecules. As a result,
anions with a larger effective radius (excluding hydration effects
in low-polarizability ions) can enable higher doping levels in
OECTs. However, active swelling is not solely attributed to the
transport of water molecules within hydrated ion shells. Accurate
quantification based on EQCM measurements revealed that, in
the case of the BBL polymer, the amount of water absorbed
exceeds the amount associated with ion hydration.”" This
indicates that, in addition to water carried by hydrated ions, the
polymer matrix itself freely absorbs additional water.

6. Study the transient response, mass
and charge transport kinetics during
electrochemical process

Gaining insight into mass and charge transport kinetics in
OMIECs during electrochemical doping/de-doping processes is
essential for optimizing OECT device response time, minimiz-
ing slow relaxation processes, and improving short-term stabi-
lity, that are key factors for applications in biosensing and
bioelectronics. To uncover structure-property relationships
under real operating conditions, recent studies have increas-
ingly focused on the transient behaviour of OMIECs.?**2%
Direct characterisation of both charge and mass transport is
particularly important for understanding OMIECs transient
behaviour. However, while electronic transport is relatively
accessible, mass transport kinetics remain more challenging to
resolve. EQCM-D has proven effective in this task, as demon-
strated in studies on P3HT films,"*® where the technique revealed
slow mass transfer kinetics during electrochemical doping. The
authors identified the timescale over which the doping mecha-
nism shifts from kinetically to diffusion-controlled behaviour.
Although EQCM-D cannot fully deconvolute water and ion con-
tributions, its sub-second time resolution makes it suitable for
tracking mass transport dynamics in commonly used OMIEC
materials. In other works,**?** time-resolved EQCM-D was suc-
cessfully applied to investigate charge and mass transport kinetics
in both thin and thick PEDOT:PSS films.

The transient behaviour of mass and charge transport in
OMIECs can be effectively studied using time-resolved
EQCM-D. This technique enables simultaneous, in situ tracking
of mass and charge changes and corresponding mechanical
property variations in OMIECs under operational conditions. To
perform such analysis, an OMIEC-coated piezoelectric quartz
crystal should be subjected to a sequence of electrochemical
potential steps while its resonant frequency and energy dissipa-
tion, as well as current through the working electrode are
recorded in real time. The time-dependent frequency shifts
correspond to the kinetics of mass transport (e.g;, ion and water
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uptake), while concurrent current measurements provide infor-
mation on the associated charge transients. Typically, the applica-
tion of a potential step results in a sharp current response
followed by exponential decay, from which the resistor-capacitor
(RC) time constant of the system can be extracted. The use of
multiple overtones allows probing mass transport dynamics at
different film depths. By normalizing mass transport and dissipa-
tion data with experimentally determined RC constants, it is
possible to decouple and quantify the kinetics of ion penetration,
water uptake, electrons or holes charge carrier motion, and
viscoelastic properties changes in the OMIEC matrix.>>***

The most comprehensive example of use EQCM-D to study
the mass and charge transport kinetics was published in ref. 32
(Fig. 6). In this study, the authors quantified the viscoelastic
properties of PEDOT:PSS thin and thick films in contact with
an aqueous electrolyte and uncovered an asymmetry between
the de-doping and re-doping kinetics. They attributed this
behaviour to the combination of rapid ion migration (on the
subsecond timescale) and slower ion reorganisation within the
CP matrix.

The kinetic parameters obtained from EQCM-D analysis
were compared with those derived from electrical characterisa-
tion and structural studies of OECTs. To ensure temporal
consistency between methods, the data were normalised using
RC time constants. This integrative methodology enabled a
detailed reconstruction of the sequential evolution of mass
transport, charge modulation, and structural rearrangement
processes occurring within the OECT channel during the
electrochemical process. Furthermore, the transient responses
of PEDOT:PSS films to potential perturbations were decom-
posed into three distinct subprocesses: rapid polarisation,
intermediate carrier population and macroscopic transport,
and a slower relaxation stage.?” This separation highlights the
interdependent ionic, electronic, and mechanical phenomena
that collectively determine the functional characteristics of
OMIECs under operating conditions.

Time-resolved EQCM data provide direct insight into the
kinetics of charge and mass transfer in OMIEC layers. When a
step potential is applied, a sharp current transient is followed
by an exponential decay, from which the RC time constant is
determined. As shown in Fig. 6a and b, both mass (represented
by the QCM frequency shift) and charge (normalised charge
density) vary during de-doping and re-doping. The mass
response exhibits a two-step profile: a rapid transition within
fractions of a second, and a slower process lasting up to several
tens of seconds. The dominant, fast component, completing in
approximately half the RC time, arises from rapid ion migration
induced by the applied field (Fig. 6c1, 2, 4, 5), challenging
previous assumptions that ion motion inherently limits the
dynamic performance of such devices. The slower component,
characterised by a smaller f increase (indicating mass loss),
corresponds to the gradual reorganisation of ions and water
molecules, followed by structural relaxation after charge injection
(Fig. 6¢3 and b).

In thicker OMIEC layers, the kinetics become spatially non-
uniform, as confirmed by the overtone-dependent frequency

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 6

(a) Potential profile during de-doping and re-doping with corresponding charging curve (grey) and third-overtone frequency shift (orown) (b). (c)

Schematics of sequential steps in de-doping (1-3) and re-doping (4-5); blue halos indicate ionic hydration shells, dashed arrows show ion/charge
migration, and solid arrows depict ion—water reorganisation. The grey background marks the de-doping phase. (d)-(f) Time-resolved EQCM data for a
thick acid-treated PEDOT:PSS film: potential (d), current density (e), and frequency shifts of overtones—3rd (brown), 5th (orange), 7th (yellow), 9th (light
green), 11th (dark green). (g) Frequency—dissipation plot from CV EQCM-D data. (h) RC-normalised time constants for de-doping (filled) and re-doping
(open) processes. Reproduced from ref. 32 with permission from the American Chemical Society, copyright 2022.

characteristics (Fig. 6d-f). Higher overtones, probing regions
located closer to the substrate, reveal greater mass accumula-
tion near the electrode interface, consistent with depth profiles
obtained via X-ray photoelectron spectroscopy (XPS). A strati-
fied kinetic model (Fig. 6g) was proposed to describe this
depth-dependent ion migration dynamics. Dissipation trajec-
tories obtained using EQCM-D further indicate that the viscoe-
lastic behaviour of the film develops through both fast and slow
regimes. The normalised ratio of frequency shift to dissipation
serves as a rheological indicator, revealing an initial liquid-like
response that gradually transitions to a more solid-like state,
indicative of persistent microstructural rearrangements. When
normalising the kinetic parameters to RC time, three distinct
time domains become apparent: fast polarisation, charge trans-
fer, and slow mechanical relaxation (Fig. 6h). Among these,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

mass transfer occurs most rapidly, followed by charge redis-
tribution and structural recovery. Upon re-doping, the fast
events overlap, whereas the slower relaxation remains tempo-
rally separated and significantly delayed.

