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Two-dimensional polyaniline crystal with 
metallic out-of-plane conductivity

Tao Zhang1,2,21, Shu Chen3,19,21, Petko St. Petkov4,21, Peng Zhang1,21, Haoyuan Qi1,5,21, 
Nguyen Ngan Nguyen1,6,21, Wenjie Zhang6, Jiho Yoon6, Peining Li3,7, Thomas Brumme8, 
Alexey Alfonsov9, Zhongquan Liao10, Mike Hambsch11, Shunqi Xu1, Lars Mester3,20, 
Vladislav Kataev9, Bernd Büchner9,12, Stefan C. B. Mannsfeld11, Ehrenfried Zschech11, 
Stuart S. P. Parkin6, Ute Kaiser5, Thomas Heine8,13,14 ✉, Renhao Dong1,15,16 ✉, 
Rainer Hillenbrand17,18 ✉ & Xinliang Feng1,6 ✉

Linear conducting polymers show ballistic transport, imposed by mobile carriers 
moving along the polymer chains1,2, whereas conductance in the extended 
dimension, that is, between polymer strands or layers, remains weak due to  
the lack of intermolecular ordering and electronic coupling3–5. Here we report  
a multilayer-stacked two-dimensional polyaniline (2DPANI) crystal, which shows 
metallic out-of-plane charge transport with high electrical conductivity. The 
material comprises columnar π arrays with an interlayer distance of 3.59 Å and 
periodic rhombohedral lattices formed by interwoven polyaniline chains. Electron 
spin resonance spectroscopy reveals significant electron delocalization in the  
2DPANI lattices. First-principles calculations indicate the in-plane 2D conjugation  
and strong interlayer electronic coupling in 2DPANI facilitated by the Cl-bridged  
layer stacking. To assess the local optical conductivity, we used terahertz and  
infrared nanospectroscopy to unravel a Drude-type conductivity with an infrared 
plasma frequency and an extrapolated local d.c. conductivity of around 200 S cm−1. 
Conductive scanning probe microscopy showed an unusually high out-of-plane 
conductivity of roughly 15 S cm−1. Transport measurements through vertical and 
lateral micro-devices revealed comparable high out-of-plane (roughly 7 S cm−1) and 
in-plane conductivity (roughly 16 S cm−1). The vertical micro-devices further showed 
increasing conductivity with decreasing temperature, demonstrating unique out-of- 
plane metallic transport behaviour. By using this multilayer-stacked 2D conducting 
polymer design, we predict the achievement of strong electronic coupling beyond 
in-plane interactions, potentially reaching three-dimensional metallic conductivity6,7.

The charge transport properties and metallic states of linear conduct-
ing polymers have been extensively investigated since the reports on 
doped polyacetylene more than 40 years ago1–3,8. So far, understanding 
of the charge carrier transport mechanisms in conducting polymers 
continues to receive increasing attention, especially regarding the rise 
of organic electronics4,9–11. Because of the large intrachain coupling, 
charge transfer is thought to occur mainly along the conjugated chains, 

but with interchain hopping as a crucial secondary contribution5,12. 
To achieve an efficient charge transport in conducting polymers in 
extended dimensions, a direct approach is to enhance the intermo-
lecular overlap of frontier orbitals to form dispersed bands3,13.

In the past decades, tremendous efforts have been made to improve 
the linear chain alignment of conducting polymers, including polyacety-
lene1,14, polythiophenes4,15,16 and polyaniline10, enabling the maximization 
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of their interchain charge transport in two dimensions (in-plane)4,15 or 
even in three dimensions (in- and out-of-plane)5–7. A very appealing 
strategy is to create ordered arrays of covalently linked conducting 
polymers17–19. For instance, two-dimensional conducting polymers 
(2DCPs) are characterized by in-plane π-conjugated periodic molecular 
structures with conjugated crosslinks between chains, which provide 
intramolecular pathways for charge carriers20–23. Despite the recent 
advancements in the synthesis of 2DCPs, the charge transport (that is, 
conductivity) within and between the 2D polymer layers remains limited 
or weak due to insufficient structural ordering and electronic coupling.

Here we report a multilayer-stacked 2D polyaniline (2DPANI) crystal 
with a domain size of 130–160 µm2 and thickness from tens to hun-
dreds of nanometres by means of a topology-directed 2D polymeriza-
tion of aniline using surfactant monolayer-assisted on-water surface 
synthesis. We demonstrate that the 2DPANI comprises long-range 
ordered rhombohedral lattices (a = b = 20.8 Å, γ = 115°) and AA-serrated 
stacked multilayers with an interlayer distance of c = 3.59 Å. Electron 
spin resonance (ESR) spectroscopy identifies a strong electron delo-
calization state in the 2DPANI at room temperature. First-principles 
calculations reveal the significant contributions from the extended 2D 
conjugation and compact layer stacking by van der Waals interaction 
as well as interlayer Cl− ion-bridging contribute to the strong inter-
layer–out-of-plane electronic coupling. Terahertz (THz) and infrared 
(IR) nanospectroscopy show a high optical conductivity, which can be 
explained by a three-dimensional (3D) Drude model with an IR plasma 
frequency and from which we extrapolate a d.c. conductivity of roughly 
200 S cm−1. Conductive atomic force microscopy (c-AFM) reveals high 
conductivity in the out-of-plane (14.9 ± 4.6 S cm−1) direction. Electrical 
transport measurements using vertical micro-devices reveal a typical 
metallic charge transport behaviour (that is, monotonic decrease of 
resistance versus temperature from 300 to 3 K) in the out-of-plane 
direction of single 2DPANI flakes, with an average electrical conductiv-
ity of 7.1 ± 3.4 S cm−1 at room temperature.

