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ABSTRACT: In this study, we examined how the regioregularity of
poly(3-hexylthiophene) (P3HT) affects molecular packing, free
volume, charge transport, and gas sensing properties. Our results
showed that the presence of regular alkyl side chains on the polymer
backbone promoted a high degree of structural order in regioregular
P3HT molecules, leading to a compact packing density and reduced
free volume. Consequently, it was more challenging for NO,
molecules to interact with the hole charge carriers in the conductive
channel. On the other hand, the regiorandom P3HT films displayed
a larger free volume, attributed to the irregular side chains, which
facilitated the gas—analyte interaction while impeding efficient
charge transport. Thus, these films exhibited greater sensitivity to
analyte gas molecules. The molecular order, packing density, and
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hardness of P3HT films were confirmed through the use of multiple techniques, including UV—vis spectroscopy, atomic force

microscopy, and grazing-incidence X-ray diffraction. Additionally,

the regiorandom P3HT films showed enhanced mechanical

flexibility compared to the regioregular films. In conclusion, our findings emphasize that the regularity of polymer molecules plays a
significant role in determining the charge carrier transport and gas adsorption characteristics.

KEYWORDS: gas sensor, regioregularity, PSHT, OTFT, NO,, free volume

1. INTRODUCTION

Conjugated polymers have many advantageous properties that
make them suitable for use as active layers in optoelectronics;
in particular, they can be fabricated at low cost in solution via a
simple process.' > Their good processing properties in
solution are the result of the presence of side chains on the
polymer backbone and facilitate the fabrication of affordable
large-area devices on plastic substrates.”"” The side chains of
the conjugated polymer also strongly influence the molecular
order and device performance.'’”'® Asymmetrically arranged
alkyl substituents attached to the polymer backbone give rise
to two different regioregularities: head-to-tail (HT) and head-
to-head (HH)."™" The regioregularities of polymers are
important in that they affect various physical properties of the
polymer, such as solubility, modulus, viscoelasticity, thermal
behavior, and molecular order. Regioregular side chains enable
the molecules to engage in strong van der Waals interactions,
which facilitate crystallization.””~>* Therefore, the solution
becomes more viscous as the regioregularity increases, and the
viscosity of the solution increases with the film thickness.”*~*’
In particular, as the regioregularity of the polymer molecule
increases, the free volume in the polymer decreases, resulting
in poor mechanical properties.”*™>' A few studies have
examined the effects of the positions of alkyl side chains on
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the molecular order in polymer films; however, the influence of
regioregularities on the free volume and the resulting gas
adsorption properties remains the subject of extensive
discussion.

The molecular order governs not only the mechanical
properties but also the electrical characteristics of the
conjugated polymer films.”>">* A previous study reported
that regiorandom conjugated polymers limit charge carrier
transport owing to the defect-induced charge trap sites
resulting from the amorphous regions.’”*° Conjugated
polymers with regioregular side chains support efficient charge
transport; therefore, the regioregularity and molecular order
tend to be closely related. Many studies have focused on the
high performance of transistors with high regioregularity;
however, to the best of our knowledge, the effects of
regioregularity on the performance of gas sensor applications
have not been widely explored.
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Highly crystalline polymer films are particularly beneficial for
organic transistors because of their 7— interaction; however, a
crystalline polymer layer acts as a barrier, making it difficult for
gas molecules to penetrate the active layer.’’ *" The
regiorandom-induced free volume in the polymer active layer
facilitates exposure of the target gas to the charge carriers in
the channel region and promotes interactions between the
charge carriers and analyte gas, which enhances the sensitivity
and response rates of the sensor.*' In this study, we
systematically investigated the effects of the regioregularity of
a conjugated polymer on the molecular order and electrical/
sensing characteristics. Notably, regioregularity induced
significantly different film morphologies, which resulted in
differences in the mechanical properties as well as the
transistor and gas-sensing performance. Our study provides
useful information and insights into the design of polymeric
sensor devices.

