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Transition metal-catalysed molecular 
n-doping of organic semiconductors

Han Guo1, Chi-Yuan Yang2, Xianhe Zhang1, Alessandro Motta3, Kui Feng1, Yu Xia4, 
Yongqiang Shi1, Ziang Wu5, Kun Yang1, Jianhua Chen1, Qiaogan Liao1, Yumin Tang1, 
Huiliang Sun1, Han Young Woo5, Simone Fabiano2, Antonio Facchetti2,4,6 ✉ & Xugang Guo1 ✉

Chemical doping is a key process for investigating charge transport in organic 
semiconductors and improving certain (opto)electronic devices1–9. 
N(electron)-doping is fundamentally more challenging than p(hole)-doping and 
typically achieves a very low doping efficiency (η) of less than 10%1,10. An efficient 
molecular n-dopant should simultaneously exhibit a high reducing power and air 
stability for broad applicability1,5,6,9,11, which is very challenging. Here we show a 
general concept of catalysed n-doping of organic semiconductors using air-stable 
precursor-type molecular dopants. Incorporation of a transition metal (for example, 
Pt, Au, Pd) as vapour-deposited nanoparticles or solution-processable 
organometallic complexes (for example, Pd2(dba)3) catalyses the reaction, as 
assessed by experimental and theoretical evidence, enabling greatly increased η in a 
much shorter doping time and high electrical conductivities (above 100 S cm−1;  
ref. 12). This methodology has technological implications for realizing improved 
semiconductor devices and offers a broad exploration space of ternary systems 
comprising catalysts, molecular dopants and semiconductors, thus opening new 
opportunities in n-doping research and applications12, 13.

N-doping of organic semiconductors is important for developing 
light-emitting diodes1,6–9, solar cells7,8, thin-film transistors10 and 
thermoelectric devices12,13. Although solution-based n-doping is 
widely investigated, only a few air-stable n-dopants have been devel-
oped (Supplementary Fig. 1), with the most prominent being organic 
hydrides5,9,14–18 such as benzoimidazole derivatives, dimers of organic 
radicals11,19,20 such as 19-electron organometallic sandwich compounds, 
and mono-/multi-valent anions8,21,22 such as OH−, F− and Ox2−. These 
air-stable dopants have a deep ionization potential in their initial 
forms and therefore cannot directly transfer electrons to n-dope 
organic semiconductors with a low electron affinity. For anions, it has 
been shown that dispersion into small anhydrous clusters enables suf-
ficiently high donor levels for n-doping organic semiconductors with 
electron affinities up to 2.4 eV (ref. 8). Hydride and dimer dopant precur-
sors (referred as precursor-type dopants) most undergo a C–H and C–C 
bond cleavage reaction, respectively, to generate active-doping-species 
in situ before electron transfer can occur23–26. Thus, their reducing 
strength and reaction kinetics are strongly affected by the thermo-
dynamics and the activation energies of the doping reaction23–26. If 
the activation energy to the product is reduced, it is expected that 
the reaction rate, and extent of doping, will greatly increase (Fig. 1a).

Transition metal (TM)-catalysed C–H and C–C bond cleavage reac-
tions are widely used in organic synthesis, with the most common TMs 
belonging to group 8–11 elements and the catalysts being in the form 
of nanoparticles and organometallic complexes27,28. Nanoparticle 

size, supporting material and the chemical structure of the complex 
can greatly affect catalytic activities. Thus, intriguing questions are 
whether TM catalysts can be used for precursor-type dopants, whether 
they are compatible with different semiconductors, whether the over-
all doping efficiency/rate can be improved, and whether it can have 
technological implications. Here we explore the doping process in 
ternary systems comprising a benzoimidazole-based hydride molecular 
dopant (N-DMBI-H)5 and group 10/11 TM catalysts, in the form of metal 
nanoparticles and an organometallic complex [Pd2(dba)3], with various 
electron-transporting organic semiconductors to validate the general 
concept (Fig. 1b, c). N-DMBI-H is used because of its commercial avail-
ability, air stability, good reducing capability, and broad applicability 
to several semiconductors12,14,29,30. Group 10/11 TM catalysts were used 
because of accessibility in various forms including vapour/solution 
processed nanoparticles and soluble complexes27,28,31.

