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A Quasi-2D Polypyrrole Film with Band-Like Transport
Behavior and High Charge-Carrier Mobility
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Quasi-2D (q2D) conjugated polymers (CPs) are polymers that consist of linear

1. Introduction

CP chains assembled through non-covalent interactions to form a layered

structure. In this work, the synthesis of a novel crystalline g2D polypyrrole
(q2DPPy) film at the air/H,SO, (95%) interface is reported. The unique
interfacial environment facilitates chain extension, prevents disorder, and
results in a crystalline, layered assembly of protonated quinoidal chains with a
fully extended conformation in its crystalline domains. This unique structure
features highly delocalized n-electron systems within the extended chains,
which is responsible for the low effective mass and narrow electronic
bandgap. Thus, the temperature-dependent charge-transport properties of
q2DPPy are investigated using the van der Pauw (vdP) method and terahertz
time-domain spectroscopy (THz-TDS). The vdP method reveals that the
q2DPPy film exhibits a semiconducting behavior with a thermally activated
hopping mechanism in long-range transport between the electrodes.
Conversely, THz-TDS reveals a band-like transport, indicating intrinsic charge
transport up to a record short-range high THz mobility of ~107.1 cm? V-1 s,

Linear conjugated polymers (CPs), such
as polyacetylene, polypyrrole (PPy), and
polythiophene, have played a crucial role in
a range of electronic devices including or-
ganic light-emitting diodes, ! transistors,?!
chemical (bio)sensors,?) solar cells,!*
batteries,l’) and supercapacitors.®l These
applications require efficient charge trans-
port but usually have to follow a thermally
activated hopping transport mechanism
due to potential barriers between local
sites.’l An alternative mechanism for
charge transport in CPs is Dband-like
transport, in which fully delocalized free
carriers are subject to momentum scat-
terings (e.g., by phonons) to conduct
along conjugated polymer chains. This
transport mechanism is far more efficient
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than hopping transport, and researchers have made tremen-
dous efforts to achieve band-like transport in CPs.’] How-
ever, band-like transport in CPs is challenging due to
the intrinsic disorder arising from chemical defects dur-
ing polymerization and doping processes, which hinders
the formation of long-range ordering and reduces carrier
mobility, thereby limiting the performance of CP-based
devices.[®¢?]

PPy is one of the most extensively studied CPs due to its
remarkable stability, conductivity, and electroactivity. However,
PPy is known to be always highly disordered due to the poly-
merization process, which can create defects in the polymer
structure, leading to disorder in the conjugated backbone.'’!
This disorder hinders the efficient movement of charge car-
riers through the polymer, 1% making it difficult to achieve
band-like transport. Additionally, the doping process used to
tune the electronic properties of PPy can also introduce fur-
ther disorder,['!] hindering the development of band-like trans-
port in this material. Thus, even for some PPys with metal-
like high conductivity, it is not necessarily an indication of
band-like transport behavior!'?] (see Figure S1, Supporting In-
formation, for the example and discussion). Despite signif-
icant efforts to improve the charge-transport properties of
PPy, band-like transport has not yet been reported for this
material %]

In this work, we report the synthesis of a novel quasi-2D
polypyrrole (q2DPPy) film using an interface-assisted synthesis
approach at an air/H,SO, interface. The unique environment
of this interface provided a confinement effect that facilitated
chain extension and prevented disorder, resulting in a crystalline,
layered assembly of protonated quinoidal chains with fully ex-
tended conformation. We then investigated the charge-transport
properties of the 2DPPy film via van der Pauw (vdP) and tera-
hertz time-domain spectroscopy (THz-TDS) measurements. We
found that the long-range charge transport between electrodes
was dominated by a hopping process and could be described by
the Mott law variable-range hopping model. For the first time, our
study reported distinctive band-like transport of PPy on the short
range, as probed by the THz-TDS at low temperatures. This is re-
lated to more delocalized charge carriers that are more prone to
take part in band-like transport at lower temperatures, as demon-
strated by the evolution of the localization parameter (c;) in the
Drude-Smith model. The short-range, mainly intrachain charge
transport in crystal domains or flakes, facilitated by the extended
quinoidal chains within the layered q2DPPy film, contributed
to this band-like transport behavior. Remarkably, a record-high
short-range charge-carrier mobility of ~#107.1 cm? V~! s7! was
achieved at 240 K.
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2. Results and Discussion