7. Study the efficiency of coupling
between ionic and electronic charges
and the charge storage mechanism in
OMIEC films during electrochemical
doping/de-doping

The efficiency of converting ionic charges to electronic charges
(or holes, depending on the type of OMIEC conductivity) during
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the penetration of electrolyte ions into the OMIEC film and
their interaction with electrically active centers of the OMIEC
material is a crucial factor influencing the performance of
OECT.?**?% This coupling efficiency impacts the ability of the
OECT channel material to accumulate charges through electro-
chemical processes, thereby determining its capacitance. Addi-
tionally, it influences the limits and possibilities of channel
conductivity modulation, which in turn affects the transcon-
ductance, a critical characteristic of OECT devices. For maximal
efficiency in coupling between ionic and electronic charges, it is
necessary that all injected ions contribute to the OECT chan-
nel’s conductivity. However, in reality, not all electrolyte ions
that penetrate into the OMIEC layer activate and contribute to
conductivity changes. This activation efficiency can depend
on the choice of OMIEC material, its thickness, and the
composition of the electrolyte. Moreover, some ions that
penetrate into the OMIEC film during doping may not be
effectively removed from the OECT channel during de-
doping. This incomplete reversibility in the electrochemical
doping/de-doping process during cyclic operation reduces
the lifetime of the transistor device. Hence, it is essential to
monitor the process of ion-electron conversion and identify
the associated loss mechanisms, wherein ions from the
electrolyte penetrate into the OMIEC layer but do not actively
participate in charge generation-recombination processes.*?
Quantitatively assessing the efficiency of ion-electron cou-
pling in OMIECs during the doping/de-doping process poses
a challenge due to multiparticle phenomena involving elec-
trons (or holes) and ions, each possessing distinct physical
properties, and charge transfer occurring across various
geometric scales.?® The analysis of ion-electron coupling is
of interest for understanding the performance and stability
of OECT. Insights gained from such analyses are valuable for
optimizing OMIEC materials, selecting organic semiconduc-
tor-electrolyte systems, and enhancing the performance of
OECT devices. EQCM-D has proven to be an excellent analy-
tical tool for addressing these challenges, as demonstrated in
the study.*’

The use of EQCM-D enables the quantification of ion-
electron coupling efficiency by simultaneously measuring two
key parameters: the number of ions penetrating the film
(assessed via the mass change of the OMIEC film, adjusted
for water uptake) and the resulting current generated during
the electrochemical doping/de-doping process. The measure-
ment process is as follows: initially, in the absence of external
electric fields (no electrode potentials applied), the OMIEC-
electrolyte system is allowed to reach equilibrium where mass
transfer between the SP film and the electrolyte stabilizes
(monitored via QCM-D until resonance frequency and loss
measurements stabilize). Subsequently, a potentiostat is con-
nected to the QCM-D electrochemical cell, and an electrical
voltage is applied to the OMIEC-electrolyte system, initiating
the electrochemical doping of the film. The applied bias voltage
is typically increased linearly over time, then reduced below to
commence the re-verse process of electrochemical de-doping.
This cyclic process repeats multiple times. During this process,
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the QCM-D sensor continuously monitors resonant frequency
and loss values, while electric current is also measured. By
employing a suitable model for the OMIEC-electrolyte system
as the acoustic load on the QCM-D sensor, frequency and loss
measurements are translated into changes in film mass asso-
ciated with electrolyte ion injection during doping and ion
escape during de-doping. These measurements are then com-
pared with concurrent current measurements at specific vol-
tage values. Studying the relationship between the number of
ions entering the OMIEC film (derived from mass accumula-
tion adjusted for water content) and the number of charges
extracted (derived from reduction current) allows estimation of
ion-to-electron coupling efficiency. This efficiency is calculated
as the ratio of charges extracted from the electrode to ions
injected into the OMIEC film. An efficiency ratio of unity would
indicate that all injected ions contribute to the film’s conduc-
tivity change, though in practice, this value typically falls
below one.

One of the most striking examples of a comprehensive study
based on combined EQCM-D and voltammetry measurements
of PEDOT:PSS films in the 0.1 M NaCl AS is the work (Fig. 7).*?
The three-electrode EQCM-D setup included Au-coated quartz
crystal sensor, potentiostat coupled with the Q-sense electro-
chemistry module and Ag/AgCl RE (see Table 2). During the

the filtered electrolyte was continuously
1

measurements,
pumped into the chamber at a constant speed (100 uL min~
flow rate), providing continuous renewal of the NaCl solution
over the microacoustic sensor with PEDOT:PSS film. The
authors applied a voltage to the PEDOT:PSS/electrolyte system
that varied cyclically with time and had a triangular amplitude-
time relationship (Fig. 7b and i), thereby subjecting the PED-
OT:PSS to alternating first doping potentials (greater than the
open circuit potential of 0.29 V), and then delimiting (V <
0.29 V).

During cyclic doping and de-doping, both the current
response (Fig. 7c and j, left axis) and the quartz crystal sensor
signals were recorded simultaneously. Using the viscoelastic
Kelvin-Voigt model, these data were converted into changes in
the PEDOT:PSS film mass (Fig. 7c and j, right axis), reflecting
the ingress and egress of ions under the applied potential. The
highlighted points in Fig. 7c and j correspond to the open-
circuit potential (V,.). The coloured regions in Fig. 7b, ¢, i and j
illustrate two characteristic regimes observed in the EQCM-D
data curves.

In the first regime, de-doping is governed by the prevailing
egress of Na' ions combined with the injection of Cl~, which
leads to a decrease in film mass and an increase in the current.
In the second regime, occurring at negative potentials, Na*
uptake predominates, the mass increases as cations penetrate
the PEDOT:PSS-electrolyte interface and migrate towards the
holes on PSS™, while holes are removed through the underlying
electrode. The extent of mass gain and the magnitude of the
current are determined by the applied de-doping potential.
Based on these data, a relationship was established between
the number of Na" ions incorporated into the polymer and the
charge of the extracted holes.
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To assess ion-hole coupling, the mass increase was con-
verted into the number of injected Na' ions, while the number
of extracted holes was derived from the reduction current
(Fig. 7d and k). Since Na® can retain hydration shells, three
scenarios were considered: bare Na*, Na* coordinated to two
H,O molecules, and Na" coordinated to four H,O molecules
(shown by darker to lighter blue lines in Fig. 7d and k).
Assuming that Na' substitutes for h":PSS™ sites in PEDOT:PSS,
the total hole density was derived by considering the maximum
de-doping potential (here is —0.9 V vs. V,.), at which the
number of injected Na' ions corresponds to the maximum
number of sites capable of hosting holes. Thus, the hole density
can be estimated directly from the number of injected cations,
providing a physically meaningful measure of the electronic
charge accumulation within the polymer. Thicker films absorb
more water during de-doping than thinner ones. A sharp
increase in Na' uptake above V. indicates efficient ion injec-
tion without a significant interfacial energy barrier.

Note, that in the earlier analysis (see eqn (9) and Fig. 5), the
injected mass was estimated under the simplifying assumption
of a 1:1 electron-to-ion coupling ratio. This first-order approxi-
mation provides a rough estimate of the mass changes

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

associated with ionic injection but does not capture the full
complexity of the coupled ionic-electronic transport processes.
In contrast, the present section aims to determine the actual
electron-to-ion coupling efficiency without imposing a
fixed ratio.

The efficiency of ion-electron charge coupling was quanti-
fied by comparing the number of incorporated Na" ions with
the number of extracted holes. A one-to-one ratio corresponds
to complete conversion (Fig. 7f and m). For thin films, when
each Na' ion is accompanied by two water molecules, the
coupling efficiency remains nearly constant and close to unity
over most of the potential range (Fig. 7c). This implies that for
every extracted hole, approximately one Na* ion and two H,O
molecules are removed. In contrast, in thick films, this ratio at
low de-doping voltages (—0.7 < V < V,) is around 0.2,
meaning that for every removed hole, roughly three Na* ions
and four water molecules are incorporated into the film
(Fig. 7d). Therefore, although thicker films generate higher
currents, a smaller fraction of the injected cations effectively
participates in PEDOT reduction, indicating a decrease in ion-
electron charge coupling efficiency and an increase in water
co-transport.
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These results demonstrate pronounced thickness-
dependent variations in the interaction between Na" ions and
PEDOT:PSS. Measurements conducted under N,-saturated con-
ditions (Fig. 7e, g, | and n) further reveal deviations from the
data obtained under air exposure, confirming the contribution

of the ORR discussed in Section 9.

8. Electrochemical stability of OMIECs:
reversible and irreversible processes
analysis

Ion penetration from the electrolyte into the OMIEC bulk
during the electrochemical doping/de-doping process should
ideally be fully reversible, as this is one of the key objectives in
OMIEC development for OECT applications. However, in prac-
tice, this process can be accompanied by ion trapping,”*
irreversible morphological changes,'®® and even alterations in
the chemical composition of the channel material,'” leading to
degradation of the long-term stability of OMIEC properties and,
consequently, of OECT performance.

Electrochemical stability studies using EQCM-D involve
monitoring changes in current, mass, and dissipation over
time while subjecting the OMIEC to repeated doping and de-
doping cycles. These measurements allow simultaneous eva-
luation of both electronic and mechanical stability, capturing
processes such as irreversible mass uptake, swelling, or struc-
tural degradation. In addition, repeated EQCM-D measure-
ments performed after long-term storage under controlled
conditions can provide valuable insights into the shelf-life
and long-term stability of OMIECs by revealing potential degra-
dation or aging effects that may not be apparent under short-
term cycling.

