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As a promising solution to address the growing concern of electronic waste, transient electronics, such

as biomedical implants, environmental sensors, and hardware-secured devices, have garnered
considerable attention. These devices can be engineered to exhibit partial solubility, degradability, or
physical dissolution. For the development of degradable transient organic electronics, it is important to
develop degradable polymeric organic semiconductors. However, few studies have focused on
controlling the degradation rates of polymers in films. In this study, we designed and synthesized three
different degradable polymers, namely, PY-m-TIPO, PY-p-TIPO, and PY-t-TIPO, through in situ
polymerization in the film state. Notably, PY-t-TIPO exhibited a significantly higher charge mobility of
167 x 107° cm? V7' st in organic thin-film transistors (OTFTs) than PY-m-TIPO and PY-p-TIPO
although all the degradable polymer films exhibited similar amorphous properties. We demonstrated that
the number of bonding arms affects not only the degradation rate of the polymer films but also the

charge mobility of the corresponding OTFTs. Our study provides design guidelines for developing
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degradable polymers with controllable degradation rates for high charge mobility in transient OTFTs.

Introduction

Transient electronics, an emerging class of functional electronics,
has attracted considerable attention in the field of materials
science."” Unlike conventional electronic devices, which are
designed to remain functional and stable over an extended period,
transient electronic devices are typically designed to operate over a
short and predefined duration and disintegrate completely or
partially upon fulfilling their intended purposes.® Examples of
transient electronic devices include electrophysiological
sensors,”® diagnostic brain implants,” therapeutic implants®™*
for therapy and biosensing, degradable microwave electronic
devices'"® for temporal medical implant applications,"* dispo-
sable sensors,"™"'® data-securing hardware systems, and environ-
mentally friendly degradable devices.'”*®

The early prototypes of transient electronics were reported
to be silicon-based devices.”*>*> However, inorganic semicon-
ductors, such as silicon, have drawbacks such as mechanical
brittleness, toxicity, and high manufacturing costs. Furthermore,
elements such as gallium and indium have limited global
reserves. Organic semiconductors have attracted significant atten-
tion as an alternative to silicon-based devices. These materials are
known for their ease of fabrication, mechanical flexibility,>* and
tunable properties. Organic semiconductors can be applied in
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various systems such as organic light-emitting diodes,”*>® organic
photovoltaics,*®* and organic sensors.** ¢ Compared to inor-
ganic active materials, polymers are a promising class of materials
that exhibit the desired combination of good electrical properties
and degradability, owing to the vast chemical design space
enabled by synthetic methodologies. To facilitate their application
in transient electronics, developing organic semiconductors that
simultaneously exhibit excellent electrical properties and degrad-
ability to promote their application in transient electronics is a
challenging research task. In particular, it is important to develop
organic semiconductors that can control the degradation rate of
thin films,*” which may depend on the chemical structure of the
organic semiconductor*® and the morphology of the thin film.*

In this study, we developed various degradable polymers
through the reaction between an aldehyde-attached small
molecule, Y5-TA-Cl, and the geometrical isomers of m-PO-N,
p-PO-N, and t-PO-N, which yielded PY-m-TIPO, PY-p-TIPO, and
PY-t-TIPO, respectively, as shown in Fig. 1a. We elucidated the
effects of the number of bonding arms in the network core and
the geometrical-isomeric structures of the degradable polymers
on the charge mobilities of the polymer-film-based organic
thin-film transistors (OTFTs) and degradation behavior under
acidic conditions. Furthermore, the synthesized degradable
polymers were used in OTFTs to investigate their electronic
properties and applicability in the development of degradation-
controllable transient electronics.

Results and discussion
Design and synthesis of degradable polymers

We prepared a series of degradable polymers, namely, PY-m-
TIPO, PY-p-TIPO, and PY-t-TIPO, via the reaction between Y5-
TA-Cl and amine-functionalized crosslinkers m-PO-N, p-PO-N,
and #-PO-N, as shown in Fig. 1b. Y5-TA-Cl is a chlorinated
acceptor Y5-derivative’® functionalized with the aldehyde
groups in indanone. Details of the synthesis and characteriza-
tion of each monomer and degradable polymer are presented in
Schemes $1-S3 and Fig. S1-S6 (ESIT).*
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(a) Chemical structures and (b) synthetic route of the degradable polymers PY-m-TIPO, PY-p-TIPO, and PY-t-TIPO.