Synthesis and structure
To achieve the synthesis of 2DPANI crystals, we used an anionic sur-
factant monolayer (sodium n-octadecyl sulfate) on a hydrochloric 
acid aqueous solution surface (0.75 M, namely surfactant monolayer-
assisted interfacial synthesis) to control the pre-organization of the 
subsequently added aniline monomers (0.13 mmol) (Fig. 1a,b)24,25. 
Ammonium persulfate (0.02 mmol) was then added into the sub-
phase to initiate the polymerization. The reaction was kept at 1 °C 
under ambient conditions for roughly 72 h to produce 2DPANI flakes 
on the water surface (Fig. 1c,d and Supplementary Fig. 1). The flakes 
were fished using arbitrary substrates and appeared as oval-shaped 
crystals when observed by light microscopy (Fig. 2a and Supplemen-
tary Fig. 2). In a count of roughly 85 flakes, the average domain size (in 
terms of length) was estimated as 15.6 ± 2.3 µm (that is, domain area 
130–160 µm2; Supplementary Figs. 3 and 4). Using AFM, the average 
thickness of a selected flake was determined to be roughly 92 nm (Sup-
plementary Fig. 5). We note that both on-water surface and surfactant 
monolayer are key factors for determining the formation of 2DPANI:  
(1) they facilitate the simultaneous pre-organization and polymeri-
zation of aniline monomers into ordered polymer chains under the 
anionic head groups of surfactant monolayer; and (2) they also provide 
a confined environment (between surfactant monolayer and water sur-
face) for the formation of 2DPANI lattices. The result demonstrates that 
2DPANI can be synthesized from individual monomers (for example, 
aniline), in contrast to the current general conception that two or more 
monomers are needed for the construction of organic 2D polymers26. 
The resultant 2DPANI was intrinsically doped by hydrochloric acid 
during the surfactant monolayer-assisted interfacial synthesis.

We investigated the composition of individual 2DPANI flakes through 
micro-X-ray photoelectron spectroscopy (μ-XPS) (Supplementary Fig. 6 

and Table 1), which revealed C, N and Cl elements. Deconvolution of 
the C1s signal generates three peaks, assignable to the C1s of C–C at 
284.8 eV, C–N at 286.5 eV and π–π* shake-up from the phenyl rings at 
288.2 eV (Supplementary Fig. 7a), respectively. Two prominent peaks 
of N1s at 401.9 and 399.8 eV correspond to the two types of nitrogen 
(–NH+– and –NH–) in 2DPANI (Supplementary Fig. 7b,e), which are 
consistent with the calculated XPS spectra (Supplementary Fig. 7c,d).

We next investigated the crystal structure of 2DPANI using grazing-
incidence wide-angle X-ray scattering (GIWAXS) (Fig. 2b and Sup-
plementary Fig. 8). The strong in-plane scattering peaks near Qz = 0 
show that most 2DPANI crystals are aligned parallel to the substrate 
surface with lattice parameters of a = b = 20.9 Å and γ = 114.8°. The 
broad lamellar stacking arc at a Qz of 1.75 Å−1 corresponds to an average 
out-of-plane stacking distance d001 of roughly 3.59 Å (Fig. 2b). Please 
note that whereas d001 can be determined from the GIWAXS data, accu-
rate values for α and β cannot be given, owing to a possible long-range 
rotational disorder that produces the broad out-of-plane signal (details 
can be found in the GIWAXS methods). Selected area electron diffrac-
tion (SAED) on 2DPANI shows typical single-crystalline diffraction 
patterns of a rhombic lattice with the nearest reflections correspond-
ing to a = b = 20.9 Å, γ = 115° (Fig. 2c and Supplementary Figs. 9–11)24, 
which match well with the GIWAXS results. Based on the experimental 
values, a periodic structural model with the serrated-AA stacking was 
constructed and fully optimized using density-functional theory (DFT). 
The optimized structural parameters agree with the GIWAXS and SAED 
experiments, yielding lattice parameters of a = b = 20.8 Å, c = 3.52 Å, 
α = β = 90.0°, γ = 115°. In an energy-minimized structure, we identify 
that the Cl− ions are located in the pores and bridge the neighbouring 
2DPANI layers, with –NH–Cl–HN- connection in a roughly 2.1 Å distance 
(Fig. 2f–h, Supplementary Figs. 12–15 and Table 2), which enhances the 
interaction between the layers.