2. EXPERIMENTAL DETAILS

2.1. Fabrication of Organic Thin-Film Transistor-Type Gas
Sensors Based on a Poly(3-hexylthiophene) Film with
Regioregularity. A highly n-doped Si wafer with a 3000 A thick
SiO, layer was used as the gate electrode and dielectric. Then, the
substrates were prepared for modification with hexamethyldisilazane
(HMDS) using sequential sonication in acetone and ethanol for 30
min, respectively, whereupon the substrates were spin-coated with
HMDS at 2500 rpm for 30 s and then baked at 125 °C in an oven.
Regioregular P3HT (MW = 58 kDa, regioregularity = 95%, PDI =
2.1) and regiorandom P3HT (MW = 38 kDa, regioregularity = 58%,
PDI = 2.2) were purchased (Rieke Metals). Blended solutions were
prepared by mixing regioregular P3HT and regiorandom P3HT in
ratios of 10:0, 9:1, 7:3, 5:5, 3:7, and 0:10 using dichlorobenzene
(DCB) as the main solvent. The solution was homogenized by stirring
the blend at 50 °C and 800 rpm for 1 h and then allowing it to cool to
room temperature. Each blended solution of regiorandom/regiore-
gular P3HT was then spin-cast onto the HMDS-modified SiO,/Si
substrates at 1500 rpm for 60 s. The same method was used to deposit
a thin film on a transparent glass substrate for UV—vis spectral
analysis. The source and drain electrodes were fabricated by
depositing Au through a shadow mask with a channel width of
2000 um and a length of 100 ym on the P3HT thin film by thermal
evaporation. The sensor devices were fabricated by wiring the source
and drain electrodes onto the sensor platform using silver paste and
silver wire.

To conduct the stretching test, Ecoflex substrates were prepared by
mixing pre-polymers with their corresponding curing agents in weight
ratios of 9:1 and 1:1, respectively. Afterwards, the P3HT-coated SiO,
substrate was immersed in a hydrofluoric acid solution to remove the
polymer film, which was then transferred onto an Ecoflex substrate via
a transfer process. For the bending test, a poly(ethylene terephthalate)
(PET) film was prepared as the substrate and cleaned in acetone and
deionized water, after which a 100 nm thick Al layer was deposited on
the PET substrate as the gate electrode by thermal evaporation.
Subsequently, a 600 nm thick parylene layer was deposited as the gate
dielectric layer via chemical vapor deposition. Finally, the 70 nm thick
Au source and drain electrodes were deposited on the P3HT film, as
described above. To test the mechanical stability of all the organic
thin-film transistors (OTFTs), we performed 100, 500, 1000, and
3000 bending cycles at a fixed bending radius of r = S mm, followed
by the measurement of the electrical characteristics to assess the effect
of repeated bending.

2.2. Characterization. The regioregularity of the P3HT was
qualitatively and quantitatively determined using "H nuclear magnetic
resonance (NMR) spectroscopy. The samples were prepared for
NMR analysis by dissolving P3HT (0.1 wt %) in deuterated
chloroform (CDCl;). "H NMR analyses were conducted on a 400
MHz NMR spectrometer (NMR, Agilent 400-MR, Agilent) operating
at standard temperature and pressure. Absorption spectra were

acquired using UV—vis spectroscopy (Lambda 365, PerkinElmer).
Grazing-incidence X-ray diffraction (GIXD) patterns were recorded
using a high-resolution X-ray diffractometer (SmartLab, Rigaku) to
characterize the crystalline structures of the samples. The surface
profiles and morphologies of the P3HT thin films were observed by
atomic force microscopy (AFM; Multimode 8, Bruker) and optical
microscopy (OM; BXS1, Olympus). The electrical properties of the
P3HT films were characterized under vacuum and at room
temperature using a semiconductor analyzer (Keithley 4200-SCS).
The gas-sensing performance of the P3HT thin films was
characterized using a gas sensor (GASENTEST, Precision Sensor
System Inc.) and recorded with a semiconductor analyzer (Keithley
2636 B) at a gate voltage (V) of —10 V and drain voltage (Vp) of
—10 V to determine the effect of the regioregularity. Sensing tests
using NO,, SO,, and CO, at concentrations from 0 to 100 ppm were
carried out under low-moisture ambient conditions by maintaining
the total flow rate at SO0 sccm [relative humidity (RH) = 14.5%].
Bending tests were conducted using a bending machine (BM-100,
ECOPIA) under ambient conditions.