Fig. 1
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The key strategy for controlling the degradation rate of
degradable polymers is to vary the number and positions of
amines in the crosslinker, which may also affect the molecular
packing structures and morphology of the thin films. In this
study, degradable polymers were synthesized in the film state
through in situ one-shot preparations using the Schiff
reaction.*’ ™ To confirm the occurrence of in situ one-shot
polymerization in the film state, we conducted a washing test
by spin-coating the films with dichloromethane. The films with
added PO-N retained their absorption peaks even after wash-
ing. Additionally, the films with added #PO-N, which had the
highest amine content, exhibited the highest amount of
residual films.

We performed Fourier transform infrared (FT-IR) and
ultraviolet-visible (UV-Vis) spectroscopy measurements to
investigate the reaction between Y5-TA-Cl and the amine-
functionalized crosslinkers in the film. The changes in the
FT-IR peaks at 1640-1720 cm ', which include the peaks
assigned to ketone (1694 cm ') and aldehyde (1679 cm )
groups, were monitored via deconvolution and curve-fitting
for diverse stoichiometric ratios of PO-N (Y5-TA-Cl:PO-N =
1:0, 1:0.25, 1:0.5, 1:0.75, 1:1). Fig. 2 and Fig. S7 (ESIt)
present the summary of the results. Irrespective of the PO-N
types, the intensities of the aldehyde peak at 1679 cm ' and
the imine peak at 1630 cm ' simultaneously decreased and
increased, respectively, with increasing PO-N concentration. We
estimated the polymerization yield by comparing the decreased
peak area for the aldehyde group with that for the ketone group at
1694 cm ™', as shown in Table 1. After the reaction, some aldehyde
monomers were retained in the p-PO-N film even when the Y5-TA-
Cl: p-PO-N stoichiometric ratio was 1:1. This resulted in a lower
polymerization yield of 89% than the 95% yield of the m-PO-N
film. This is probably because the linear polymers prepared using
p-PO-N had a relatively low degree of molecular movement in the
film, which decreased the reactivity of the Schiff reaction. The
polymerization yield of the resulting polymer films was confirmed
again at around 88% by performing the gel-permission chroma-
tography (GPC) measurements and the GPC data are shown in
Fig. S8 (ESIT).
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Fig. 2 The normalized FT-IR spectra of Y5-TA-Cl with (@) m-PO-N, (b) p-PO-N, and (c) t-PO-N annealed films in various stoichiometric ratios (Y5-TA-
Cl:PO-N=1:0,1:0.25,1:0.5,1:0.75, 1:1). The deconvoluted FT-IR spectra by Gaussian fitting of Y5-TA-Cl with (d) m-PO-N, (e) p-PO-N, and (f) t-PO-N.

The UV-Vis absorption spectra of the PY-m-TIPO, PY-p-TIPO,
and PY-t-TIPO degradable polymers and Y5-TA-Cl films are
shown in Fig. 3a and summarized in Table S1 (ESIt). After
polymerization, the absorption spectra of all the films were
blue-shifted compared with the Y5-TA-Cl spectrum. Therefore,
the maximum absorption peaks of PY-m-TIPO, PY-p-TIPO, and
PY-t-TIPO were observed at 788, 790, and 792 nm, respectively.
Additionally, the 0-0 peaks of the polymers were less intense
than those of Y5-TA-Cl, and the absorption onsets of
the polymers were blue-shifted. These results are because

This journal is © The Royal Society of Chemistry 2024

polymerization disturbed the packing structure of Y5-TA-Cl in
the film, increasing the amorphous properties of the polymers.
The absorption spectra of PY-m-TIPO, PY-p-TIPO, and PY-t-TIPO
exhibited similar features to each other.