We then carried out the aberration-corrected high-resolution 
transmission electron microscopy (AC-HRTEM) imaging for the direct 
observation of 2DPANI crystals27. An image resolution of 2.2 Å has been 
achieved and domain edges can be clearly visualized (Fig. 2d and Sup-
plementary Fig. 16). Under the experimental imaging conditions, the 
2DPANI appears bright on a dark background (Fig. 2e). The close resem-
blance between experimental and simulated SAED patterns as well as 
AC-HRTEM images validates the serrated-AA stacking model (Fig. 2e 
insets and Supplementary Fig. 17). We note that cracks and defects 
have been observed occasionally (Supplementary Fig. 18), which could 
be attributed to growth errors, mechanical stress during film transfer 
and/or electron irradiation damage.

ESR and DFT study
We further probed the unpaired electrons in 2DPANI by ESR spectros-
copy (Supplementary Figs. 19 and 20). In the temperature range of 
5–300 K, the ESR spectrum shows a single line, which can be well fitted 
with a Lorentzian line profile (Fig. 3a). From such a fit, we determine the 
integrated intensity of the signal IESR, its width ΔH and the field of reso-
nance Hres, yielding a g factor of g = hν/(μBHres) ≈ 2.002 (Supplementary 
Fig. 20a). Given the closeness of the g factor to the free electron value 
and a relatively narrow Lorentzian-shaped ESR line profile, the observed 
ESR signal can be attributed to the response of unpaired electrons. In 
the range of 5–100 K, the intensity IESR, which is proportional to the static 
spin susceptibility of the unpaired electrons χspin, decreases with increas-
ing T (Fig. 3b), suggesting that χspin in this regime follows the Curie law 
temperature dependence χspin ∝ 1/T. Above a characteristic tempera-
ture T* ≈ 100 K, the ESR intensity and thus the spin susceptibility stay 
practically constant within the error bars. The value T* ≈ 100 K can also 
be determined from the T dependence of the g factor (Supplementary 
Fig. 20a) and the linewidth (Supplementary Fig. 20b). Similar behaviour 
of the spin susceptibility was also observed in the other 2DPANI sam-
ples (Supplementary Figs. 21 and 22), indicating a high reproducibility.
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The Curie law type T-dependence of their spin susceptibility at T < T* 
evidences the localized character of the unpaired electrons, which can 
be considered free radical centres. Comparing IESR in this regime with 
that of the standard reference sample (that is, Al2O3 doped by Cr3+), 
we estimate the spin density, which amounts to roughly 0.22 spins per 

unit cell, which is lower than the number of charged nitrogen (roughly 
four) per unit cell, probably due to the existence of bipolaron lattices28. 
By contrast, the nearly constant value of IESR ∝ χspin at T > T* suggests a 
Pauli-like spin susceptibility of the resonating spins (Fig. 3b), which is 
a fingerprint of the delocalized electrons. The delocalized character of 
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Fig. 1 | Schematic illustration of the synthesis procedure and proposed 
molecular structure for 2DPANI. a,b, Schematic of the on-water surface 
synthesis procedure for 2DPANI (a) and the multilayer 2DPANI flakes formed on 
the water surface (b). c, Schematic of charge transport in multilayer-stacked 2D 
conducting polymer, in which the red balls are the electrons and the surrounding 

solid and dashed arrows indicate intrachain and/or -layer transport and 
interchain and/or -layer transport of each electron, respectively. d, A proposed 
mechanism for the polymerization on the water surface (for simplicity, the Cl− 
counter ions are not shown) and molecular structure of 2DPANI. APS, ammonium 
persulfate; SMAIS, surfactant monolayer-assisted interfacial synthesis.
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the electrons is also corroborated by the increased linewidth at higher 
temperatures due to an enhanced spin-lattice relaxation caused by 
the momentum scattering of the mobile particles (Supplementary 
Fig. 20b). Thus, the temperature T* ≈ 100 K can be identified as a char-
acteristic crossover temperature for the electron delocalization in 
the 2DPANI29. The DFT calculated iso-surface of the spin density and 
electron densities for the 2DPANI model demonstrate that π electrons 
are delocalized over the 2DPANI lattice (Fig. 3c and Supplementary 
Fig. 23), which agrees with the ESR results. By contrast, we note that 
the ESR intensity and thus the concentration of the unpaired electrons 
is markedly suppressed in the dedoped 2DPANI (for example, by treat-
ment with 1 M NH4OH, Supplementary Fig. 24).

To explain the origin of the interlayer electronic coupling, the 
electronic band structure and the projected density of states (PDOS) 
for both monolayer and multilayer 2DPANI models are calculated 
(Fig. 3d,e). Whereas the 2DPANI monolayer is a semimetal, the multi-
layer structure becomes metallic, in which the Cl− ions and the interlayer 
π–π interaction cause a substantial difference in the band structures 
of monolayer (Fig. 3d) and layer-stacked 2DPANI (Fig. 3e). On the basis 
of the monolayer model, the DFT calculations suggest no preference 

for HCl doping of the different C–N–C groups (Supplementary Fig. 25) 
with preferable location of the Cl− ions in the pore. Different initial 
alignments of the Cl− ions around the –NH groups are considered, but 
the geometry optimizations always converge to the minimum where 
the Cl− ions are allocated in the pore. Analysis of the PDOS shows that 
in the monolayer, where the interlayer interaction is missing, mainly 
the C(p) and N(p) levels contribute to the bands close to the Fermi 
level, whereas the Cl(p) levels are about ±0.5 eV away from the Fermi 
level. On stacking, because of the π–π interaction and the bridging 
role of the Cl− ions and closer interlayer contacts (roughly 3.4 Å), the 
Cl(p) levels shift closer to the Fermi level, thus mixing stronger with C 
and N p-levels to form a band with strong dispersion (0.40 eV) in the 
out-of-plane direction (Fig. 3e and Supplementary Fig. 26).