Au nanoparticle-catalysed doping of PDTzTI
The TM catalysed n-doping methodology is straightforward and effi-
cient, as demonstrated in Fig. 2 using Au nanoparticles (AuNPs) as 
an example. The NPs of size (d) from 1.4 ± 0.3 nm to 8.2 ± 2.7 nm were 
fabricated by thermal evaporation of Au films with nominal thickness 
of 0.1–1.5 nm, and nanoparticle formation was confirmed by transmis-
sion electron microscopy (TEM) and plasmonic signature (Extended 
Data Fig. 1, Supplementary Fig. 3). However, ~1.4-nm nanoparticles were 
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mostly used throughout this study because they are efficient catalysts 
(vide infra) and their negligible absoptivity prevents interference with 
semiconductor optical characterization. After AuNP deposition, the 
doped films were obtained following one of two procedures (Fig. 2a): 
specifically, (1) spin-coating a semiconductor + dopant blend solution 
(blend doping) or (2) first spin-coating a semiconductor solution fol-
lowed by deposition of the dopant solution (sequential doping). In both 
cases, the doping process was completed by mild thermal annealing 
for a given time (typically Tann = 120 °C and tann = 10 s; see Methods).

We first discuss the results for the semiconductor PDTzTI32 with AuNP 
to exemplify the effectiveness of this approach. Despite its all-acceptor 
backbone structure and relatively deep electron affinity of 3.77 eV, this 
polymer can only be weakly n-doped even when blended with 100mol% 
(1 molar equivalent of its repeating unit) of N-DMBI-H after anneal-
ing at 120 °C for 10 min. In contrast, PDTzTI is efficiently n-doped by 
N-DMBI-H with AuNPs after annealing at 120 °C for 10 s, as evidenced 
by the bleaching of the 2.2–2.4 eV optical transition, appearance of a 
broad polaronic near-infrared band (Fig. 2b), and stronger electron 
spin resonance (ESR) signal (Fig. 2c).

N-DMBI-H doping of PDTzTI without/with AuNPs was then assessed 
quantitatively. Without AuNPs, a low charge density of ~1017–1018 cm−3 
was found in doped PDTzTI samples when using 5–100mol% of 
N-DMBI-H, translating to a very poor doping efficiency (η) of <0.5% 
(Fig.  2d), as determined from Mott–Schottky analysis and ESR 

measurements (Supplementary Fig. 4 and Fig. 2c). Accordingly, a low 
electrical conductivity (σ) of (3.5 ± 0.4)×10−4 S cm−1 was measured even 
at the greatest N-DMBI-H loading of 100mol% (Fig. 2e). However, with 
AuNPs σ increases by >104× at a N-DMBI-H loading ≥20mol%, reaching 
14.1 ± 0.7 S cm−1 for a 60mol% dopant content (Fig. 2e). Furthermore, 
with AuNPs the charge density increases to ~2 × 1019–6 × 1019 cm−3 
(~0.03–0.09 charge/repeat unit) as determined by ESR measurements 
(Supplementary Fig. 5), an underestimated value if bipolarons form33, 
leading to a ~100× greater η of ~10–50% for PDTzTI (see discussion in 
Extended Data Fig. 3). Thus, PDTzTI conductivity enhancement is likely 
to be due to greater doping efficiency, as assessed by optical and ESR 
measurements, and larger carrier mobility in mid-/heavily doped sam-
ples versus the pristine/poorly doped films (Supplementary Figs. 4d 
and 5b), as seen for other polymers34. Note σ of the uncatalysed/doped 
samples is measured with Al electrodes to avoid unintentional catalysis 
when using shadow mask deposited Au contacts (vide infra), while Au 
electrodes are used for catalysed/doped samples for efficient charge 
injection, in view of the non-linear current–voltage (I–V) character-
istics of catalysed/doped samples with Al electrodes (Extended Data 
Fig. 2a–c) likely to be originating from non-optimal injection due to 
AlOx on Al and the Al/organic interface dipole35. However, we stress 
that the 60mol% N-DMBI-H+AuNPs blend doped PDTzTI devices using 
Al electrodes still exhibit a σ (3.6 ± 0.3 S cm−1), close to that measured 
with Au (14.1 ± 0.7 S cm−1) (Extended Data Fig. 2b).