3. RESULTS AND DISCUSSION

P3HT regioregularity refers to the 4p0rtion of P3HT with HT
coupling within the polymer chain.*” Figure 1 shows the three
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Figure 1. (a) Molecular structures of P3HT with three different types
of couplings: HT, HH, and TT. (b) Schematic structure of a single
unit of P3HT with proton labeling. (c) "H NMR spectra of the P3HT
blends with different regioregular—regiorandom P3HT ratios. The
inset shows the region of interest for the calculation of the
regioregularity of the P3HT.

Table 1. Average Regioregularity Values of P3HT with the
Regioregular—Regiorandom P3HT Ratios

RR/1r HT HH regioregularity (%)
10:0 1.00 0.05 95

9:1 1.00 0.08 90

7:3 1.00 0.21 83

S:5 1.00 0.30 77

3.7 1.00 0.42 70

0:10 1.00 0.73 58

different couplings of P3HT: HT, HH, and tail-to-tail (TT).
Regioregular P3HT, characterized by a high proportion of
HT—HT couplings, is stable, planar, and highly crystalline. In
contrast, regiorandom P3HT has a high proportion of non-
regular couplings, such as HT-TT, HT-HH, and TT—HH,
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Figure 2. (a) Normalized UV—vis spectra of P3HT thin films
depending on the regioregularity. (b) Plot of the A,_y/A,_; ratio (left
axis) and interchain coupling energy (W) information (right axis). (c)
Bar chart of the P3HT thin film thickness vs regioregularity. (d)
GIXD patterns (linear scale) of spin-cast P3HT thin films with the
addition of regiorandom P3HT. The downward arrow indicates the
direction of decreasing regioregularity.

resulting in an amorphous structure. The regioregularity of the
P3HT blends with different regioregular—regiorandom P3HT
ratios was investigated by analyzing the '"H NMR signals at
2.80 and 2.58 ppm, attributable to HT and HH couplings,
respectively. The regioregularity of P3HT was quantitatively
estimated by integrating the areas of these two peaks of the a-
methylene-H on the 'H NMR spectrum. Thus, the degree of
regioregularity can be calculated as the ratio of the integrated
area of the peak at 2.80 to that at 2.58 ppm. Using this
approach, the regioregular P3HT used in this study was
estimated to have ~95% regioregularity, whereas the

regiorandom P3HT had ~58% regioregularity. The average
regioregularity of P3HT was varied by changing the blend ratio
by mixing P3HT with regioregular and regiorandom regions in
various ratios (Table 1).

UV-—vis spectra were recorded to investigate the variation in
the molecular order and thickness of the P3HT blend films
with the regioregularity (Figure 2a). First, for 95% regioregular
P3HT, the A¢_,) peak, representing the intrachain z—z*
transition, was observed at ~520 nm. Furthermore, the A(_;)
and A(,_g) peaks, indicating P3HT interchain transitions, were
observed at ~559 and ~606 nm, respectively.43 However, as
the regioregularity of P3HT decreased, the intensities of the
A-1) and A(y_q) peaks decreased, and the A(_,) peak was
blue-shifted relative to that of the regioregular P3HT thin film.
This was caused by the high steric hindrance of the irregular
side chains.” When the ratio of RR/rr P3HT was increased to
7:3, the characteristics of crystalline P3HT thin films were still
exhibited. However, the higher the proportion of regiorandom
P3HT, the weaker the m—n stacking between regioregular
P3HT chains because of the stronger steric hindrance. The
UV—vis absorption spectra were indicative of the existence of
H-aggregates with weak coupling bonds between the P3HT
chains, which quantitatively represent the changes in the
crystallinity of the P3HT thin films. The intensity of the A_g
peak is reduced by increasing exciton coupling, and the value
of the interchain coupling energy W can be calculated using
the following equation