An example of using EQCM-D to study the reversibility of
electrochemical processes is shown in Fig. 8a—f.”* During 50 CV
cycles with a repeated triangular voltage signal (Fig. 8b) applied
to two regiorandom p-type (RRa) P3HT thin-film samples in 100
mM aqueous potassium trifluoromethanesulfonimide (KTFSI)
electrolyte, the evolution of accumulated charge (Fig. 8c) and
mass increase (Fig. 8d) is shown, both exhibiting a gradual rise
over successive cycles. The differences between the two samples
likely arise from typical batch-to-batch variations in film mor-
phology and microstructure inherent to the spin-coating and
annealing processes. These mass and charge changes indicate
irreversible ion trapping, which has been independently proven
by other methods.” The corresponding plots of all 50 CV cycles
are shown in Fig. 8e, where the CV loop shape changes
irreversibly from cycle to cycle. A series of AFM thickness
measurements taken after every 10 CV cycles is consistent with
the EQCM data, showing that the RRa P3HT film thickness
increases from 53 £+ 5 nm before cycling to 105 + 12 nm after
50 cycles (Fig. 8f). The authors note that the observed irrever-
sible ion trapping may create electron-disconnected regions
upon re-doping and reduce the overall volumetric capacitance
of CP films.”
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EQCM-D studies of the hydrophobic n-type ladder polymer
BBL (Fig. 8g) with different molecular weights, low molecular
weight (BBL;) and high molecular weight (BBLy), in aqueous
KCl electrolyte revealed irreversible film active swelling due to
hydration during the initial electrochemical doping cycle
(Fig. 8h), which persists throughout subsequent CV cycles
(Fig. 8i).*" Due to the hydrophobic nature of BBL, passive
swelling was negligible. The authors explain that significant
irreversible active swelling during the first reduction step
creates a hydrophilic environment, enabling rapid transport
of hydrated ions in subsequent cycles even in the absence of
hydrophilic side chains typically employed in many other CPs.
Calculations of the effects of water and cations on irreversible
BBL film mass increase based on EQCM-D data indicate that it
was mainly due to water uptake. Therefore, this electrochemi-
cally irreversible first step in water uptake could be regenerated
on the same BBL film after drying under a vacuum.

During subsequent CV cycles, both BBLy and BBL;, films
exhibit reversible mass changes. Upon electrochemical doping,
BBLy incorporates more charge and mass, consistent with its
higher volumetric capacitance. BBLy also uptakes more cations
and water compared to BBL;. The mass data were converted
into the number of water molecules per cation, showing that
BBLy incorporates 20-30 waters per cation, while BBL;, incor-
porates 5-7 at the doped state. Since K' ions typically carry
about 6H,0 molecules in their hydration shell, the excess water
in BBLy indicates additional free water uptake during doping
beyond the ion hydration shells.*"

In another study,'®® EQCM-D was employed to assess the
influence of side chain substitution on the electrochemical
stability of CPs in aqueous electrolytes. A series of three
polymers, based on 3,3’-dialkoxy(triethylene glycol)bithiophene
(g3T2) and NDI units with varying hydrophilic-to-hydrophobic
side chain ratios (Fig. 8k), were synthesized and investigated.
EQCM-D measurements were initiated after the initial passive
swelling reached equilibrium, and current (Fig. 8i), frequency
and dissipation of energy of the CPs were monitored during
cycling to quantify water uptake during charging and dischar-
ging. Continuous cycling between 0.2 and —0.4 V vs. Ag/AgCl
was performed for three cycles at a scan rate of 10 mV s~ for
the p([g7:a]NDI-g3T2) polymers in a 0.1 M NaCl aqueous
solution with low O, concentration. The -corresponding,
in situ, mass changes (Fig. 8j) were calculated from the
EQCM-D data using viscoelastic model. As expected, mass
increased during charging (due to cation uptake) and decreased
during discharging (cation release). In addition, a net mass
increase was observed after consecutive charge-discharge
cycles, strongly dependent on the polarity of the side chains
(Fig. 8i). For p([100:0]NDI-g3T2), baseline drift corresponded to
a 343% mass increase after the first cycle, rising to 604% after
three cycles. In contrast, p([90:10]NDI-g3T2) and p([75:25]NDI-
23T2) exhibited smaller mass increases of 87% to 162%, and
11% to 32%, respectively. The irreversible mass uptake was
attributed to water molecules entering the polymer bulk and
forming hydrogen bonds with glycol side chains; additional
cation trapping may also contribute. Substitution with alkyl
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side chains reduced swelling and mass uptake during cycling,
improving electrochemical stability and enabling reversible
bipolaron formation in aqueous electrolytes. At potentials
below —0.4 V vs. Ag/AgCl, EQCM-D revealed significant changes
for all polymers, suggesting a transition to a hydrogel-like state
with altered mechanical properties."®°

In several studies,*”®” EQCM-D has been employed as an
independent method to monitor OMIEC stability, particularly
when degradation is linked to parasitic side reactions between
the OMIEC and the electrolyte. Ideally, stable electrochemical
doping and de-doping of OMIECs can be described as a
reversible capacitive faradaic charging/discharging process.
However, this reversibility is lost in the presence of non-
capacitive faradaic processes, where side reactions and the
formation of by-products alter the chemical composition of
the OMIEC, ultimately affecting the performance and stability
of OECTs. EQCM-D was applied to track changes in the
behaviour of OMIECs in oxygen and low-oxygen environments,
thereby revealing the influence of ORR induced degradation,
which is discussed in more detail in Section 9.

The examples considered demonstrate the capabilities of
the EQCM-D method for analyzing irreversible changes in
OMIECs during electrochemical processes. Depending on the
nature of OMIECs, the degree of their adhesion to the substrate,
the electrode material, the type and composition of the electrolyte,
and the operating modes during electrochemical doping/de-
doping, the mechanisms of irreversible changes may differ. As
for the main reasons for irreversible changes in OMIECs, they
include irreversible morphological and microstructural changes
associated with the ions trapping and irreversible absorption of
excess water, degradation of the interface at the OMIEC-metal
boundary and deterioration of adhesion to the substrate, and
accumulation of by-products of side chemical reactions.

9. Contribution of oxygen reduction
reaction to EQCM measurements of
OMIECs

Although ORR with hydrogen peroxide formation does not play
a key role in the primary processes governing OECT operation,
it can occur under certain conditions. As a non-capacitive
faradaic side reaction, ORR is typically considered a parasitic
process in the context of OECTs.®” In OECTs, ORR manifests as
an electron-transfer reaction from redox-active OMIECs to
molecular oxygen."”

The ORR can take place according to the two- and four-
electron ORR pathways, one of which involves the reduction of
0O, to H,0, (eqn (10a)), and the second to H,O (eqn (10b)),
respectively:

O, +2(H +e7) » ... > H,0, (10a)

O, +4H +e7) - ... > 2H,0 (10b)

The ORR proceeds through several steps via the formation of
different reaction intermediates, which is indicated in eqn (10)
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by three dots. The 4-electron ORR pathway is thermodynami-
cally more preferable than the 2e™ one. However, depending on
the catalytic properties of some redox-active OMIECs, specifi-
cally, due to the low rate of the multistep 4e~ pathway, ORR
may be inhibited at intermediate steps and thereby make it
possible to implement a shorter H,O, formation pathway.