Frequency-dependent conductivity
The optical conductivity of individual 2DPANI flakes was probed using 
THz and IR scattering-type scanning near-field microscopy (s-SNOM) 
and Fourier transform IR nanospectroscopy (nano-FTIR)30,31. To that 
end, 2DPANI flakes were transferred onto a 50 nm-thick Au layer on Si. 
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As illustrated in Fig. 4a, THz or IR laser radiation was scattered at an 
AFM tip. Interferometric detection of the tip-scattered field yielded 
nanoscale-resolved THz/IR amplitude and phase images or spec-
tra (Methods). In the amplitude images (Fig. 4b), the 2DPANI flakes 
appeared as bright as the Au substrate at ν = 84 cm−1 (THz, middle panel) 
and slightly darker at 910 cm−1 (IR, bottom panel). By contrast, both IR 
and THz amplitude signals of dedoped 2DPANI flakes (with removed 
mobile carriers) reduced to about 30% of the Au substrate’s signal 
(Fig. 4c), demonstrating that the large signal of 2DPANI was due to 
mobile carriers and high, spatially homogeneous optical conductivity.

The slightly reduced amplitude signal of 2DPANI at 910 cm−1 suggests 
a plasma frequency in the mid-IR range. To confirm this and quantify the 
mobile carrier response, we recorded amplitude- and phase-resolved 
s-SNOM images of pristine (Fig. 4f) and dedoped (Supplementary 
Fig. 27) 2DPANI at various THz and IR frequencies, measuring the con-
trast with the Au substrate (red and black symbols in Fig. 4d). We also 
recorded nano-FTIR amplitude and phase spectra (red and black lines 
in Fig. 4d, normalized to Au). Both methods show a large IR amplitude 
signal for pristine 2DPANI, decreasing with increasing wavenumber ν, 
along with a broad peak in the phase spectrum (red data). Dedoped 
crystals show significantly reduced amplitude and phase signals (black 
data), confirming that 2DPANI’s spectral response is dominated by 
mobile carriers.

To determine the optical conductivity, σ ν iε cν ε ν( ) = 2π (1 − ( ))0 ,  
where ε0 is the vacuum permittivity, c the light velocity and ε ν( )  
the dielectric function, we fitted the s-SNOM and nano-FTIR data  
using the finite-dipole model of s-SNOM32. Assuming an isotropic 3D 
Drude model for the mobile carriers in 2DPANI, the fit (blue curves in 
Fig. 4d) yields a high-frequency permittivity of  ε = 5,∞  as well as screened 
plasma frequency and damping parameter (both expressed in wave-
numbers) of ν = 3,300p  and γ = 4,500 cmP

−1, respectively, from which 

the optical conductivity (Fig. 4e) and extrapolated d.c. conductivity 
of σ ≈ 2.0 × 10 S cmd.c.

2 −1 is obtained. In the future, extended spectro
scopy studies and more sophisticated modelling may be needed for a 
more accurate determination of the free-carrier conductivity, as our 
analysis does not consider conduction anisotropy and optical conduc-
tivity contributions from molecular vibrations and interactions  
(we used a constant high-frequency permittivity as a fitting parameter 
for approximating all non-Drude contributions).

The assumption of a 3D conductivity and the experimentally deter-
mined plasma frequency are supported by conductivity calculations 
within the constant relaxation-time approximation of the Boltzmann 
transport equation33 (Supplementary Figs. 28 and 29). For the in- and 
out-of-plane conductivity-to-scattering time ratios of layer-stacked 
2DPANI, we found (σ τ/ )in = 1.02 × 1019 S m s−1) and (σ τ/ )out = 0.38 ×  
1019 S m s−1), respectively, which correspond to an anisotropic 3D  
conductivity rather than to a classical 2D conductivity. From the  
relation σ τ σ τ n m( / ) = ( / ) = e / *BoltzTraP2 Drude

2  and the charge carrier den
sity n = 3.5 × 1021 cm−3 (obtained from the temperature-broadened 
density of states (DOS)), we determined the in- and out-of-plane 
effective electron masses m m* = *x y  = 10.17m0 and m *z  = 27.65m0, 

respectively. According to ν ω c= /(2π )p p , where ω n ε ε m= e /( *)p
2

∞ 0  is 
the screened plasma frequency, m* the average effective mass and 
ε = 5∞ , we obtain ν ≈p  2,200 cm−1, supporting the result obtained from 
IR nanospectroscopy.