The oxidative polymerization of pyrrole was carried out as illus-
trated in Figure 1. Concentrated H,SO, (95%) was injected into a
glass petri dish with a diameter of 8 cm, followed by the dropwise
addition of pyrrole (1 mL) onto the concentrated H,SO, surface.
After several drops, pyrrole polymerized and solidified at the in-
terface of H,SO, and air. The highly ordered 2D structure could
Dbe achieved via this interfacial synthesis, where pre-organization
of monomer assemblies leads to long-range ordering in early re-
action stages, serving as a precursor for subsequent crystalline
polymer formation (Figures S2 and S3, Supporting Information).
Excessive H,SO, in the film was eliminated (as shown in Table
S1, Supporting Information) by annealing the sample in iodine
vapor at 80 °C overnight to form a dark film according to the liter-
ature method.!"3] The resulting film was then heated in a vacuum
at 80 °C to remove any remaining iodine residue, as characterized
by X-ray photoelectron spectroscopy (XPS).

Figure 2a presents a large-area film (several cm?) of q2DPPy
with 2.2 pm thickness. The SEM images (Figure 2b and
Figure S4, Supporting Information) and AFM image (Figure 2c¢)
show a cross-section of a thick q2DPPy film with laminar mor-
phology, which is similar to many inorganic 2D layered crystals
(e.g., graphitel’ and MAX phase).I'>] Notably, as shown in the in-
serted images in Figure 2b,c, the Q2DPPy film could be exfoliated
to produce nanosheets with an average lateral size of 28.3 + 8.2
pm?, and an average thickness of ~4.5 + 0.3 nm, corresponding
to approximately four layers (Figures S5 and S6, Supporting In-
formation, details of exfoliation process shown in the Supporting
Information).

To clarify the crystal structure of q2DPPy, we performed
grazing-incidence wide-angle X-ray scattering (GIWAXS) mea-
surements on the q2DPPy film (Figure 2d and Figure S7 and
Table S3, Supporting Information) and derived a unit cell with
the following a = 4.3 Ab=43A c=104 A a =947° p =
86.4°, and y = 115.2°. The out-of-plane (001) peak indicates that
there is an out-of-plane layer stacking with an average interlayer
space of 10.3 A. The complexity of the GIWAXS sample prepa-
ration process, which risks film delamination during rigorous
washing steps, can lead to the potential entrapment of residual
precursors within the film (detailed analysis can be found in the
Supporting Information). These precursors were formed by self-
assembly of protonated pyrrole or oligomers (Figures S2 and S3,
Supporting Information). This indicates a pre-organization pro-
cess playing a role in the formation of the crystalline q2DPPy,
which will be elucidated in a further study. Aberration-corrected
high-resolution transmission electron microscopy (AC-HRTEM)
was employed to further investigate the structure of q2DPPy,
as shown in Figure 2e. The AC-HRTEM image (Figure 2e and
Figure S8, Supporting Information) and selected-area electron
diffraction (SAED) patterns (top-left image inserted in Figure 2e)
reveal a 2D lattice with an edge length of a = b = 4.3 A and edge
angle of y = 116°, which agree well with the inserted chemical
structure and its 3D models of fully extended quinoidal chains in
Figure 2e.