Numerous OMIEC materials serves as a catalyst for the
direct reduction of oxygen to hydrogen peroxide. E.g., the
mechanisms governing the PEDOT-catalyzed reduction of O,
to H,O, were investigated using in situ spectroscopic techni-
ques and theoretical calculations.”®” Both approaches provided
evidence for the existence of a chemisorbed reactive intermedi-
ate on the polymer chains, which kinetically favors the selective
reduction reaction to produce H,O,. It is shown that,>’
depending on the method of polymerisation in PEDOT films
ORR can proceed by the H,0, and/or H,O formation pathways.
The results of the research performed on thiophene-based
OECT indicate that an increase in pH during ORR leads to
the degradation of the CP backbone and as a consequence to a
dramatic decrease in drain current.”” Significant oxygen degra-
dation of n-type p(C-V) and p(C2F-V) CPs and its improvement
in a N-saturated environment were demonstrated.®® The work
ref. 209 demonstrated that BBL exhibits electrocatalytic activity,
fully reducing oxygen to water via a (2 + 2)-electron transfer
mechanism, with electron transfer occurring exclusively from
the reduced BBL species. Investigation of ORR in CPs with
different ionisation potentials (IPs):"” PEDOT:PSS with IP = 4 eV,
p(g2T-TT) with IP = 4.5 eV and p(gPyDPP-MeOT2) with IP = 5 eV
contributed to understanding ORR in OECTs in in the context IP
value. Experiments on PEDOT:PSS, p(g2T-TT), and p(gPyDPP-
MeOT2) using various methods demonstrated that while PED-
OT:PSS and p(g2T-TT) undergo spontaneous ORR to produce
H,0,, p(gPyDPP-MeOT2) avoids this reaction, even when exposed
to a NaCl aqueous electrolyte under ambient conditions."”

EQCM-D enables indirect monitoring of ORR in OMIECs by
simultaneously recording the electrochemical current and the
corresponding Af and AD shifts during CV. The mass contribu-
tion of ORR can be expected due to the formation of reaction
products and changes in the layer chemical composition, and
hydration state of the OMIEC layer. In addition, interactions
between the OMIEC and ORR products (e.g. peroxide species or
water) may alter the viscoelastic properties of the film, which is
reflected in changes in dissipation. Moreover, the recorded
current represents the total electron transfer, including both
OMIEC doping/de-doping processes and ORR. During electro-
chemical doping, a rapid capacitive current associated with
OMIEC charging is typically observed, whereas a sustained
current at longer times indicates an additional contribution
from ORR. Typically, the effect on current from ORR is more
pronounced than changes in mass during EQCM measure-
ments. Control experiments performed under oxygen-
saturated and deoxygenated conditions allow differentiation
between ORR-related processes and intrinsic ion-electron
interactions within the OMIEC. Together, these correlations
enable estimation of the ORR contribution to the overall
electrochemical response.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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In the study ref. 33, one of the goals of which was to
elucidate the influence of the ORR in EQCM-D measurements,
PEDOT:PSS films were subjected to cycling in a deoxygenated
0.1 M NaCl AS, which was then compared with a standard
solution. The authors observed lower reduction currents with
an onset around —0.25 V vs. Ag/AgCl in a N,-purged environ-
ment compared to air-saturated conditions, irrespective of the
film thickness. The disparity between the two environments,
representing the current contribution attributable to the ORR,
becomes more pronounced above —0.4 V (Fig. 7). The authors
concluded that, during the reduction process, the number of
cations injected into the films remains constant, independent
of the occurrence of ORR. However, due to lower reduction
currents, a modest decrease in ion-to-electron coupling effi-
ciency was noted when the measurements were conducted in a
N,-saturated environment.

Subsequent works also demonstrated the ORR contribution
to EQCM-D measurements of such OMIECs as: PEDOT:Tos,’?
BBL,*" p(g2T-TT):PrCeMA composite films,*® and etc. On the
contrary, in other studies, authors tried to prevent effect of ORR
on the current values in EQCM-D measurements via degassing
electrolyte,®® or making passivation layers.®”

For BBL films, the impact of ORR was detected in EQCM
measurements by analyzing the charge -calculated from
the de-doping current (Fig. 9a-c).*' Due to the significant
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Review

electrocatalytic activity of negatively doped BBL, the electrode
current during doping includes contributions from both BBL
reduction and oxygen reduction, causing an overestimation of
the charge stored in BBL when calculated from the doping
process. During de-doping, charge can be transferred either to
the current collector or to the oxygen in the electrolyte, poten-
tially leading to an underestimation of the actual BBL charge.
EQCM data analysis revealed that the ORR contribution
accounts for 10% to 18% of the total charge, depending on
the molecular mass of the synthesized BBL.*!

In subsequent work by other authors,®” the use of a passi-
vating PCBM layer was proposed to minimize the effect of ORR
in BBL films. The contribution of ORR was monitored using
EQCM, active swelling and penetration of ions and water were
measured on BBL films and bilayer BBL/PCBM films, and non-
capacitive faradaic currents on CVs were observed for the two
cases of oxygen-rich and oxygen-poor electrolytes. It has been
shown that the SOMS passivation layer reduces the suscepti-
bility of BBL layer to ORR by retaining water and oxygen, but
does not significantly interfere with doping.

In another study,’® the authors investigated an ambipolar
blend OMIEC composed of the p-type polymer p(g2T-TT) and
the n-type small molecule fullerene derivative PrCsoMA, along
with the corresponding OECT devices. Particular attention was
given to the impact of ORR on the measured currents. Cyclic
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Fig. 9 Chemical structure of BBL (a), and ORR impact in the QCM measurements of BBL film: the recorded electrode current (b) and corresponding
integrated charge (c). Reproduced from ref. 41 with permission from the American Chemical Society, copyright 2023. Chemical structures of the p-type
polymer p(g2T-TT) (d) and the n-type fullerene derivative PrCgoMA (e); the energy levels of p(g2T-TT) and PrCgoMA, work function of Au electrodes and
the corresponding water electrochemical window at pH = 7 vs. Vacuum level and vs. Ag/AgCl reference electrode. The HOMO of p(g2T-TT) and the
LUMO of PrCgoMA are symmetric about —4.25 eV, which corresponds to a voltage of +0.35 V vs. Ag/AgCl (f). Cyclic voltammetry of the ambipolar 95:5
blend in an EQCM cell at 0.1V s~ showing the p- and n-doped current as well as a “neutral” zone where there is no doping (g). While performing CV in
an EQCM cell at 0.01V s7* (h), the mass changes in the 95:5 blend (i), where red areas belong to PrCgoMA response with injection/expulsion of K*
cations, and blue to p(g2T-TT) response with injection/expulsion of Cl™ anions. Reproduced from ref. 40 under the Creative Commons Attribution (CC
BY) License.
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voltammetry confirmed the electrochemical activity of both
components in the blend, revealing three distinct regions
corresponding to n-doping, p-doping, and film neutrality
(Fig. 92). EQCM measurements showed mass gain under both
polarities within the same voltage range (Fig. 9h and i). The
mass gain during p-doping was significantly lower than during
n-doping (~100 vs. ~700), reflecting the lower polymer con-
tent in the blend. To support the assignment of the low mass
gain on the p-type side to chloride ion injection/extraction, the
authors compared these results with EQCM data from pristine
materials and blends with higher polymer content. These
observations demonstrate the injection and expulsion of both
anions and cations as doping agents in the same film, as
confirmed by EQCM. The combined spectroelectrochemical
and electrochemical results suggest no significant chemical
interaction between the two blended materials, and that the
steady-state doping of each component remains largely unaf-
fected by the presence of the other, as initially hypothesized
during material selection. The reduction current of PrCg,MA
includes a significant ORR contribution due to its relatively
shallow LUMO level (Fig. 9f). The clear separation between the
p-type and n-type signals, enabled by the large energy offset
between the PrC¢oMA LUMO and the p(g2T-TT) HOMO, offers
opportunities for independent tuning of the doping processes.

10. Insights into the growth
mechanisms of OMIEC films:
deposition, polymerisation, and
assembly

OMIEC layers growth and formation kinetics study is essential
for the rational design and optimisation of such films."**'°
Understanding how OMIEC films assemble, polymerize, or
deposit on substrates enables precise control over their mor-
phology, composition, and functional properties, which criti-
cally affect their performance in bioelectronics, sensors, and
other applications. QCM-D and EQCM-D are powerful, in situ
techniques for investigating these processes in real time. These
methods allow the simultaneous monitoring of mass changes
and viscoelastic properties of the growing film with nanogram
sensitivity and millisecond resolution, under controlled envir-
onmental or electrochemical conditions. By employing
(E)QCM-D, researchers can elucidate key mechanisms such as
monomer deposition, polymer chain growth, ion transport,
swelling, or structural rearrangements during film formation.
This level of insight is particularly valuable for tailoring OMIEC
properties such as mixed conductivity, mechanical compliance,
and interfacial stability. As a result, (E)QCM-D provides impor-
tant insights that support the understanding and optimisation
of OMIEC-based materials and devices.