Degradation studies

To investigate the degradation characteristics of the PY-m-
TIPO, PY-p-TIPO, and PY--TIPO degradable polymer films, we
conducted acid exposure time-dependent UV-Vis and FT-IR
measurements. We observed the variations in the optical

J. Mater. Chem. C, 2024, 12, 8719-8726 | 8721
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Tablel Comparison of integrated peaks in FT-IR spectra and the polymerization yield defined by the ratio of integrated areas of aldehyde peaks before

and after crosslinker PO-N addition

Normalized value of

Stoichiometric ratio . CHO, 1679 cm™!
Crosslinker of Y5-TA-Cl: PO-N integrated area C=0. 1695 cm! Integration area ratio Polymerization yield [%]
m-PO-N 1:0 1.134 1 —
1:0.25 0.953 0.84 16.0
1:1.5 0.675 0.59 40.5
1:0.75 0.496 0.34 56.3
1:1 0.091 0.08 92.0
p-PO-N 1:0 1.170 1 —
1:0.25 1.030 0.88 12.0
1:1.5 0.826 0.71 29.4
1:0.75 0.421 0.36 64.1
1:1 0.124 0.11 89.4
t-PO-N 1:0 1.112 1 —
1:0.25 0.841 0.76 24.4
1:1.5 0.693 0.62 37.7
1:0.75 0.389 0.35 65.0
1:1 0.056 0.05 95.0
(a) and 0-1 transition peaks at 792 and 723 nm, respectively. The
. 10l——Y5TACI 0-0 peak-normalized data revealed that the intensity of the 0-1
S ——PY-m-TIPO peak gradually increased as the degradation time proceeded
S sl — ﬁi‘fgfg and that the peak was slightly redshifted. This shift is attrib-
é uted to the depolymerization of the imine-based polymers to
S 06} aldehyde monomers.** Notably, under acidic conditions, PY-t-
ﬁ TIPO, which features three bonding arms, exhibited higher
g 0.4 stability than PY-m-TIPO and PY-p-TIPO, each with two bonding
g 02 arms. This observation suggests that the polymer degradation

0.0 P
400 500 600 700 800 900 1000 1100
Wavelength (nm)

_

Fig. 3 (a) The normalized UV-Vis absorption spectra of Y5-TA-Cl and
degradable polymers in film. (b) lllustration of degradable polymers in film
during the degradation procedure with controllable degradation time.

Acidic solution

properties of the polymer films and the chemical degradation
of the imine (-C—=N-) bond. Additionally, we tracked the
formation of aldehydes (CHO). Each polymer film underwent
degradation upon their exposure to vapors from 0.1 M trifluor-
oacetic acid (TFA) solution (Fig. 3b).

The UV-Vis spectroscopy was performed to analyze the
absorption profiles of the polymer films during their degrada-
tion process (Fig. S9, ESIT). Prior to degradation, the polymer
films exhibited two primary absorption peaks, denoted as 0-0

8722 | J Mater. Chem. C, 2024, 12, 8719-8726

accelerates with decreasing number of bonding arms. The
structural differences in the positions of the bonding arms also
influence the degradation rate of the polymers.

To quantitatively analyze the degradation behavior, we sys-
tematically monitored and compared the degradable polymers
in the films through FT-IR spectroscopy. The spectra were
normalized in relation to the peak ascribed to the unaltered
cyanide (-C=N) stretching vibration*>*® at 2216 cm*, as shown
in Fig. 4a-c. Gaussian fitting was applied to deconvolute the
peaks, as shown in Fig. S10-S12 (ESIt). The intensity of the
aldehyde vibration peak®” at 1678 cm™" progressively increased,
while that of the imine stretching vibration peak®® at 1630 cm™*
decreased during the polymer degradation process. A comparison
between the polymer films revealed that the degradation rate of
the polymer films decreased in the order of PY-p-TIPO, PY-m-
TIPO, and PY-t-TIPO, as shown in Fig. 4d and Tables S2-S4 (ESI).
Although the slowest degradation rate of PY-+TIPO is due to
three bonding arms, the slightly different degradation between
PY-p-TIPO and PY-m-TIPO may be affected by different molecular
conformations of the polymers; the linear shape of PY-p-TIPO
would be more favorable for exposure to acid vapors.
These findings highlighted the significance of the number of
bonding arms and their positions as design parameters for
controlling the degradation rate of organic transient electronic
devices.