In addition to experimental characterization, we also con-
ducted HRTEM image simulations to gain a deeper under-
standing of the structure of q2DPPy, as shown in Figure S9,
Supporting Information. The simulated HRTEM image provides
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Figure 1. Schematic illustration and reaction scheme of the preparation of g2DPPy film on a concentrated H,SO, surface.

an identical match to the experimental HRTEM image, reveal-
ing the diagonal direction of the lattice to be the direction
of polymer chain extension, as labeled in Figure 2e. The lat-
tice diagonal length of ~7.4 A matched the repeat unit length
of the fully extended quinoidal chain structure in the crys-
talline regions, as shown in Figure S10 and Table S4, Sup-
porting Information. The cross-section of the q2DPPy film was
characterized by SAED, which showed an interlayer spacing of
~10 A (illustrated in Figure 2g), as indicated by the (001),
(002), and (003) crystal planes in Figure 2f and Figure S11 and
Table S6, Supporting Information. This interlayer distance is
larger than the z-stacking distance due to the presence of sul-
furic acid groups spacing or bridging between the two polymer
chains.

To determine the chemical composition of 2DPPy, Fourier-
transform infrared (FTIR) spectroscopy (Figure 3a) was per-
formed. A major peak at 1650 cm™! indicates the NH,* deforma-
tion band in q2DPPy.l'?] Several other peaks at 1525 and 1440
cm™! represent stretching vibrations of the pyrrole ring.!**! The
S=O0 stretching mode of the interchain linkers (SO.") is seen
as a broad and strong band centered at 1037 cm™L.['] Raman
spectroscopy complements FTIR as it detects different molecu-
lar vibrations, offering a broader view of the chemical structure.
Figure 3b shows two strong Raman peaks at 1584 and 1428 cm™!.
The 1584 cm™! peak corresponds to the C=C ring stretching,
similar to the G peak of graphene at #1580 cm~'.["®! Another in-
tense peak at 1428 cm™ is attributed to the antisymmetric C—N
stretching and C—H bending.["! Overall, the FTIR and Raman
spectroscopy results match the proposed structure of 2DPPy.

As shown in Figure 3¢, the UV-vis—near-infrared (NIR) ab-
sorption spectrum of Q2DPPy film shows a broad band in the VIS
region (<750 nm), attributed to 7 — z* transition and mid-gap
transition of polypyrrole,[2°** and further bands in the NIR range
(800 to 2500 nm). The NIR range can be divided into several sub-
ranges, such as NIR-I (650-950nm), NIR-II (1100-1350 nm),
NIR-IIT (1600-1870 nm), and NIR-IV (centered at 2200 nm).20<d]
Reported PPy spectra generally display broad absorbance in the
NIR-I and NIR-II regions, which is attributed to the bipolarons
in PPy.'?>20d] Compared to those reports,!'?>2%] Figure 2c shows
that the absorption of 2DPPy film is redshifted to the NIR-III
and NIR-IV regions with peaks at 1936, 2140, and 2262 nm,
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attributed to delocalized polaron band, as calculated by Ullah and
et al.l?®! This absorption disappears when the films are partially
de-doped in acetone (Figure S12, Supporting Information). The
low-bandgap absorption is comparable to some prominent in-
organic NIR absorber materials such as antimony tin oxides!?!!
and indium tin oxides.[??] It reflects a narrow optical bandgap of
oxidized q2DPPy film, which is attributed to excitation from its
valance band to the delocalized polaron band.2%!

The XPS spectra (Table S5, Supporting Information) of
q2DPPy reveal the presence of N, S, and O elements in the film,
with a ratio of N/S/O =2.1/1/4.3, which closely matches the theo-
retical ratio of 2/1/4. The iodine content in the film is negligible
(<1%). The C1s main peak in Figure 2d exhibits three singlets
at 284.5, 285, and 286.6 eV. The peaks at 284.5 and 285 eV are
attributed to the - and a-carbons of the pyrrole rings,!'3¢! respec-
tively, while the peak at 286.6 eV arises from the protonated struc-
ture of PPy.[2)] The N1s spectrum (Figure 3e) exhibits a bimodal
feature that can be deconvoluted into two singlets at 400.5 and
402 eV, corresponding to the —NH; —and C—N* species, respec-
tively (Figure 2e).I'®><] These XPS results confirm the presence
of the expected elements and chemical bonding in the q2DPPy
film.