Below, we discuss the electrochemical polymerisation of
EDOT in more detail, as PEDOT derivatives are among the
most widely used materials in the fabrication of OECT
channels.

Mater. Chem. Front.
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QCM-D measurements revealed four distinct stages in the
growth of PEDOT films via vapour phase polymerisation on
oxidant-coated substrates.”*® These stages differ in both mass
increase rates and dissipation values, reflecting changes in
growth kinetics and viscoelastic properties. The dissipation
factor (Fig. 10a) serves as an indicator of the packing density
and mechanical rigidity of the forming PEDOT layer: a low
dissipation corresponds to a rigid, well-attached film, whereas
a high dissipation indicates a soft, loosely bound layer due to
increased energy damping. At the onset of polymerisation, the
dissipation was initially high and decreased rapidly within the
first minute, reflecting the transition from the soft, tacky Fe(ur)
tosylate oxidant layer to the formation of early PEDOT struc-
tures. As polymer growth proceeded, the dissipation increased
again, indicating the development of a more viscoelastic film.
To gain a comprehensive understanding of the growth
mechanism, the authors combined QCM-D with AFM, electrical
conductivity measurements, and optical transmission/electro-
chromic switching analysis. Stage I corresponds to the nuclea-
tion of small, loosely bound PEDOT nodules, formed under
high polymerisation rates limited primarily by monomer and
water vapour transport. Stage II marks the transition to a
confluent layer as these nodules coalesce. Although the growth
rate slows due to limited electron transport through the emer-
ging PEDOT network, the doping level remains high, resulting
in increased conductivity. In Stage III, once the percolation
threshold is reached, improved interconnectivity facilitates
more efficient electron transfer to oxidant sites, accelerating
growth. However, this rapid polymerisation introduces struc-
tural defects along the polymer backbone, reducing doping
levels and thus lowering conductivity. Stage IV is characterized
by the accumulation of such defects, leading to disrupted
conjugation and the formation of electrochemically inactive
regions. These defect-rich areas exhibit reduced doping and
poor electronic transport, resulting in further decline in con-
ductivity and diminished redox activity. This study highlights
the critical role of QCM-D in elucidating the growth kinetics
and structure-property relationships of PEDOT films during
vapour phase polymerisation, demonstrating that precise con-
trol of polymerisation can optimize conductivity and perfor-
mance of PEDOT films and minimizing defect formation
associated with late-stage growth.

Electrochemical polymerisation of EDOT monomers into
PEDOT films has been extensively studied using EQCM
techniques.*#*2117213

In one of the earliest works,>'* PEDOT films were potentio-
statically synthesized (1.1-1.3 V vs. SHE) on a gold-coated
EQCM sensor from aqueous solutions containing EDOT,
lithium perchlorate, and a non-ionic surfactant. EQCM mon-
itoring during redox cycling revealed equilibrium ion exchange
during reduction, while oxidation exhibited non-equilibrium
behaviour, with mass changes lagging behind charge due to
slow water dynamics. Approximately 40% of perchlorate ions
incorporated during polymerisation remained bound within
the film. Deviations from the Sauerbrey equation were attrib-
uted to viscoelastic effects, and the acoustic decay length of the
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growing film was estimated at 2.45 pm. Under the studied
conditions, Na* ions were excluded from the film, whereas
tosylate anions were able to exchange with water molecules
during redox cycling.

In a subsequent study,”” electropolymerisation of EDOT in
aqueous solution without surfactants was investigated using
EQCM and spectroelectrochemistry. These combined techni-
ques enabled detailed analysis of the different stages of poly-
mer growth, including oligomer formation, chain propagation,
polymer deposition with p-doping, and eventual overoxidation.
Frequency-charge and absorbance-charge relationships
revealed that charge consumption does not always directly
correlate with PEDOT growth, highlighting the importance of
careful data interpretation. The applied anodic potential criti-
cally influenced the polymerisation process, with higher poten-
tials leading to overoxidation and charge losses unrelated to
film formation. The study demonstrated the utility of EQCM
and spectroelectrochemistry in resolving the complex kinetics
and mechanisms of EDOT electropolymerisation.

In another investigation,”* the electropolymerisation of
EDOT was performed in KCl solution. A progressive increase
in the area of the CV loops with the number of electropolymer-
isation cycles was observed, along with a linear correlation
between the charge passed through the electrode and mass
increase. These findings confirm successful growth of high-
conducting PEDOT film (Fig. 10b). After 20 CV cycles, the
deposited film had a cumulative charge of ~29.8 mC and a mass
of ~ 8.4 ug. Extending to 100 CV cycles led to higher values (~77.6
mC and ~20.9 pug). However, to maintain film rigidity during later
redox steps, thinner PEDOT films synthesized with 20 CV cycles
were preferred. These thinner films allowed accurate mass mea-
surements using the Sauerbrey equation, avoiding the limitations
of EQCM with swelling-prone thick films.

More recently,"** EQCM-D was employed to monitor the
in situ formation of the phenylboronic acid-functionalized
polymer PEDOT-PBA films and their subsequent behaviour
under specific conditions (Fig. 10c-f). Two film types were
fabricated: a non-imprinted polymer (NIP) and a molecularly
imprinted polymer (MIP) in the presence of a sugar template,
using the same electropolymerisation modes (1.2 V for 45
seconds). EQCM-D enabled real-time tracking of frequency
and dissipation changes during polymer growth (Fig. 10c and
d). The NIP film exhibited a frequency shift corresponding to a
deposited mass of 12 618 ng cm > (Fig. 10e), while the MIP film
showed a lower mass of 8294 ng cm ™2 (Fig. 10f). The reduced
mass in the MIP film was attributed to the presence of a non-
conductive glucose template during polymerisation. An
increase in dissipation during both processes indicated the
deposition of soft, viscoelastic polymer films. Following template
removal from the MIP was confirmed by a further mass loss (~306
ng cm?) upon washing (Fig. 10f). QCM-D analysis also revealed
differences in the interaction of NIP and MIP films with glucose
(Fig. 10e and f, inserts). These results demonstrated that poly-
merisation efficiency and film mass are influenced by the presence
of template molecules, what and can be successfully used to tune
the mechanical and sensing properties of the polymer film.
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The discussed studies highlighted EQCM-D as a powerful
tool for characterizing electropolymerisation dynamics and
film properties in real time.

QCM was also employed to study the layer-by-layer (LbL)
assembly on PEDOT-PAH films.'** In this work, the assembly
process began with a PSS layer, followed by poly(diallyl-
dimethylammonium chloride) (PDDA), and the bilayer deposi-
tion was repeated several times (Fig. 10g). To quantify the mass
and estimate the thickness of multilayers assembled on
PEDOT-PAH-based OECTs (Fig. 10h and i), QCM measure-
ments were performed using gold-coated 5 MHz quartz sensors
with 56.6 Hz cm” pg~ ' sensitivity factor.">> A PEDOT-PAH film
was first deposited onto cleaned sensors (acetone, ethanol,
Milli-Q water under sonication), using the same 1:5 dilution
protocol as for OECT fabrication. LbL assembly of PSS and
PDDA was then carried out by alternating 15-minute incuba-
tions in 0.1 mg mL™" polyelectrolyte solutions (in 0.1 M KCI),
followed by rinsing and drying under nitrogen. All measure-
ments were conducted under dry conditions to eliminate
viscoelastic contributions from the solvent. Mass adsorption
during each deposition step was observed as a decrease in
resonance frequency (Fig. 10h), with PEDOT-PAH serving as
the baseline reference. A small increase in dissipation (~2 Q)
after PEDOT-PAH deposition and negligible changes upon
further layering indicated a predominantly elastic film beha-
viour. This validated the application of Sauerbrey’s equation for
calculating the surface mass density and estimating film thick-
ness. The resulting thickness values are shown in Fig. 10i,
calculated under the commonly assumed unit density for
polyelectrolyte assemblies. The mass density changes derived
from QCM closely matched SPR data for equivalent multilayers
deposited on PySO;-functionalized graphene FETs (Fig. 10j)."*”
This agreement supports the hypothesis that beyond the initial
PSS layer, which is known to penetrate the PEDOT-PAH matrix,
subsequent layers are deposited uniformly on the surface,
similar to assemblies on flat substrates. These results demon-
strate that QCM is a robust and complementary method for
monitoring LbL assembly on conducting polymer films, provid-
ing quantitative insight into mass absorption and film growth
and supporting the development of OECT designs.