Electrical transport
We first performed out-of-plane electrical transport measurements 
using micro-devices that were fabricated with single 2DPANI flakes 
(Supplementary Figs. 30 and 31). The measurements show a monotonic 
increase of the flake’s conductivity when the temperature decreases 
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from 300 to 3 K, which demonstrates a unique metallic charge trans-
port behaviour in the out-of-plane direction of the 2DPANI (Fig. 4g 
and Supplementary Table 3). An average electrical conductivity of 
7.1 ± 3.4 S cm−1 was achieved at room temperature (Fig. 4h). We further 
used conductive AFM (c-AFM) to evaluate the conductivity of 2DPANI34. 
The c-AFM analysis reveals an average out-of-plane conductivity of 
14.9 ± 4.6 S cm−1 (Supplementary Fig. 32 and Supplementary Table 4). 
The increased conductivities observed in c-AFM studies are primarily 
attributed to the reduction of negative effects from structural defects 

and the device fabrication process, compared to micro-devices. For 
the lateral micro-devices, we observed an increase in conductivity 
with decreasing temperature between 300 and 250 K (Fig. 4i and Sup-
plementary Figs. 33 and 34), indicating metallic-like transport35,36. 
However, at temperatures below 250 K, a continuous decrease in con-
ductivity was observed. We attribute this behaviour to the presence of 
abundant structural defects in the 2DPANI flakes, leading to energetic 
disorder and trap states5,37, which need higher temperatures to over-
come. The average electrical conductivity of the in-plane direction is 
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Fig. 4 | THz and IR nanoimaging and nanospectroscopy of 2DPANI.  
a, Illustration of s-SNOM and nano-FTIR spectroscopy. IR or THz radiation of field 
Ein illuminates the tip. The tip-scattered field Esca is recorded while the sample is 
scanned, yielding nanoscale-resolved IR or THz images. b,c, AFM topography 
(top panel), normalized THz (84 cm−1, middle panel) and IR (910 cm−1, bottom 
panel) amplitude images of pristine (b) and dedoped (c) 2DPANI flakes on an Au 
layer. d, Normalized (norm.) nano-FTIR amplitude and phase spectra of pristine 
(red curves and blue fits) and dedoped (black curves) 2DPANI. Each experimental 
curve corresponds to one bandwidth-limited nano-FTIR spectrum. Red and 
black stars show normalized THz and IR data obtained from the s-SNOM images 

shown in f and in Supplementary Fig. 27. e, Real part of the conductivity of 
pristine 2DPANI, obtained from the fit (blue curves) of d. f, Normalized near-field 
amplitude and phase images of pristine 2DPANI at different wavenumbers.  
g, Conductivity–temperature curves of vertical micro-device made of an 
individual 2DPANI flake. h, Histograms of out-of-plane electrical conductivity 
from five vertical micro-devices (see Supplementary Table 3 for details).  
i, Conductivity–temperature curves of lateral micro-device made of an 
individual 2DPANI flake. j, Histograms of in-plane electrical conductivity 
measured from six lateral micro-devices (see Supplementary Table 4 for 
details). Scale bars, 10 μm (b,c) and 2 μm (f).
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derived to be 15.9 ± 15.2 S cm−1 at room temperature (Fig. 4j and Sup-
plementary Table 5). These findings show that the 2DPANI flakes have 
anisotropic 3D electrical conductivity with slight superiority along 
the in-plane direction.

Discussion and conclusion
In summary, we have achieved the synthesis of a multilayer-stacked 
2DPANI crystal, which comprises long-range ordered rhombohedral lat-
tices and compact multilayer stacking with Cl− ion-bridging. This unique 
structure endows 2DPANI with strong electron delocalization, showing 
high conductivities in the out-of-plane direction (roughly 15 S cm−1). 
More importantly, the out-of-plane transport follows a metal-like behav-
iour with a superior conductivity that has not been observed in other 
conducting polymer materials (Supplementary Table 6)25,34,38. Our find-
ings provide important experimental insights into realizing the metallic 
state of conducting polymers in extended dimensions (for example, 
out-of-plane direction) through enhancing the intermolecular ordering 
and electronic coupling between polymer chains and layers. This dis-
covery will open up new possibilities for the development of 3D organic 
metals for both fundamental physics studies and device applications.
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Methods

Chemicals and materials
Sodium n-octadecyl sulfate, ammonium persulfate, N,N′-diphenyl-
1,4-phenylenediamine, silver oxide, chloroform, cyclohexane, acetone 
and hydrochloric acid (37%) were purchased from Sigma-Aldrich. Ani-
line (more than 99%) was obtained from Alfa Aesar. All the chemicals 
were used as received. N,N′-diphenylcyclohexa-2,5-diene-1,4-diimine 
was synthesized according to literature.

Synthesis of 2DPANI flakes
The sodium n-octadecyl sulfate was dispersed in chloroform 
(0.13 mg ml−1). Next, 10 µl of the surfactant dispersion was spread 
on a hydrochloric acid aqueous solution (50 ml, 0.75 M) surface in 
a glass well with diameter of 60 mm, and it allowed chloroform to 
evaporate for 20 min. Then, 1 ml of aniline aqueous solution (0.13 M) 
was added gently to the subphase using a pipette. After standing for 
24 h for the diffusion of aniline monomers in the water subphase 
and interface, 1 ml of ammonium persulfate (0.02 M) was added 
to the subphase. The glass well was then covered by a glass slide 
and placed in a refrigerator (Liebherr FKUv 1660 Premium) at 1 °C 
for reaction. After roughly 3 days, 2DPANI flakes with green colour 
appeared on the water surface and were fished using arbitrary sub-
strates. It is worth noting that the water solution was still transpar-
ent and colourless, indicating that no polymerization occurred in the  
subphase.