To investigate the transport mechanism of q2DPPy, we em-
ployed both the vdP and THz-TDS methods at variable temper-
atures. The vdP method provides the long-range charge-carrier
conductivity at a macroscopic scale between electrodes spaced
1 cm apart, under a constant current of 100 nA. According to
the vdP results depicted in Figure 4a,b (blue circles), the charge
transport follows a semiconducting feature and is dominated
by thermally activated hopping in the temperature range from
300 K (with o4p, 399k = 0.54 S cm™) to around 250 K. This data
could be fit linearly with the Mott law variable-range hopping
model, which takes the form oy,,,i,, = ooe™ "0/ D'". However, the
conductivity values at T < 250 K were near the detection limit of
the vdP experiment, which resulted in scattering data points and
deviation from the linear fitting.

For a further understanding, the electronic structure of the
fully extended quinoidal polypyrrole chains was investigated us-
ing theoretical calculations with the PBE+D3(B]J) method,**] re-
vealing a bandgap of 0.42 eV (Figure 4c), in agreement with the
red-shifted absorbance bands. This is smaller than that of the
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Figure 2. Morphological and structural analysis of the q2DPPy film. a) SEM image from a top-view direction. b) SEM image and c) AFM image from a
cross-section direction with inserted images of exfoliated flake in the top-right corner of the images. d) 2D GIWAXS pattern of g2DPPy. e) AC-HRTEM
image of g2DPPy with inserted SAED pattern (upper-left); and a simulated (bottom-left) HRTEM image matching the experimental image; the proposed
chemical quinoidal PPy chain structure is overlapped in the image with lattice parameters. f) SAED pattern and g) PPy chain stacking schematic from

the cross-section direction of the film.

pristine unprotonated PPy (3.2 + 0.1 eV).°! The bandgap nar-
rowing is attributed to the formation of new energy bands in the
protonated, fully extended quinoidal polypyrrole chains.*! The
effective mass along the extended chains in q2DPPy is calculated
based on the band structure (Figure 4c), yielding m* = 0.44 m?,
much lower than previous reports of PPy (m* = 1.8 m°).[®] In
q2DPPy films, the increased planarity arising from the fully ex-
tended quinoidal chains within the layers enhances charge delo-
calization, leading to a lower effective mass and enhanced charge-
transport properties.

Then, we employed temperature-dependent THz-TDS to char-
acterize the local charge transport within the picosecond tera-
hertz field.82¢] Figure 4d shows the raw data of the detected

Adv. Mater. 2023, 35, 2303288 2303288 (4 of 8)

electric field intensity through q2DPPy films, which shows an
intensity drop from 300 to 200 K. It reveals that the absorption
of THz radiation by q2DPPy film is enhanced at lower tempera-
tures, indicating an increase in conductivity.l?’] To quantify the
conductivity oryy,, we further converted the plots of Figure 4d
to the frequency-dependent refractive index (n(w)) and absorp-
tion coefficient («(w)), which in turn could be represented as the
complex conductivity function with real and imaginary parts as
shown in Figure 4e.

We found that both the real and imaginary parts of the complex
conductivity function increased with decreasing temperature in
Figure 4e and Figure S13, Supporting Information, which con-
firm an increase in o5y, To analyze how oy, changes with tem-
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Figure 3. Characterization of the chemical composition of gq2DPPy.
a) FTIR spectrum showing characteristic peaks of functional groups of
q2DPPy. b) Raman spectrum of Q2DPPy. ¢) UV-vis—near-infrared (NIR) ab-
sorbance spectrum obtained with an integrating sphere to minimize scat-
tering effects during our measurements. d,e) High-resolution XPS spectra
of Cls (d) and Ns (e).