]2

|

where Ep is the symmetrical vinyl stretching vibration energy
(Ep = 0.18 eV), and #n is the refractive index (ny_,/ny_¢ =
0.97).* The increase in the conjugation length of P3HT can
be demonstrated by the increase in A(g_¢)/A(o_;) because the
P3HT thin film with high regioregularity has a low W value.
Therefore, we compared the A(_q)/Ap-;) values of each
P3HT thin film to measure the effect of the change in the
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Figure 3. AFM phase and height images (1 X 1 ym) of the surface of the P3HT thin films with (a) 95, (b) 90, (c) 83, (d) 77, (e) 70, and (f) 58%

regioregularity.

32631

https://doi.org/10.1021/acsami.3c05278
ACS Appl. Mater. Interfaces 2023, 15, 32629—32636


https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05278?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c05278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

a b c
sf ) 10+ 1o°( ) 105( )
-1
s 6f :‘10 10t
< 1 =z 2102 5
2,4 100% 2 SETS
o ! L E, 3 B
—_32 1 v £10 S
- 2r -10 a
— 110 10* 10?
ot " N " . N ]10-12 10 o'
-60 -30 0 30 60 95 90 83 77 70 95 90 83 77 70
Ve (V) Regioregularity (%) Regioregularity (%)
(d) (e)
2.0 RR (%) =
13¢ =3 =
- 83 = °
- 77 = = =
12} =rl = = 8
S15 s 3 x
1.1} 3 5 3
= = =
1.0} E
1.0 = = =
0 5 10 15 Y
Time (min) rates rates
(9) (i)
3.0 Feico 180 ppr 801 _ 06
g £
< 60f g
2 2
2 40 5
0
s 3
a =
g%
7]
1.0¢ A 1 ] . op &=
0 10 20 30 40 0 20 40 60 80 100 95 90 83 77 70
Time (min) NO, concentration (ppm) Regioregularity (%)
(J) ,,«—P:Amorphous P3HT ’:Ordered P3HT “ : Target Gas

Regioregular P3HT

Regiorandom P3HT

Figure 4. (a) Transfer characteristics (Ip vs Vg at V, = —60 V) of the P3HT thin film with the regioregularity. (b,c) Calculated field-effect
mobilities and the on/off ratio changes of P3HT thin films with regioregularity. (d) Repeated gas-sensing curve for gas sensors based on P3HT thin
films; (e) magnifications of the first stages of the curves in (d); (f) summary of gas sensing parameters. (g) Dependence of the dynamic gas-sensing
performance of the P3HT thin film on the regioregularity. (h) Calculated responsivity of the P3HT thin films plotted as a function of the NO,
concentration and (i) sensitivity vs regioregularity calculated from the slopes of the plots in (h). (j) Schematic of gas adsorption of P3HT films with

regioregularity.

regioregularity on the crystallinity of the P3HT thin films
(Figure 2b). As the regioregularity of P3HT decreased, the
molecular order of the thin film decreased, and the thickness
also tended to decrease because of the low viscosity of the
solution (Figure 2c).

The GIXD analysis along the out-of-plane direction
confirmed the change in the crystalline structure of the
P3HT thin film with the regioregularity of the P3HT (Figure
2d). For the P3HT thin film with 95% regioregularity, an
intense (100) diffraction peak was observed at ~5.4°, which
represents the interchain distance in the P3HT lamellae.** In
addition, low-intensity (200) and (300) peaks were observed
at 11 and 15.7° respectively. As the regioregularity of P3HT
decreased, the intensity of the (100) diffraction peak in the
out-of-plane direction gradually decreased. These results
corresponded well with the change in molecular order in the
P3HT thin films calculated from the UV—vis absorption data.
In addition, the (010) diffraction peaks, which represent the
7—r stacking of P3HT chains, were not observed in all samples
regardless of the regioregularity, and this indicates that each of
the films had an edge-on structure.