In addition to PEDOT, there are many examples of other
OMIECs materials whose growth and formation have been
successfully monitored using EQCM. E.g., the QCM was used
to control the formation and stability of the small molecule
PCBM layer on top of a BBL film.*” In another study,?® the
growth of self-assembled three-dimensional nanofiber arrays of
SOMSs were monitored. In the work ref. 139, authors demon-
strate EQCM-D capabilities in tracking and characterizing
in situ electropolymerisation processes of conjugated tri-
thiophene monomers such as ETE-S, ETE-PC, and their blends.
During electropolymerisation, EQCM-D effectively detects dis-
tinct stages of film formation. Initial monomer adhesion to the
gold electrode was observed as minor shifts in f and D.
Electropolymerisation kinetics were captured during applied
potential steps, revealing monomer-specific growth rates and
saturation behaviours. For example, ETE-S samples show rapid
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Fig. 10 QCM-D measurements of EDOT vapour phase polymerisation at 60 °C showing four distinct growth rate stages (I-1V) (a). Reproduced from ref.
210 with permission from Elsevier, copyright 2010. CV curves and corresponding charge and mass changes over time recorded during the
electropolymerisation of EDOT in 0.1 M KCl aqueous electrolyte (b). Reproduced from ref. 211 with permission from Elsevier, copyright 2016. QCM-D monitoring
of PEDOT-PBA film electrodeposition shows changes in frequency (c) and dissipation (d) during NIP polymerisation across multiple overtones, while the right plots
present calculated mass changes for NIP (e) and MIP (f) films with insets illustrating glucose-induced mass uptake after polymerisation. Reproduced from ref. 144
under the Creative Commons Attribution (CC BY) License. Frequency and motional resistance changes during PSS/PDDA assembly on PEDOT-PAH-modified
QCM (g) and (h) and corresponding film thickness at each modification step (i); PSS/PDDA assembly mass density changes from QCM (blue dots) vs. SPR (black
dotes) data on different surfaces. Reproduced from ref. 155 with permission from the American Chemical Society, copyright 2022.
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initial growth followed by saturation, while ETE-PC films grow
more steadily. Swelling and structural changes in the polymer
films upon potential reversal were also visible, particularly for
sulfonated ETE-S films, which show a pronounced frequency
decrease due to electrolyte uptake. Moreover, EQCM-D sup-
ported post-deposition analysis. After rinsing with NacCl, via
EQCM-D authors quantified film stability by measuring the
mass loss attributed to loosely bound or residual monomers.
The ratio AD/Af provides insights into film rigidity, showing
clear differences between ETE-PC and ETE-S components.
Coupled with Kelvin-Voigt viscoelastic modeling, EQCM-D
allowed estimation of specific mass and supports calculation
of gravimetric capacitance, correlating electromechanical data
with electrochemical performance (from CV data). Here,
EQCM-D analysis played a pivotal role in optimizing the
electropolymerisation process for OECT fabrication. By corre-
lating EQCM-D data with electrochemical performance, the
authors were able to fine-tune deposition conditions and better
understand how monomer composition influences film struc-
ture and stability. This analytical feedback enabled precise
control over the resulting OECT properties, such as threshold
voltage, through modulation of monomer ratios, ultimately
supporting the rational design of high-performance OECTs.

11. Study the adhesion and
delamination of OMIECs films

Adhesion between different layers and components in the device
structure is critical for long-term stability. In particular, strong
adhesion of OMIECs to the underlying substrate is essential to
ensure reliable operation in biological recording applications.***
Poor adhesion can lead to delamination and degradation, ulti-
mately compromising OECT device performance.”*?'® For
OMIECs, adhesion issues are especially important, as one of the
key application areas for OECTs is flexible and wearable electronics,
where devices must remain functional under mechanical stress.
Even in the absence of additional external mechanical stress,
delamination often results from mechanical mismatch between
the OMIEC film and the substrate, triggered by changes in envir-
onmental conditions such as humidity, temperature, or pH.

During QCM-D monitoring, delamination of the OMIEC film
can interfere with data interpretation and typically terminates
further measurements. However, characteristic changes in fre-
quency and dissipation can serve as indicators of delamination
events. Thus, (E)QCM-D can also be used as a sensitive tool to
assess OMIEC film adhesion to substrates.>*#%*!”

In the work ref. 217 the authors showed that the water-
soluble, self-doped polymer PEDOT-S:H detaches from electro-
des upon electrochemical oxidation due to a combination of
swelling from ion and water uptake and internal chain rear-
rangements. This detachment behaviour was influenced by
electrolyte properties, temperature, and pH. EQCM-D measure-
ments provided insight into the detachment mechanism of
PEDOT-S:H films by simultaneously tracking mass changes and
viscoelastic properties during electrochemical oxidation. The
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technique revealed that detachment was preceded by signifi-
cant ion and water uptake, leading to swelling and softening of
the film. Mass increases were correlated with CI™ and Na®
intercalation, and modeling (Sauerbrey and Voigt) confirmed
substantial hydration effects. The sharp rise in dissipation and
frequency shifts around 600 s marked the onset of detachment.

A recent illustrative example of the analysis of OMIEC
adhesion using QCM-D is given in the work,** where the
authors studied ethylene glycol side chains with bridged-
carbonyl ester in polythiophene-based CPs (Fig. 11a—c) to tune
their adhesion properties. Polythiophene-based films used in
OECTs typically suffer from excessive swelling and insufficient
adhesion, largely due to the incorporation of PEG side chains.
To address these limitations, it is essential to maintain charge-
carrier mobility under swelling conditions and simultaneously
enhance film-to-substrate adhesion. The authors note that
improving the interfacial adhesion of polythiophene-based
layers not only prevents delamination but also reduces the
contact resistance between the conjugated polymer and the
electrode surface, thereby improving the stability and reprodu-
cibility of the OECT’s electrical characteristics. To evaluate the
ion uptake/release dynamics and mechanical robustness of
these conjugated polymer coatings while minimising delami-
nation, experiments were carried out using QCM-D, following a
three-step protocol during CV on quartz resonators coated with
three different fabricated CP films: P1, P2, and P3 (Fig. 11d-f).
The procedure comprised: initial equilibration in an AS of
0.1 M NaCl (step #1); five consecutive CV scans over the
potential range from —0.5 to +0.5 V (step #2); and subsequent
rinsing with the same AS (step #3). All these 3 steps are
highlited in Fig. 11d-f. The experimental data show that,
compared with P1 and P3, the P2 layer exhibits more pro-
nounced and reversible ion exchange, manifested by larger
shifts in resonance frequency during the second measurement
step. This enhanced electrochemical response is attributed to
the higher surface concentration of unbound polar PEG moi-
eties in P2, which facilitates efficient ion transport while
mitigating excessive volume expansion. Increasing the applied
positive potential promoted cation penetration, reflected by
substantial changes in f and D, whereas negative potentials
induced ion expulsion over successive cycles. During the initial
stabilisation step, P2 rapidly accommodated ions, reaching
equilibrium faster than the other films. After CV cycling, P2
retained fewer residual ions, as evidenced by smaller negative f
shifts than P1, indicating improved operational stability. In
contrast, P3 exhibited noticeable film lifting or delamination,
as indicated by a positive f shift during the rinsing phase,
confirming its poorer adhesion stability.