perature, we computed the average and standard deviation of the
real part of complex conductivity data points ranging from 0.8
to 1.2 THz. These values were then plotted in Figure 4b to com-
pare them with the long-range conductivity obtained by the vdP
method. As shown in Figure 4b (square symbols), the THz con-
ductivity remains constant (with weak fluctuations around 7.75—
7.87 S cm™!) in the range from 300 to 260 K. It then shows a
steady increase from 260 to 240 K (9.09 + 0.23 S cm™), indicat-
ing band-like conductivity in this temperature range. However,
an opposite trend, do 4, /dT> 0, is detected by the vdP method,
as shown in Figure 4b. The discrepancy can be explained by the
difference between the vdP method, which measures long-range
charge-carrier conductivity across different flakes or crystalline
domains, and the THz-TDS technique, which characterizes lo-
cal charge transport in individual crystallites. To further under-
stand the local transport mechanism, we theoretically elucidated
the effective mass along different directions in the first Brillouin
zone of 2DPPy (Figure S15, Supporting Information). '—Q rep-
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resents the in-chain direction and has the lowest effective mass
(m* = 0.44 m°), showing that this direction represents the main
transport direction in the THz measurements (Table S9, Support-
ing Information). The effective mass in the in-plane direction
of n-stacked polymer chains (C'—N) is an order of magnitude
higher and therefore has a weak (but non-negligible) contribu-
tion to transport. Finally, '=B characterizes the out-of-plane di-
rection, highlighting the path of charge hopping from one PPy
chain through the sulfate ions to another PPy chain, and this
shows very ineffective charge transport. Thus, at the molecular
level, THz-TDS captures the local transport that occurs predom-
inantly along the chains within short timeframes (<10 ps), while
the macroscopic conductivity is characterized by the vdP method,
which reveals a thermally activated hopping mechanism for long-
range transport between electrodes. The observed difference be-
tween short-range THz and long-range vdP conductivity reflects
differing underlying phenomena at various length scales of the
material structure, a behavior that has been noted in stacked 2D
materials due to inherently less efficient charge transport across
multiple layers compared to a single isolated flake.2°]

For a better understanding of the complex conductivity of
q2DPPy, we fit the complex conductivity spectra using the
Drude-Smith model for both real and imaginary parts at various
temperatures as shown in Figure S13, Supporting Information
(including all temperatures), and Figure 4e (seven temperatures
are selected for clarity). In the Drude-Smith model, the complex
conductivity is described by

p
1—iwt

2
EyST [

— (1

1-iwt

where w, is the plasma frequency, ¢, is the free space permittiv-
ity, 7 is the scattering time, and ¢, is the persistence of velocity
or localization parameter. The ¢, parameter pertains to the likeli-
hood of charge carriers to be scattered after a collision at bound-
aries. Its value ranges between 0 and —1, with 0 indicating the
restoration of the Drude model and the presence of free charges,
while the lower limit —1 indicates strongly localized charges. We
found that ¢; of the q2DPPy film is negative and decreases fur-
ther with the increase of temperature (becomes more negative),
as shown in the inset of Figure 4f and Table S6, Supporting In-
formation. It exhibits a gradual change from —0.89 at 299 K to
—0.86 at 290 K and then rises faster from —0.86 to —0.70 in the
range of 290 to 260 K. Below 260 K, the increase in the ¢, pa-
rameter is more significant, reaching a value of —0.57 at 240 K.
Overall, the data suggest that the localization of charge carriers
becomes weaker with decreasing temperature, which leads to a
lower probability of backscattering after a collision at boundaries.
The scattering time 7 is associated with local band-like trans-
port within polymer chain segments or aggregates.[832628] The
scattering time exhibits fluctuations around an average value of
~104 fs across various temperatures, yet it displays an overall in-
creasing trend from 94.8 + 7 fs (300 K) to 116.1 + 7.1 fs (240 K), as
shown in Table S7, Supporting Information. This trend implies
that the charge carriers have an extended distance of motion be-
fore experiencing collisions with any boundaries or obstacles at
low temperatures.