Ni Cu

Pd Ag

Pt Au
IP, dopant

IP, precursor

EA, acceptor

IP, active-
doping-species

e–
e–

e–

E
ne

rg
y 

le
ve

l
Without catalyst

With catalyst,
transition state

Precursor-type n-dopantDirect n-dopant

Activation
energy

reduction 

c

b
Catalyst

Pd2(dba)3

Dopant

Nanoparticle:

Organometallic complex:

a

n
N

S

N

X

S

OO
R

R

O O

S

N

N

S

X

N

N

OO

OO

R

R

S

S

n

N

N

OO

OO

R

R

N

N

OO

OO

R

R

N

S

N

S

OO

R

R
O O

S

N

N

S S

X
X

PDTzTI: X = C-H
PBTzI: X = N

PDI-C6C7

N2200

PDTzTIT-2F: X = F
PDTzTIT: X = H

n

lycedlyxeh-2 = Rlycedlyxeh-2 = R

R = 2-octyldodecyl

R = 1-hexylheptyl

R

O O

S

N

S

S

N

S

OO
R

S

F
F

n

f-BTI2TEG-FT

R

O O

S

N

S

n

R = 2-octyldodecyl
PBTI

NDI-EH
R = 2-ethylhexyl

O
O

O

O
O

O

R =

f-BTI2-FT
R = 2-octyldodecyl

H

N

NN

N-DMBI-H

O

Pd2

3

Fig. 1 | The TM catalysed n-doping concept. a, Molecular n-doping process 
for direct n-dopant and precursor-type n-dopant. Direct n-dopants reduce an 
n-type organic semiconductor (acceptor) by direct electron transfer, so their 
ionization potential (IP) needs to be higher than the electron affinity (EA) of 
organic semiconductor acceptor, making them sensitive to oxygen/moisture 
and difficult to handle. Precursor-type n-dopants generally have deep IPs and 
are more air-stable, but bond cleavage limits their doping reaction rate and 

efficiency. Incorporation of TM catalysts can lower bond cleavage activation 
energy, leading to increases in doping reaction rate, efficiency and effective 
doping power. b, c, The hydride molecular dopant N-DMBI-H, TM catalysts (b) 
and n-type organic semiconductors (c) used in this study. When performing 
N-DMBI-H doping with a catalyst, for example, AuNPs, a general rapid and 
strong film colour change occurs, indicating successful heavy n-doping of 
the acceptor (Supplementary Fig. 2, Supplementary Video 1).
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Conventional/uncatalysed N-DMBI-H doping typically requires 
long annealing times to achieve high σ with optimal conditions con-
sisting of Tann = 120–150 °C for as long as 2–8 h (see Supplementary 
Table 1). Such thermal/time budget is problematic for implementation 
in conventional fabrication processes and when using inexpensive 
plastic substrates. However, doping of PDTzTI with N-DMBI-H+AuNPs 
occurs at 120 °C in only ~10 s. Figure 2f demonstrates that Tann can be 
reduced to 60 °C for a reasonably short tann of ~6 min. This allows 
doping using the most temperature-sensitive, but most inexpensive, 
plastic substrates (for example, PET) retaining excellent performance 
(σ = 12.1 ± 0.6 S cm−1, Extended Data Fig. 2d).

Further σ enhancement for PDTzTI is achieved using sequential 
doping (Fig. 2g, Supplementary Fig. 6 and Table 1), which includes 
separating semiconductor deposition and dopant deposition/infiltra-
tion steps36. Here deposition and optimization of the semiconductor 
film morphology are carried out independently of/before the dopant/
catalyst process. Thus, using this method, consisting of first on-centre 
or off-centre spin-coating of PDTzTI film followed by N-DMBI-H depo-
sition/annealing, remarkable conductivities of 19.0 ± 0.9 S cm−1 and 
42.2 ± 1.8 S cm−1 (maximum 46.6 S cm−1) were obtained, respectively.

The fact that Au electrodes are typically used for conductivity measure-
ments of doped samples suggests the possibility of unintentional metal 
catalysis, which is now an intriguing and important question to address. 
When fabricating metal electrodes via thermal evaporation/shadow 
mask or photolithography/chemical etching, a small number of metal 
clusters/particles can remain in the channel owing to diffusion or incom-
plete etching. We investigated this phenomenon for N-DMBI-H doped 

PDTzTI using shadow mask evaporated Au electrodes (Supplementary 
Fig. 8), resulting in a σ of 10.1 ± 0.4 S cm−1 even without deliberately intro-
ducing AuNPs. This value is far higher than the σ (~4.6 × 10−4 S cm−1) of 
devices using Au electrodes prepared by lift-off photolithography. Thus, 
care must be taken to ensure correct measurement of the doping effi-
ciency, and to compare published data, when studying doping reactions 
of organic semiconductors with certain dopants.