12. Exploring OMIEC interactions with
proteins, cells, glucose, and other
biomaterials and biomolecules

Due to their ability to transport both ionic and electronic
charge carriers, OMIECs exhibit unique properties that make
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Fig. 11 Chemical structures of polythiophene-based polymers: P1 (a), P2

(b) and P3 (c). Time-resolved frequency and dissipation variations recorded

from QCM-D sensors coated with polythiophene films during five CV cycles between —0.5 and +0.5 V (vs. Ag/AgCl) in 0.1 M NaCl aqueous solution for P1
(d), P2 (e), and P3(f). Measurements were conducted through three consecutive steps: (1) equilibration in 0.1 M NaCl, (2) five CV scans within the defined
potential window, and (3) rinsing with the same electrolyte. Plots (g)—(i) depict the evaluation of BSA adsorption and desorption on P1 (g), P2(h), and P3(i)

films, following a similar three-step sequence: (1) initial stabilisation, (2) BSA

exposure, and (3) final washing. Schematics (j)—(l) summarise the operation of

OECTs based on P1 (j), P2 (k), and P3 (1), highlighting mixed ionic—electronic transport in 0.1 M NaCl and the corresponding BSA adsorption/rejection
behaviour. Reproduced from ref. 22 with permission from Elsevier, copyright 2024.

them particularly suitable for interfacing with biological sys-
tems. Understanding their interactions with proteins, cells,
glucose, and other biomolecules is critical for advancing appli-
cations in biosensing, biointerfaces, and biomedical devices.
QCM-D and EQCM-D are the powerful tool for probing these
interactions with high sensitivity and temporal resolution.
Protein adsorption on OMIEC surfaces is particularly sig-
nificant for bioelectronic applications. The use of OMIECs,
rather than conventional polymers, enables the investigation
of protein-material interactions under electrochemically rele-
vant conditions.®® Owing to their mixed ionic-electronic con-
duction, OMIECs can reversibly adjust their charge state in
response to external bias or biomolecular binding. Protein
adsorption can induce local ionic redistribution, local changes
in oxidation level, and modulation of conductivity or

Mater. Chem. Front.

capacitance. Consequently, QCM-D responses reflect not only
variations in mass and viscoelasticity but also internal electro-
chemical processes such as swelling or redox transitions. When
combined with electrical control (EQCM-D), these measure-
ments reveal the coupled ion-electron dynamics and mass
transfer underlying protein adsorption.'®® Additionally, the
ionic and electronic states of the OMIEC can modulate surface
charge and hydrophilicity. Applying a gate bias can promote or
suppress protein detachment by altering electrostatic and
chemical interactions at the interface. Thus, the use of organic
semiconductors allows to: investigate not only the physical
adsorption and detachment of proteins, but also the electro-
chemical interaction between the protein and the active mate-
rial; study the influence of potential, ionic environment, and
doping state on biocompatibility and binding; simulate
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conditions of bioelectronic devices (OECT, bioelectrodes, bio-
sensors), where mixed ion-electronic processes occur.>?

E.g., in the work ref. 218, QCM-D was used to study how
fibronectin (FN) and collagen (CG) interact with PEDOT films
doped with dextran sulfate (DS), chondroitin sulfate (CS), and
alginate (ALG). FN showed a two-phase adsorption: a fast initial
binding followed by saturation. The highest FN adsorption was
on PEDOT-DS (1287 ng Cmfz), while PEDOT-ALG and PEDOT-
CS showed lower levels. FN formed a more rigid layer on
PEDOT-DS and a softer, more hydrated layer on PEDOT-ALG. In
contrast, CG showed a single-phase adsorption, with the highest
adsorption on PEDOT-ALG (1935 ng cm ™ >), followed by PEDOT-
CS and PEDOT-DS. The viscoelasticity of CG layers increased with
the hydrophobicity of the surface. QCM-D revealed how the
chemical nature of the dopant influences protein binding and
the mechanical properties of the adsorbed protein layers. Addi-
tionally, it found multi-stage adsorption behaviour of FN on some
surfaces, linked to conformational changes and protein-protein
interactions during layer formation.

In a later study,>'® Poly(EDOT-N"-co-EDOT-COOH) copoly-
mer films with varying ratios of positively charged EDOT-N"
and negatively charged EDOT-COOH were synthesized and
studied using QCM-D to investigate protein adsorption. Tolui-
dine blue O staining confirmed the copolymer composition,
showing that a monomer feed ratio of 8:2 ([EDOT-N"]: [EDOT-
COOH]) resulted in an actual 1: 1 polymer composition. QCM-D
measurements demonstrated that this composition exhibited
the lowest adsorption of both bovine serum albumin (BSA: ~48
ng cm™?) and lysozyme (LYZ: ~26 ng cm ?). In contrast,
maximum BSA adsorption (~869 ng cm ) occurred on the
1:1 [EDOT-N']:[EDOT-COOH] feed ratio, likely due to the
synergistic effect of electrostatic attraction and specific
recognition between BSA and COOH groups. LYZ, being
positively charged, showed strongest binding to negatively
charged poly(EDOT-COOH) (~301 ng cm 2) due to elec-
trostatic attraction. These findings reveal two key mechanisms
of protein adsorption: (1) electrostatic interactions between
protein charge and surface charge, and (2) specific molecular
recognition, particularly between COOH groups and BSA.
The antifouling performance of the zwitterionic copolymer
at [EDOT-N']: [EDOT-COOH] = 8:2 results from a balanced
combination of these effects, confirming that optimal
surface charge tuning can minimize non-specific protein
adsorption.

In another study,” QCM-D was used to investigate protein
adsorption on nanopatterned PEDOT films functionalized with
hydroxyl (PEDOT-OH) or phosphorylcholine (PEDOT-PC)
groups. Nanostructured surfaces were fabricated using colloi-
dal lithography with polystyrene (PS) nanospheres. Nonspecific
proteins (BSA, lysozyme, cytochrome c¢) showed different
adsorption behaviours depending on surface charge, rough-
ness, and chemistry. BSA, being negatively charged, exhibited
stronger adsorption on positively charged PEDOT-OH due to
electrostatic attraction, while positively charged lysozyme and
cytochrome ¢ showed reduced binding, especially on smoother
surfaces. However, nanopatterns (especially 200 nm) increased
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their retention via hydrogen bonding and physical trapping.
PEDOT-PC surfaces showed lower nonspecific protein adsorp-
tion due to their antifouling properties, but nanostructuring
reduced this effect by disrupting the water layer. Specific
adsorption of C-reactive protein (CRP) in the presence of Ca**
revealed a unique dissipation drop on PEDOT-PC, attributed to
water molecule release during CRP binding. This behaviour was
suppressed on nanopatterned PEDOT-PC, indicating that sur-
face structure affects interfacial hydration and protein recogni-
tion. QCM-D thus revealed multi-step adsorption, water—
protein exchange, and the role of nanostructuring in modulat-
ing protein-surface interactions.

In ref. 22, QCM-D was used to investigate the interaction of
bovine serum albumin (BSA) with three polythiophene-based
polymer films (P1, P2, and P3) (Fig. 11a—c) deposited on QCM-D
sensors. The experimental protocol comprised three main
stages, including stabilisation in 0.1 M NaCl AS (step #1), BSA
adsorption (step #2), and buffer rinsing to evaluate protein
adsorption and desorption behaviour (step #3) (Fig. 11g-i).
QCM-D data revealed that, during the rinsing step, the P2 film
demonstrated markedly improved resistance to BSA adsorption
compared with P1 and P3. This antifouling performance was
attributed to the presence of extended polyethylene glycol (PEG)
side chains on the P2 surface, which suppress nonspecific
protein attachment, an essential feature for biosensing applica-
tions. Complementary surface analyses (XPS, AFM, and time-of-
flight secondary ion mass spectrometry) corroborated the QCM-D
observations. Notably, QCM-D proved crucial for identifying the
dynamic nature of the protein-surface interactions and differen-
tiating the antifouling capabilities of the polymer coatings. The
technique enabled real-time, label-free quantification of mass
changes associated with BSA adsorption and desorption, provid-
ing valuable insight into the biointerface properties of the con-
ducting polymer films.

EQCM-D demonstrates the unique advantage over QCM-D
method: it allows simultaneous control of surface potential
while monitoring protein adsorption in real time."*® Using
electrified poly(EDOT-PC) electrodes, EQCM-D revealed that
C-reactive protein (CRP) binding is highly potential-
dependent, increasing at both +0.5 V and —0.5 V, unlike
nonspecific proteins (BSA, LYZ); AD measured by EQCM-D
distinguished specific protein recognition (rigid layers, water
release) from nonspecific adsorption (soft, hydrated layers)."*>
Combined with EC-AFM, EQCM-D showed that surface
potential modulates layer thickness, viscoelasticity, and pack-
ing, providing mechanistic insights inaccessible to conven-
tional QCM-D. Overall, this work highlights EQCM-D’s ability
to correlate electrochemical state with protein adsorption
behaviour, revealing subtle interactions between proteins and
zwitterionic conducting polymers.