Furthermore, we calculated the effective short-range mobility
according to pq = er/(m,(1 + c,)), using the calculated effective
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Figure 4. Charge-transport study of the q2DPPy film. a) Semilogarithmic plot of electrical conductivity measured by the vdP method versus T~1/4
over the measured temperature range, with a linear fit using the Mott law variable-range hopping model between 300 and 250 K. b) Temperature-
dependent conductivity from the THz and vdP methods. For clarity, one data point was selected for every 2 K interval by extracting the real part of
THz-TDS conductivity between 0.8 and 1 THz. c) Electronic band structure along the I'-X path line in the first Brillouin zone for a single protonated fully
extended quinoidal chain. d) THz-TDS traces of the time-resolved electrical field intensity (solid lines) and reference THz pulse (blank, dashed line) at
temperatures ranging from 240 to 298 K under inert gas (N,) conditions. e) Complex THz conductivity spectra at 299, 290, 280, 269, 250, and 241 K are
shown in different colors. The Drude-Smith model fits their real (square symbol [ll) and imaginary (circle symbol @) parts are represented as dashed
lines. f) Effective THz mobility at various temperatures according to u.g = qr/(m,(1+ ¢;)), with the inserted figure showing the ¢, value at different

temperatures.
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mass for intrachain transport. Figure 4f shows that the effective
mobility of q2DPPy exhibits a negative correlation with temper-
ature, which is indicative of band-like transport behavior. At a
temperature of 300 K, the short-range mobility is t,ec = 23.9 +
2.5 cm? V-! 57! and gradually increases to a remarkable value of
sk = 107.1 + 11 cm? V- s7! at a temperature of 243 K. This
trend of increasing short-range mobility is mainly attributed to
the increase of the ¢, parameter with the decrease of tempera-
ture (inset of Figure 4f). It should be emphasized that the mea-
sured highest short-range mobility of 107.1 cm? V-! s7! repre-
sents a new record value among reported polypyrrole-based ma-
terials (the literature reported mobility of PPys is typically below
15 cm? V=1 s71) as shown in Table S8, Supporting Information.
Finally, we also identify significant Coulomb trapping effects in-
duced by the sulfate anions in q2DPPy. This reflects in the low
density of mobile charge carriers contributing to the THz conduc-
tivity (1.22 + 0.12 X 10'8 cm~> at 299K according to Drude—Smith
analysis), despite the important doping level revealed by UV-vis-
NIR spectroscopy. The low mobile carrier density explains the
relatively low 614, (<10 S cm™!) in spite of the high local mobil-
ity. Moreover, the mobile charge-carrier density demonstrates a
decline with decreasing temperature, indicating the thermal ac-
tivation of charge carriers in 2DPPy (Figure S14, Supporting In-
formation), as evidenced by the carrier densities at 299 (1.2 + 0.04
%10 cm~) and 236 K (0.92 + 0.04 x 10" ¢cm~?). This trapping
effect can also impede macroscopic charge transport. It can be
mitigated by substituting the sulfate ions with other larger aro-
matic linkers (Figure S1, Supporting Information), where we ob-
served an over tenfold increase in the local conductivity.

3. Conclusion

We have reported the synthesis of a novel q2DPPy film via
oxidation-induced polymerization at the air/H,SO, interface, re-
sulting in a unique layer-stacked 2D morphology. The structure
of each layer consists of protonated, fully extended, and quinoidal
PPy chains with a very low bandgap (<0.5 eV). Due to high order
within crystalline domains, we identified band-like intra-chain
transport of 2DPPy, with increasing carrier mobility and delo-
calization at low temperatures. Remarkably, a record high short-
range mobility of 107.1 cm? V-! s7! for PPy materials at 240 K
was achieved. Further research is needed to extend the excellent
intrinsic transport properties to the long-range (between individ-
ual flakes) and to overcome Coulomb trapping by the sulfonate
ions. For the latter, we show important improvement when us-
ing large aromatic ions instead. In a future study, we will further
explore the band-like transport behavior in such q2DPPy mate-
rials, with a focus on temperatures closer to room temperature
and long-range transport.

Supporting Information

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