Molecular packing properties and morphology of films

To compare the morphological characteristics of the Y5-TA-Cl
and degradable polymers PY-m-TIPO, PY-p-TIPO, and PY-¢t-TIPO

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The normalized FT-IR spectra at cyanide transmittance (2216 cm™?) of films based on (a) PY-m-TIPO, (b) PY-p-TIPO and (c) PY-t-TIPO in 0.1 M
TFA during the degradation procedure. (d) The degradation rate defined by the ratio of integrated areas of aldehyde and ketone peaks. (e) In-plane and (f)

out-of-plane line-cut profiles from 2D-GIWAXS patterns.

in film, we performed two-dimensional grazing-incidence wide-
angle X-ray scattering (2D-GIWAXS). The 2D-GIWAXS images
and line-cut profiles of the polymer and monomer films are
shown in Fig. S13 and S14 (ESIt) and Fig. 4e and f, and their
crystallographic parameters are summarized in Table S5 (ESIT).
The 2D-GIWAXS patterns of degradable polymers exhibited

This journal is © The Royal Society of Chemistry 2024

circular shape of peaks, which indicates random orientation
unlike that of Y5-TA-Cl. In the line profile of out-of-plane
direction (OOP), the Y5-TA-Cl, PY-m-TIPO, PY-p-TIPO, and PY-
¢t-TIPO films showed (010) peaks at g, = 1.66, 1.58, 1.56 and
1.58 A™* which are correlated to the n-n stacking of the them.
The coherence lengths (Lc) of the (010) peaks, as calculated

J. Mater. Chem. C, 2024, 12, 8719-8726 | 8723
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using the simple Scherrer equation, for the Y5-TA-Cl and
degradable polymer films were 49.38, 12.21, 11.83, and 12.52 A,
respectively. Notably, the films with crosslinkers m-PO-N, p-PO-N,
and t-PO-N showed a lot of changes in the GIWAXS images and
line-cut profiles after they underwent polymerization and com-
monly exhibited amorphous properties. Probably, the packing
structure of Y5-TA-Cl in the film was destructed during heating
and polymerization. We also investigated the variations in the
molecular packing of the polymer films during exposure to the
vapors of 0.1 M TFA solution. From the line-cut profiles after 0.5
and 16 h (Fig. 4e and f), it is revealed that the amorphous properties
of the films were maintained during degradation, and the films
were expected to remain in an amorphous state even after the
polymers were completely degraded to individual monomers.
Moreover, the AFM images of degradable polymers and Y5-TA-Cl
films were obtained and morphologies before and after acidic
vapor treatments were compared as shown in Fig. S15 (ESIt). The
Y5-TA-Cl film shows a smooth surface with an RMS of 0.81 nm and
the degradable polymers also show comparable roughness. Nota-
bly, the RMS value for PY-+TIPO was slightly increased due to the
relatively large morphological change during the polymerization.
However, after acid vapor treatment, the smooth surface of degrad-
able polymer films was completely changed to a largely agglomer-
ated morphology in an amorphous state.

OTFT performance

The electrical performance of the degradable polymer films was
evaluated using top-gate bottom-contact (TGBC) OTFTs.*® The
Y5-TA-CI solution was spin-cast onto a glass substrate with a
patterned source-drain, and the polymer layer was formed

(a)

Al electrode

Au patterned glass

View Article Online
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Table 2 Summary of extracted OTFT parameters

Acid vapor Electron mobility
Material exposure time  [em® V' s7] Vin [V]  Ion/loge
Y5-TA-Cl oh 6.87 x 1073 10.0 4.2 x 10?
PY-m-TIPO 0h 0.18 x 1073 6.41 1.9 x 10?
24 h 0.31 x 1073 22.9 0.9 x 10*
PYp-TIPO 0h 0.24 x 107° 4.58 1.2 x 10*
24 h 0.45 x 107 18.2 0.5 x 10>
PY-+TIPO Oh 1.67 x 10° 13.8 3.8 x 10*
24 h 0.53 x 1073 23.5 1.4 x 10*

through annealing at 130 °C for 20 min. During thermal
annealing, in situ polymerization of Y5-TA-Cl occurred in the
film state.*" The structure of the OTFT device is shown in
Fig. 5a and the detailed fabrication procedures for the device
are described in the experimental section (ESIt). The transfer
characteristics of the Y5-TA-Cl and degradable polymers are
shown in Fig. 5b-e and Fig. S16 (ESIT).