Similarly, OMIEC interfaces with cells can be probed using
(E)QCM-D to track cell adhesion, spreading, and detachment.
The electrochemical control of OMIEC properties enables the
modulation of cell-surface interactions in real time, providing
insights into bio-interactive OMIECs for neural and tissue
engineering applications.
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In the previously mentioned work,”® QCM-D has been
effectively used to investigate interactions between PC12 neural
cells and PEDOT films doped with biological compounds (DS,
CS, ALG). Distinct Af and AD shifts were observed as cells
adhered to and spread on the films, with PEDOT-DS exhibiting
the largest shifts, indicating stronger binding and more exten-
sive spreading compared with PEDOT-CS and PEDOT-ALG.
Minimal or negative dissipation shifts on PEDOT-ALG sug-
gested limited interaction and possible substrate stiffening.
The QCM-D responses correlated with fluorescence micro-
scopy, confirming that greater Af and AD shifts reflected
increased cell attachment and spreading. QCM-D proved highly
effective in differentiating cellular responses to various PEDOT-
based materials.

The later study™" investigated how surface morphology and
zwitterionic functionalisation of PEDOT films influence cellu-
lar behaviour, using QCM-D as a key analytical tool. PEDOT was
modified with phosphorylcholine (PC) groups, hydrophilic
headgroups that mimic cell membrane components, to control
antifouling properties and cellular interactions. Smooth and
nanostructured PEDOT-PC films demonstrated decreasing cell
attachment with increasing PC content (50-70%), reduced spread-
ing, increased aggregation, and, at high PC content, signs of
apoptosis. Among tested lines, MG-63 cells were most tolerant to
PC-rich surfaces. QCM-D provided sensitive, real-time detection of
these differences, highlighting the impact of PEDOT surface
chemistry and morphology on adhesion and viability.

Zwitterionic Parylene-encapsulated OECT arrays comple-
ment these approaches by providing ultralow biofouling,
tissue-like wet softness, and excellent conformability.*® QCM-
D measurements on Parylene-coated sensors, monitoring Af
and AD at multiple harmonics, confirmed site-specific cell
coupling and minimal nonspecific adsorption. Devices main-
tained excellent wet conformability, enabling accurate real-time
detection of cells in complex biological fluids. Integrating such
coatings with OMIEC devices offers a robust strategy for flexible
bioelectronics with controllable biointerfaces and precise mon-
itoring of cellular responses.

The detection of glucose and other small biomolecules
constitutes an important application area for OMIECs, particu-
larly when such materials are functionalised with selective
enzymes or receptors.'> The QCM-D and EQCM-D provides a
powerful technique to investigate in situ the kinetics of glucose
oxidation and enzyme-substrate interactions.”*” Furthermore,
the combined ionic and electronic conductivity of OMIECs
facilitates efficient coupling between biochemical activity and
measurable electrical signals, thereby enhancing the sensitivity
and overall performance of such biosensors.?***?*

For example, QCM-D was used to monitor the adsorption of
glucose oxidase (GOx) on PEDOT:PSS:PVA films, enabling
quantification of immobilised enzyme mass and optimisation
of the biostack architecture.””® Frequency shifts indicated
increased enzyme loading when PLL spacers were used, which
enhanced sensor sensitivity and long-term stability. The tech-
nique allowed real-time observation of glucose binding, provid-
ing kinetic insights into the interaction between glucose and
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the organic semiconductor. QCM-D confirmed that the stacked
enzyme system, with HRP/Cat as a secondary layer, prevented
excess H,0, from diffusing into the medium, ensuring non-
toxic operation for live cell cultures while maintaining accurate
glucose detection.

In another characteristic study, > QCM-D was employed to
monitor real-time adsorption of glucose oxidase (GOx) on n-
type polymer films. Surface wettability and polymer side-chain
chemistry strongly influenced enzyme adsorption: hydrophobic
surfaces (e.g., P-75) retained the most GOx, while hydrophilic or
zwitterionic surfaces (e.g., P-100, P-ZI) showed lower adsorption
and more flattened enzyme conformations. Af and AD mea-
surements revealed layer rigidity and packing density, with
high enzyme mass correlating with clustered or denatured
proteins on hydrophobic films, whereas hydrophilic films
promoted softer, more uniform layers. Analysis of adsorption
kinetics using QCM-D allowed distinction between high-affinity
versus low-affinity surfaces and highlighted the role of steric
hindrance and protein footprint in enzyme-polymer interac-
tions. QCM-D results were consistent with XPS and circular
dichroism analyses, confirming that surface chemistry controls
enzyme loading and conformation, directly impacting the
sensitivity and performance of OECT-based glucose sensors.

In the study reported in ref. 144, the glucose-binding beha-
viour of polymer films based on the EDOT-PBA monomer was
studied via QCM-D (Fig. 10e and f). The NIP and MIP films were
developed for non-enzymatic glucose sensing without requiring
complex composite materials. QCM-D was used to assess glucose
uptake, showing a dose-dependent decrease in frequency upon
glucose exposure, which corresponds to mass gain from
glucose binding. Although the MIP film absorbed less glucose
(48 ng cm 2 vs. 79 ng cm ™2 for NIP), it exhibited faster response
stabilisation and improved signal consistency, suggesting more
well-defined and selective binding characteristics. QCM-D pro-
vided critical insights into glucose-polymer interaction kinetics,
confirming its value in optimising OMIEC-based glucose sensors
and guiding the future design of sensor materials.

Beyond individual molecules, (E)QCM-D also facilitates the
study of complex media such as blood, extracellular matrix
components, or synthetic hydrogels interfacing with OMIEC
films. This capability is instrumental for developing bioin-
spired materials and understanding biophysical phenomena
at bioelectronic interfaces.

In summary, EQCM-D provides a versatile and informative
platform for exploring how OMIECs interact with a wide range
of biomaterials. By coupling electrochemical modulation with
precise measurements of mass and viscoelasticity, researchers
can gain detailed mechanistic insights into bioelectronic pro-
cesses. This knowledge is crucial for the rational design of
OMIEC-based OECT biosensor devices.
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13. Conclusions

The application of EQCM-D has become a powerful tool for
investigating the complex electrochemical, mass transport, and
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mechanical processes occurring in OMIECs during doping and
de-doping. Its unique ability to simultaneously monitor ionic/
electronic charging processes, swelling behaviour, ion-solvent
co-transport, and changes in film viscoelasticity provides valu-
able mechanistic insights that are not accessible through
electrochemical measurements alone. EQCM-D enables quan-
titative analysis of reversible and irreversible mass changes,
swelling-induced mechanical instabilities, and degradation
pathways such as delamination or parasitic faradaic side reac-
tions (e.g., ORR), all of which critically influence OMIEC
stability and OECT device performance.

Despite these advances, further development of EQCM-D
methodologies is needed to fully capture the complex beha-
viour of modern OMIEC systems. This includes:

- In situ coupling with spectroscopic techniques (e.g., UV-
Vis, Raman, spectroelectrochemistry) to correlate mass and
mechanical changes with structural and electronic transitions.

- Time-resolved measurements for analyzing transient dop-
ing processes at faster timescales, closer to real device
operation.

- Integration with in operando OECT measurements to
directly correlate EQCM-D data with device performance
metrics.

- Extension to multicomponent OMIEC systems (e.g.,
blends, dopant-host systems, ambipolar materials), where ion
dynamics, phase separation, and interfacial effects become
more complex.

- Advanced modeling of viscoelastic properties for better
decoupling of solvent uptake, ion insertion, and mechanical
softening.

Numerous OECT and OMIECs studies already include the
EQCM-D as a necessary tool; however, most of them have not
fully exploited its potential. We hope this review will inspire
researches in the field of OMIECs and OECTs to explore the full
capabilities of EQCM-D.
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