The changes in the surface profile and nanoscale
morphology with the regioregularity of P3HT were studied
using AFM (Figure 3). The height and phase images of the
95% regioregular P3HT thin film revealed considerable
roughness and high rigidity, respectively. However, the
roughness and hardness of the thin film started to decrease
with decreasing regioregularity, and the regiorandom P3HT
thin film exhibited a smooth surface morphology and soft
characteristics. The decrease in both rigidity and roughness
indicated that the crystallinity of the regioregular P3HT had
degraded and that the thin film had become amorphous owing
to the steric hindrance of the irregular side chain.***” These
results indicate that the P3HT film exhibits flexible character-
istics as the regioregularity of P3HT decreases.

To investigate the charge transport characteristics with
respect to the regioregularity of P3HT, the transfer curve of
each P3HT thin film was examined with a bottom-gate, top-
contact transistor geometry. As the regioregularity of P3HT
decreased, the drain-current levels of the charge transfer curves
gradually decreased (Figure 4a);*° accordingly, the field effect
mobility values decreased dramatically from 1.7 X 1072 to 4.2
X 107° cm? V7! 571, and the on/off ratio also decreased from 6
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Figure S. Dependence of the dynamic gas-sensing performance of the
P3HT thin film on the regioregularity: dynamic response curve of the
P3HT thin films for (a) SO, and (c) CO,. Calculated responsivity
curve and sensitivity (inset) for (b) SO, and (d) CO,.

X 10° to 6 X 10 (Figure 4b,c). In addition, regiorandom P3HT
(58%) had a very low drain current; therefore, the charge-
transfer characteristics could not be measured. We confirmed
that the molecular order decreased as the regioregularity of the
P3HT ratio decreased; thus, the charge transport performance
was also expected to decrease because of the defects caused by
the irregular chain configuration.

The NO, gas-sensing parameters of the P3HT thin film with
regioregularity were repeatedly measured (Figure 4d—i). In
these experiments, the P3HT thin films with regioregularity
were repeatedly exposed to 10 ppm NO, gas for 20 s and
purged with air for 200 s. The source-drain current was
measured at a low current level, —10 V gate voltage (V), and
—10 V drain voltage (Vp). The drain current of all P3HT films
increased dramatically owing to the p-doping effect of NO,
upon injection of the gas, regardless of the regioregularity
(Figure 4d).*** The 70% regioregularity P3HT film exhibited
a higher drain current level, which resulted in a superior
response rate, recovery rate, and responsivity. These properties
were quantified by calculating the values of AR/At, AR/At,
and AIp/I, obtained from the increasing and decreasing curves
of the gas response time—current curves (Figure 4f). The
enhanced gas-sensing performance of the regiorandom P3HT
thin films might be a result of the increased free volume,
referred to as empty spaces or voids, due to the irregular side
chain configuration. Regiorandom P3HT thin films have
abundant free volume because the steric hindrance affects
the packing density and molecular order of the P3HT chains
within the film, which in turn influences the charge carrier
transport and optical properties. A larger free volume would
facilitate gas adsorption, which would enhance the gas-sensing
performance. Following the injection of NO, gas, the gas
molecules must penetrate the channel region that forms a few
nanometers above the interface between the active and
dielectric layers to enable the NO, gas to be detected. In the
regiorandom P3HT film, the large free volume allows the NO,
gas to reach the channel more easily. This explains the superior

sensing performance of the 70% regioregularity P3HT film as a
result of the large free volume derived from the irregular chain
configuration (Figure 4j).