We investigated the effect of degradable polymers with
different geometrical crosslinkers on the electrical properties
of the OTFTs. For all of the OTFT devices with degradable
polymers, the electron mobility (1) and threshold voltage (Vi)
were calculated using the conventional gradual channel
approximation equations at V, = 80 V. The detailed electrical
parameters of the OTFT devices are summarized in Table 2. PY-
t-TIPO showed an electron mobility of 1.67 x 10 > em* V™' s,
This is a decreased value compared to 6.87 x 10 > cm®*V ' s™!
of Y5-TA-Cl. Nevertheless, it is a remarkable result because
the GIWAXS results revealed that the PY-t-TIPO film showed
unfavorable amorphous properties. This demonstrates that
the degradable polymer is favorable for formation of an

(b) "
10° 0.002
10°

= 107 -

= " <

= 10 0001 5

2 ? =

2 10 g_
10»10 w
10™

0.000

10™

(C) 10 PY-m-TIPO Acid exposure time (d) 0% g PY-p-TIPO Acid exposure time (e) 10 PY-t-TIPO Acid exposure time 00015
10° FV,= 80V —0h 10° [V, =80V —0 10 [V, = 80V —0
——24h - 0.0004 —2h - 0.0004 —24h
10° 100 |
—_ 7 Y -7
T 3 E 10 = é 10
= 2 2 0%} = 20t
:én’ 0.0002 ré 2 109 k- 0.0002 (;).—- 2 100 3
107 C qon L 10710
10™ 10" E 10" L
107 0.0000 1012 0.0000 1012 ! 0.0000
) 80 20 0 20 40 60 80 20 0 20 40 60 0
V; V] Ve V] Ve M
Fig. 5 (a) Top-gate bottom-contact (TGBC) OTFT device structure. Transfer characteristics of (b) Y5-TA-CL, (c) PY-m-TIPO, (d) PY-p-TIPO and (e) PY-t-
TIPO-based OTFTs before and after exposure to acid vapor for 24 h (Vp: drain—source voltage = 80 V, Ip: drain—source current; Vg: gate—source
voltage).
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interconnected pathway for charge transport in OTFTs. Although
the PY-m-TIPO and PY-p-TIPO films exhibited amorphous prop-
erties similar to those of PY-t-TIPO, the electron mobilities of the
OTFTs prepared using PY-m-TIPO and PY-p-TIPO decreased to
0.18 and 0.24 x 10~ % em® V™' 577, respectively. It is expected that
the chemical structure of the three bonding arms is important to
form the networked structure of the polymer for it promotes
efficient charge transport. Additionally, geometrical isomerism
of m-PO-N and p-PO-N is not significantly important for deter-
mining the charge carrier mobility of the polymer.

Conclusions

We developed a series of degradable polymers, namely, PY-m-
TIPO, PY-p-TIPO, and PY-t-TIPO, via in situ polymerization. The
degree of molecular degradation of the polymers could be
controlled by varying the number of bonding arms in the
network structure. Such different networked-bonding numbers
affect the stability of the polymer films under exposure to acidic
conditions. More importantly, the PY-t-TIPO-based OTFT shows
one-order of magnitude higher charge mobility of 1.67 x
102 em® V' 57" in OTFT compared with PY-m-TIPO and PY-
p-TIPO although all degradable polymer films exhibited similar
amorphous properties. Therefore, the presence of three bond-
ing arms in the network core is important not only for retarding
the degradation rate of the polymer film but also for achieving
high charge mobility by providing an effective interconnected
pathway for charge carriers. This research result provides a
design guideline to develop degradable polymers with a con-
trollable degradation rate toward the development of high
charge mobility transient OTFTs.
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