Generality of AuNP catalysed doping
The generality of AuNP catalytic activity is demonstrated for other semi-
conductors including several thiazole imide-based polymers37, naph-
thalene diimide (NDI) or perylene diimide (PDI)-based materials such 
as N2200, NDI-EH and PDI-C6C7, as clearly demonstrated by film colour 
change, doping efficiency and electrical conductivity enhancement, as 
well as the time to achieve it, upon doping (Fig. 3a–d, Supplementary 
Figs. 9–11, Extended Data Fig. 3, Table 1 and Supplementary Table 3). 
Larger σ is generally observed for these planar thiazole imide-based 
polymers upon catalysed doping (Fig. 3a)32,37. For AuNP catalysed sam-
ples, σs of ~0.10 S cm−1 and ~4 S cm−1 are measured for doped PBTzI and 
PDTzTIT films, respectively, despite these polymers exhibiting lower 
field-effect mobilities than N220037,38. Remarkable σs of 12.8 ± 0.5 S cm−1 
and 17.4 ± 0.9 S cm−1 were obtained for blend and sequentially doped 
PDTzTIT-2F samples, respectively, representing a σ enhancement of 
>104 times compared to the uncatalysed samples (σ ≈ 6 × 10−4 S cm−1).

N2200 is poorly doped by N-DMBI-H with a low η of ~ 1% even after 
tann > 2 h (ref. 39). When using AuNPs, the N2200 film colour quickly 
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Fig. 2 | AuNP catalysed n-doping of PDTzTI with N-DMBI-H. a, Device 
structure and fabrication procedure via blend and sequential doping 
processes using nanoparticles (NPs) as the catalyst. For blend doping, the 
reaction starts immediately when the solution contacts the AuNPs. Note that 
Au (shadow mask deposited) is used as the contact material for devices with 
AuNPs, whereas Al (shadow mask deposited) was used for the devices without 
AuNP. For details and control experiments reasoning this selection, see 
discussion in Extended Data Fig. 2 and Supplementary Fig. 8. b, UV–vis–NIR 
spectra of pristine PDTzTI film (red), 100mol% N-DMBI-H blend doped films 
without (w/o) catalyst (cyan) and with (w/) AuNP (blue), with their photographs 
(inset) displayed in the same order. c–e, ESR signals (c), N-DMBI-H doping 
efficiency (d) and electrical conductivity of blend doped PDTzTI films without 

and with AuNP (e). Note that in d, the data with AuNPs are based on ESR 
measurement of spin density, which may underestimate the carrier density at 
high dopant molar ratio; the data without AuNPs are based on MIS diode 
capacitance measurement of charge density. f, Temporal evolution of 60mol% 
N-DMBI-H blend doped PDTzTI films with AuNP annealed at different 
temperatures. g, Electrical conductivity for sequential versus blend doping. 
Note, for sequential doping the PDTzTI film was deposited before doping, using 
off-centre spin-coating technique can partially align the polymer chains. 
Unless indicated otherwise, in all experiments d = 1.4 nm, Tann = 120 °C, tann = 10 s 
(with AuNPs) or 10 min (without AuNPs), and the substrate is glass. For the ESR 
experiment, the substrate is PET. Error bars represent the standard deviations 
from their mean values.
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changed from cyan to pink after n-doping for a short tann = 10 s at 
120 °C. ESR analysis of catalysed doped N2200 revealed a remark-
able η of ~40–75% and a high charge density of ~0.3–3 × 1020 cm−3 
(~0.04–0.4 charge per repeat unit) at 5–100 mol% N-DMBI-H loading 
(Fig. 3d, Supplementary Fig. 11a–c). Similar high doping efficiencies 
(~60–70%) were measured in NDI-EH and PDI-C6C7, with high charge 
densities of ~1 × 1020–6 × 1020 cm−3 (20–100 mol% N-DMBI-H, Supple-
mentary Fig. 11d–i). Despite successful heavy n-doping of N2200, 
its σ decreases significantly to <10−7 S cm−1 at 100 mol% loading of 
N-DMBI-H. The same phenomenon was observed for N2200 doped 
with tetrakis(dimethylamino)ethylene (TDAE) vapours40, indicating 
an intrinsic limitation of this polymer to achieve high σ. This result is 
attributed to the N2200 twisted backbone suppressing polaron delo-
calization40,41 and non-optimal doped film morphology disrupting 
ordering, as assessed here for the catalysed process by atomic force 
microscopy (AFM) and grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) measurements (Extended Data Fig. 4, Supplementary 
Figs. 12 and 13, Supplementary Table 4). As charge transport in planar/
rigidified polymer semiconductors is more resilient to structural dis-
order42, the backbone design and film structural difference rational-
ize the N2200 versus thiazole imide-based polymer responses upon 
doping.