DFT calculations
DFT calculations were carried out using the Vienna ab-initio Simula-
tion Package (VASP) v.5.4.1 (ref. 39). The electronic wave-functions 
were expanded in a plane-wave basis set with a kinetic energy cut-off 
of 400 eV. Electron-ion interactions were described using the projec-
tor augmented wave method40. Generalized gradient approximation 
(GGA)41 of the exchange-correlation energy in the form of Perdew–
Burke–Ernzerhoff42 was applied. The 2DPANI monolayer was mod-
elled by adding a large vacuum space of 10 Å in the direction normal 
to the monolayer. A Γ-centred grid with 3 × 3 × 1 dimension was used 
for k-point sampling of the Brillouin zone. In the computational pro-
tocol for the 3D stacking of 2DPANI the k-point grid dimension was 
changed to 3 × 3 × 3 and Grimme’s D2 London dispersion correction43 
was applied. For the electronic band structure calculations of 2DPANI, 
a denser k-point grid of 9 × 9 × 1 for the monolayer and 6 × 6 × 6 for 
the multilayered model was used. For the monolayer of 2DPANI, the 
unit cell vectors and angles between them were stepwise changed 
and the position of the atoms in the unit cell was optimized until 
we obtained a consistent model with the experimental SAED results  
from TEM.

To obtain the geometry and electronic properties of the fully 
undoped and HCl doped 2DPANI, several atomistic models were consid-
ered. We started with undoped 2DPANI monolayer and then modelled 
structures with 50 and 100% of –N= groups doped with HCl. The unit 
cell used in the DFT calculations is composed of diaminobenzoquino-
neimine node and aniline linkers.

Analysis based on the Boltzmann transport equation
The electrical conductivity, σ, was calculated within the constant 
relaxation-time approximation of the Boltzmann transport equation 
using the BoltzTraP2 code. The k grid of the VASP calculations was 
interpolated onto a seven-times denser grid. To extract the average 
effective mass, m, we used the calculated ratio of the electrical con-
ductivity to the scattering time, σ τ/ , and furthermore assumed a 
Drude-like metallic behaviour:

σ
τ

σ
τ

ne
m

= =
BoltzTraP2 Drude

2
   








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Note that all quantities also depend on the energy E (that is, the 
chemical potential) at which the conductivity is measured. The sec-
ond important parameter in this evaluation is the density of charge 
carriers, n. We assumed that charge carriers within the thermal energy 
will contribute to the electrical transport:

∫n ε f E ε ε= DOS( ) ′ ( − )d ,

with the derivative of the Fermi function

f E ε
f E ε

E E
β E ε′ ( − ) =

∂ ( − )
∂

=
∂

∂
(1/(exp[ ( − )] + 1)).

For the 2DPANI monolayer the effective mass in the x and y directions, 
m *x  = 81 m0 and m*y  = 66 m0, are slightly different indicating a small 
in-plane anisotropy. More advanced calculations of the electrical con-
ductivity beyond the constant relaxation-time approximation are 
beyond the scope of the present paper and will need many more cal-
culations for, for example, the electron–phonon coupling.

ESR
For performing ESR experiments a standard X-band ESR-spectrometer 
(EMX from Bruker) operating at a microwave frequency of 9.56 GHz 
and providing magnetic fields up to 9 kOe was used. It is equipped with 
a He-gas flow cryostat (Oxford Instruments) allowing temperature- 
dependent measurements between 4 and 300 K. The spin count experi-
ment was done by comparing the ESR intensity of the 2DPANI sample 
with the standard reference sample Al2O3:Cr3+ (Ruby) with a known num-
ber of spins44. The dedoping of 2DPANI was performed in 1 M NH4OH 
aqueous solution for 5 min.

Spin count experiment. For this experiment the standard reference 
sample Al2O3 doped by Cr3+ (Ruby) with a known number of spins was 
used. At room temperature, two standard Ruby samples (Ruby 1 and 
Ruby 2) with a known number of spins were placed into the ESR resona-
tor, Ruby 1 in the centre and Ruby 2 on the inner wall. The ESR signals 
of both samples measured simultaneously were used to calculate the 
respective intensities, which are proportional to the number of spins. 
The intensities are IRuby1 for Ruby 1 sample, and IRuby2 for Ruby 2, respec-
tively, and their ratio is coefficient C = IRuby1/IRuby2. After Step 1, the Ruby 
1 sample was replaced with the 2DPANI sample, which was cooled down 
to the paramagnetic nonconducting regime with almost linear 1/I tem-
perature dependence. The Ruby 2 sample, remaining in the resonator, 
was always at the room temperature of around 300 K. Next, the ESR 
lines of 2DPANI and Ruby 2 samples were measured simultaneously 
at different temperatures of 2DPANI sample ranging from 30 to 150 K, 
yielding the respective intensities IPANI and IRuby2. The spin number in 
the sample under study N then can be calculated by comparing the 
intensities: N2DPANI = NRuby1 × 2 × I2DPANI × T2DPANI/(C × IRuby2 × 300). Such a 
calculation was done at every measurement temperature of the 2DPANI 
sample T2DPANI. As a last step, the average values of the number of spins 
in 2DPANI sample N2DPANI and the respective error were calculated.

s-SNOM and nano-FTIR spectroscopy
The experimental setups used in this work are based on commercial 
s-SNOM and nano-FTIR instrumentation from attocube systems AG 
(formerly from Neaspec GmbH). Each setup comprises an AFM oper-
ating in tapping mode, where the tip is oscillating at the cantilever’s 
mechanical resonance frequency Ω.