The variation in the gas-sensing performance with the
concentration of NO, was investigated by measuring the
dynamic sensing properties (Figure 4g). We measured the
change in the drain current as the concentration of NO, gas
was increased from 10 to 100 ppm in increments of 20 ppm.
The gas injection time was kept constant at 20 s for each
measurement, and the recovery time increased by 100 s as the
injected amount increased. The current increased linearly
regardless of the regioregularity and confirmed that, similar to
previous gas-sensing measurements, the film with 70%
regioregularity P3HT delivered the best sensing performance.
We calculated the sensitivity to NO, gas from the slope of the
responsivity as a function of the NO, content (Figure 4h,i). As
a result, as the regioregularity of P3HT decreased, the gas
sensitivity increased, and the evaluated sensitivity of the 70%
regioregularity P3HT film was more than five times larger than
that of the 95% regioregularity P3HT film.

We additionally measured the sensing performance of the 95
and 70% regioregularity P3HT films with respect to SO, and
CO, under the same conditions (Figure Sa—d). Upon
exposure of the gas sensors to various concentrations of SO,,
a strong electron-withdrawing molecule similar to NO,, the
drain current of the devices also increased as a result of p-
doping. The sensing performance and sensitivity of the P3HT
film with 70% regioregularity were superior to those of the 95%
regioregularity P3HT film. A similar tendency was observed
during the dynamic sensing of CO,; however, the sensing
response and sensitivity were almost negligible, most likely
because the CO, molecules are nonpolar and consist of a
symmetric dipole.

Previous AFM analyses confirmed that regiorandom P3HT
exhibits soft characteristics. This means that organic transistors
with low regioregularity have increased flexibility, which is a
significant advantage over devices with high regioregularity.*
Stretching tests were conducted on each P3HT film at 0, 10,
30, S0, and 100% strain (Figure 6a). The results showed that
cracking began to occur at approximately 30% strain for the
P3HT film with 95% regioregularity. However, as the
regioregularity of P3HT decreases, the strain strength at
which cracking begins gradually increases. At a P3HT
regioregularity of 77% or less, the P3HT film no longer
developed cracks, even with 100% applied strain. This is
because the larger amorphous regions of the regiorandom
P3HT have the effect of increasing the softness of the film,
allowing it to withstand more significant strain while
maintaining excellent film flexibility.

We subjected each P3HT film to a bending test using a
bending radius of S mm in both directions and measured the
change in charge-carrier mobility with the number of bending
cycles. The results confirmed that the charge carrier mobility of
all transistors was generally maintained up to approximately
1000 bending cycles, regardless of the regioregularity of P3HT.
However, after 1000 bending cycles, a sharp decrease in
charge-carrier mobility was observed for the regioregular
P3HT film. In contrast, devices with regiorandom P3HT films
maintained their charge-carrier mobility even after approx-
imately 3000 bending cycles. This is because the higher the
regiorandom P3HT ratio, the more voids exist, making it less
susceptible to external forces. As these voids are not occupied
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Figure 6. (a) Schematic illustration of the stretching test and OM images of the stretched P3HT thin film with regioregularity. (b) Schematic
illustration of the bending machine and bending test. (c) Changes in the charge carrier mobility of the P3HT thin films with the number of bending

cycles, and (d) normalized charge carrier mobility.

by atoms or molecules, they are free to move or deform when
an external force is applied.

4. CONCLUSIONS

In this study, we investigated the effect of P3HT
regioregularity on the molecular packing, free volume, and
corresponding changes in charge carrier transport and gas-
sensing properties. The structural order of the regioregular
P3HT molecules increased significantly because of the
presence of regular alkyl side chains on the polymer backbone.
The reduced free volume caused by the high packing density
made it difficult for NO, molecules to interact with the hole
charge carriers in the conductive channel. The large free
volume induced by the irregular side chains in P3HT interferes
with efficient charge transport; however, the free volume
simultaneously facilitates gas-analyte interaction. Therefore,
the regiorandom P3HT films exhibited enhanced responsivity
to analyte gas molecules. The molecular order, packing density,
and hardness of the P3HT films were confirmed using UV—vis
spectroscopy, AFM, and GIXD. The regiorandom P3HT films
also exhibited greater mechanical flexibility. Our findings
showed that the regularity of polymer molecules plays an

important role in charge carrier transport and gas adsorption
characteristics.
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