Generality of TM catalyst selection
To understand whether Au is unique, we studied group 10/11 TM ele-
ments as catalysts using optical absorption spectra of N-DMBI-H 
doped semiconductor films (Fig. 3e–g). Doped films generally show 
bleached charge transfer/π–π* absorption peaks with the appearance 
of sub-bandgap polaronic transitions for polymers and radical-anion 
absorption for small molecules. Under similar doping conditions it is 
expected that increasing TM catalytic activity will enhance polaron 
or radical-anion absorption as a result of higher doping level4 
while weakening the charge transfer/π–π* absorption. For thiazole 
imide-based polymers, the catalytic activity of the TM elements is Pt, 
Au, Pd > Ag >> Cu, Ni (Fig. 3e, Supplementary Fig. 14). Similar catalytic 
activity trends are observed for N2200, NDI-EH and PDI-C6C7 (Fig. 3f, 
g, Supplementary Figs. 15 and 16), offering broad options for selecting 
the catalyst.

We also expanded applicability and demonstrated all-solution pro-
cessed blend/sequential n-doping (Supplementary Fig. 17) using a 
common soluble organometallic complex, tris(dibenzylideneacetone) 
dipalladium(0) (Pd2(dba)3). Optical absorption (Fig. 3h) and electri-
cal conductivity (Supplementary Fig. 43) measurements demonstrate 
blend and sequentially doped f-BTI2TEG-FT with large σ values of 
19.2 ± 0.5 S cm−1 and 37.1 ± 2.1 S cm−1, respectively. The reaction mecha-
nism, which is likely to be more complex than that for AuNPs (vide infra), 
should involve both Pd2(dba)3-derived species and Pd nanoparticles, 
as it is known that Pd(0) complexes can efficiently catalyse C–H break-
age43 and Pd metal clusters/nanoparticles are already present in, or 
form from, Pd2(dba)3 (ref. 44).

PDI + N-DMBI-H reaction mechanism
A catalyst should increase the reaction rate without altering the product 
distribution and remain chemically unchanged after the reaction is com-
pleted. To demonstrate catalysis, we investigated the small molecule 
PDI-C6C7 primarily for convenience in identifying products, managing 
computation time, and direct comparison with the literature. First, we 
recall that the ultraviolet–visible–near-infrared (UV–vis–NIR) spectra of 
the doped PDI-C6C7 and other semiconductor samples, with or without 
AuNPs, are identical, demonstrating that both reactions afford the same 
product (for example, see Supplementary Fig. 18). As reported above, 
all AuNP-catalysed solid-state reactions using N-DMBI-H, including 
that of PDI-C6C7, are very fast (nominally ~10 s) at 120 °C (for example, 
Fig. 2f). Remarkably, close inspection of the doping process indicates 
that it starts as soon as the semiconductor + dopant solution contacts 
the AuNP film maintained at 25 °C (Supplementary Video 1) and, when 
using 10 molar eq. of N-DMBI-H, it is almost completed during film cast-
ing even before thermal annealing (Fig. 4a and Supplementary Fig. 19). 
Furthermore, we note that thicker films afford the same degree of bulk 
doping, as assessed by the linear increase in the solid-state PDI-C6C7 
radical anion absorbance with thickness (Supplementary Fig. 20). 
This is probably the result of the fast catalysed process evidenced in 
Supplementary Video 1, with completion of the reaction upon film 
annealing having residual solvent, which facilitates neutral/cationic 
dopant movement and cascade electron transfer from the bottom to 
the top film as seen in redox chemistry of organic semiconductor films 
on metal electrodes45. Thus, we cannot use the solid-state reaction to 
quantify kinetic parameters and instead followed the same reaction 
with or without AuNPs in solution (T = 25 °C). As shown in Fig. 4b, c 
and Supplementary Fig. 21, while N-DMBI-H and PDI-C6C7 do not react 
appreciably without catalyst, AuNP can efficiently catalyse the reaction, 
resulting in a rate constant (kw/AuNP) of 478 M−1 min−1. Our data agree with 
the slow uncatalysed reaction between N-DMBI-H and a PDI molecule 
(kw/oAuNP < 0.01 M−1 min−1) reported in the literature26. Optical absorption 
and electrospray ionization mass spectrometry (ESI-MS) measure-
ments of the solution reaction confirm the generation of N-DMBI+ 
and PDI-C6C7