For IR imaging, the tip was illuminated with the radiation from a 
frequency-tuneable quantum cascade laser (MIRcat, Daylight Solu-
tions). The tip-scattered light was recorded with a pseudo-heterodyne 
interferometer45, simultaneously with topography. To suppress back-
ground scattering from the tip shaft and the sample, the mercury cad-
mium telluride detector signal was demodulated at 3 Ω, yielding 



background-free amplitude and phase images s3 and φ3. For Fig. 4b,c, 
a PtIr-coated AFM tip with an apex radius of 25 nm (NCPt arrow tip, 
Nanoworld) was used. The tip oscillation amplitude was around 55 nm. 
For Fig. 4f and Supplementary Fig. 27, Au-coated AFM tips with an apex 
radius of 30 nm (ATEC-NCAu tip, Nanosensor) were used. The tip oscil-
lation amplitude was around 55 nm.

For THz imaging, the tip was illuminated with the radiation from a 
wavelength-tuneable THz gas laser (SIFIR-50, Coherent Inc.). The tip-
scattered light was recorded by synthetic optical holography, simul-
taneously with topography46,47. THz detection was done with a 
cryogen-free Ge:Ga photoconductive THz detector (QMC Instruments). 
The detector signal was demodulated at 3 Ω, yielding background-free 
amplitude and phase images s3 and φ3. For Fig. 4b,c, an Au-coated AFM 
tip with an apex radius of 500 nm (LRCH, Team Nanotec) was used. The 
tip oscillation amplitude was around 100 nm. For Fig. 4f and Supple-
mentary Fig. 27, Au-coated AFM tips with an apex radius of 30 nm (ATEC-
NCAu tip, Nanosensor) were used. The tip oscillation amplitude was 
around 55 nm.

All amplitude images were normalized by division to the average  
s3-value of the Au surface. All phase images were referenced by subtrac-
tion, such that the φ3-value of the Au surface is 0°.

For nano-FTIR spectroscopy, Au-coated AFM tips with an apex radius 
of 30 nm (ATEC-NCAu tip, Nanosensors) were illuminated by one of 
the two integrated broadband IR lasers covering the spectral ranges 
800–2,000 and 2,700–3,400 cm−1, respectively. Tip oscillation was at 
150 kHz and with about 55-nm amplitude. The tip-scattered light was 
recorded with an integrated asymmetric FTIR spectrometer31. By 
demodulation of the detector signal at 3 Ω, we obtained background-free 
amplitude and phase spectra. The nano-FTIR spectra of the sample 
(PANI) were normalized to those of the reference sample (Au), yield
ing s s s= /3 PANI,3 Au,3 and φ φ φ= −3 PANI,3 Au,3

. Both sample and reference  
spectra are usually obtained by averaging several individual spectra 
over a period of seconds to minutes to improve the signal-to-noise 
ratio. In this work, nano-FTIR spectra were obtained in 6.4 min by aver-
aging 15 spectra. The spectral resolution was set to 50 cm−1 and four 
times zero filling was applied. During the acquisition of these spectra, 
we identified a drift of the white light position of the interferometer 
(Supplementary Fig. 35). This leads to a tilt of the phase spectra, which 
can be mistaken with spectroscopic features of the sample, particularly 
when broad resonances are studied, such as the one of 2DPANI. Thus, 
we used a method (Supplementary Fig. 36) to compensate for the white 
light position drift to obtain the more accurate spectra shown in Fig. 4d.

To avoid contamination of the tip with 2DPANI and subsequent spec-
troscopy errors, we used for each nano-FTIR measurement a new tip. 
Slight differences of the tip shape and particularly the tip apex may lead 
to contrast variations and may explain, for example, the small offset 
between the two red IR amplitude curves in the top panel of Fig. 4d in 
the spectral range between 700 and 2,000 cm−1.

Fitting of s-SNOM and nano-FTIR spectroscopic data. To determine 
the plasma frequency (expressed in this work in wavenumbers) νp and 
the d.c. conductivity σd.c. from the nano-FTIR spectra, we used the 
finite-dipole model32. The metallized AFM tip was modelled as a prolate 
spheroid with a major half-axis length L = 300 nm and apex radius 
R = 30 nm. For the tip oscillation, we used the experimental value of 
55 nm. The empirical model parameter g was set to the typical value 
g = 0.7 × 100.06i. The calculated complex-valued scattering coefficient 
was demodulated at the third harmonic of the tip oscillation frequency.

The pristine 2DPANI is described by an optical conductivity 
σ ν iε cν ε ν( ) = 2π (1 − ( ))0 , where ε0 is the vacuum permittivity, c the light 
velocity and ε ν( ) the dielectric function. Note that σ ν( ) in this general 
form includes both the optical conductivity of mobile carriers and  
of excitations from bound charges. We assume that the permittivity 
can be roughly described by a Drude model, ε ν ε ν ν νγ( ) = [1 − /( + i )]∞ p

2 2
P , 

where νp is the screened plasma frequency, γp
 the damping factor and 

ε∞ the high-frequency permittivity that includes all non-Drude contri-
butions such as molecular vibrations.

Simultaneous fitting of the nano-FTIR amplitude and phase spectra 
of pristine 2DPANI yields ε = 5,∞  ν = 3,300p  and γ = 4,500 cmP

−1 . The 
nano-FTIR amplitude and phase spectra were fitted simultaneously by 
calculating amplitude and phase spectra with parameter variation in 
100 cm−1 steps, respectively, 0.2 steps for ε∞ and searching the minimum 
of s ν s ν∑ Abs( ( )e − ( )e )ν

φ ν φ ν
3,exp

i ( )
3,calc

i ( ) 23,exp 3,calc .

Vertical 2DPANI micro-device fabrication
We selected 2DPANI flakes under light microscopy to ensure there were 
no visible defects or cracks on the flakes. A conventional wet transfer 
technique was used to transfer 2DPANI flakes directly onto the pre-
patterned 5-µm-width bottom Au electrodes, which were prepared by 
e-beam lithography and a lift-off process. To define the vertical electrical 
2DPANI channel, a 5-µm-wide strip, orthogonal to the bottom Au elec-
trodes, was patterned above the single 2DPANI flake using electron beam 
lithography. Following this, a Ti/Au layer was deposited. To avoid pen-
etration, the TI and Au layers were evaporated without any accelerating 
voltage, so that they contain very low energy. Besides, the sample holder 
is cooled with cooling system, which further reduces the likelihood of 
penetration. After deposition, the lift-off process was used, leaving 
only the top Au electrodes intact while the remaining areas of the metal 
layer were removed. The process is illustrated in Supplementary Fig. 30.

Lateral 2DPANI micro-device fabrication
The 2DPANI lateral device with four-point probe configuration was 
prepared by the wet transfer method on selected flakes. First, the elec-
trodes were fabricated on thermally oxidized silicon wafer (thickness 
of SiO2 roughly 300 nm) by conventional e-beam lithography and 
ion-beam deposition of Ru/Au layers for patterning and metallization, 
respectively. After lift-off, we directly scooped the 2DPANI flakes that 
were at the air–water interface of the reaction beaker on the substrates 
that were prepatterned with a four-probe structure; thus, there was no 
potential degradation of PANI crystals due to an unexpected chemical 
reaction. The process is illustrated in Supplementary Fig. 32.

GIWAXS
GIWAXS measurements were carried out at the XRD1 beamline at 
ELETTRA, Trieste, Italy, at a photon energy of 12.398 keV (λ = 1 Å). The 
detector was a Dectris Pilatus 2 M. The sample-detector distance was 
450 mm as calibrated using a silver behenate standard. The incidence 
angle of the beam was set to 0.12°. The exposure time was 120 s. The 
resulting images were then analysed with WxDiff48. The indexing of the 
GIWAXS in-plane unit cell was performed by a least-square fitting of 
the experimental data to the equation q ha kb γ= ( *) + ( *) + ( *)xy

2 2  to 
the experimentally observed in-plane peak positions49. The vertical 
stacking distance d001 was directly obtained from the vertical reciprocal 
lattice vector c*. The resulting images were then analysed with WxDiff48.

Other characterizations
The morphology and structure of the 2DPANI flakes were investi-
gated by TEM (Zeiss, Libra 200), scanning electron microscopy (Zeiss 
Gemini 500) and light microscopy (Zeiss) with a Hitachi KP-D50 col-
our digital CCD camera. High-resolution TEM images were acquired 
on an image-side spherical-aberration-corrected FEI Titan 80–300 
operated at an acceleration voltage of 300 kV. XPS measurements 
were performed on a PHI-5000C ESCA system with a monochromatic 
Mg Kα X-ray source (hv = 1,253.6 eV), the C1s value was set at 284.6 eV 
for charge corrections. Raman spectra and maps were measured on a 
NT-MDT confocal spectrometer with a 532 nm laser, and the spot size 
of the laser beam was roughly 0.5 μm. IR spectra were recorded on a 
FTIR Spectrometer Tensor II (Bruker) with an ATR unit. AFM images 
were recorded in air on a customized Ntegra Aura/Spectra from NT-MDT 
with a SMENA head in semicontact mode. The probes have a typical 
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curvature radius of 6 nm, a resonant frequency of 47–50 kHz and a force 
constant of 0.35–6.10 N m−1. Height determination and calculation were 
performed with the software Nova Px v.3.2.5 from NT-MDT and the free 
software Gwyddion. The structure of 2DPANI was calculated using a 
tight binding density-functional approach with the DFTB+ package50 
and 3ob-3-1 parameters dataset51,52. Corresponding SAED patterns of 
the modelled structure were simulated using CrystalMaker.
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