•− as the main products (Supplementary Figs. 21 and 22), 
similarly to the thin-film data (Fig. 3c and Supplementary Fig. 19), while 
gas chromatography (GC) and 1H-NMR evidence H2 evolution (Fig. 4d, 
Supplementary Figs. 23 and 24). Importantly, quenching the with/
without AuNP doped PDI-C6C7 (and doped PDTzTl as a polymer repre-
sentative) solution and film samples by ambient exposure regenerates 
the neutral semiconductor without any appreciable by-products (Sup-
plementary Figs. 25–28), further demonstrating that in both reactions 
the charged PDI species are radical anions and not hydride addition/
decomposition products. AuNP catalytic effect is also demonstrated for 
another reaction where heterolytic C–H bond cleavage/hydride transfer 
occurs, specifically using triaminomethane (TAM)18 and the hydride 
acceptor trimethyloxy tritylium [(MeO)3Tr+] (kw/AuNP = 7,180 M−1 min−1, 
kw/oAuNP = 424 M−1 min−1; Supplementary Fig. 29). Note that the AuNP 
catalytic effect in solid-state and in solution is retained to a large extent 
after being recycled (Supplementary Figs. 29 and 30). Interestingly, 

Table 1 | Summary of the electrical conductivities for the 
indicated n-type polymer semiconductors

Polymers Without AuNP 
catalyst, blend 
doping (S cm−1)

With AuNP catalyst

Blend doping 
(S cm−1)

Sequential doping 
(S cm−1)

PDTzTI (3.5 ± 0.4) × 10−4 14.1 ± 0.7 19.0 ± 0.9/42.2 ± 1.8 
(off-centre)

PDTzTIT-2F (6.2 ± 0.3) × 10−4 12.8 ± 0.5 17.4 ± 0.9

PDTzTIT (6.7 ± 0.4) × 10−5 3.5 ± 0.1 4.1 ± 0.1

PBTzI (5.5 ± 0.5) × 10−4 0.10 ± 0.01 0.098 ± 0.002

N2200 (2.1 ± 0.2) × 10−3 (2.5 ± 0.3) ×  10−3 (1.5 ± 0.2) × 10−3

f-BTI2TEG-FT 1.4 ± 0.1 25.1 ± 0.6 38.4 ± 2.2/74.3 ± 4.6 
(off-centre)/104.0 ± 7.9 
(off-centre, +PBTI 
blend)a

Tann = 120 °C; tann = 10 min (without nanoparticles, or 2 h for N2200), 10 s (with nanoparticles). 
Electric conductivies are given as average with standard deviations. For additional experi-
mental conditions and semiconductor/N-DMBI-H molar ratios used for blend doping and 
N-DMBI-H solution concentrations used for sequential doping, which vary with the polymer 
structure, see Supplementary Table 2. If not indicated, on-centre spin-coating was used. 
aBlend film of PBTI and f-BTI2TEG-FT with an optimized weight ratio of 15%:85% in the sample. 
Note, in control experiments we demonstrated that AuNPs in the channel do not contribute 
to enhanced electrical conductivity of the catalysed/doped devices through formation of a 
metallic percolation network (see Supplementary Fig. 7 and Discussion).
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significant reaction rate enhancement is also observed for the reaction 
of PDI-C6C7 with TAM (kw/AuNP = 398 M−1 min−1, kw/oAuNP < 0.01 M−1 min−1; 
Supplementary Fig. 31), further demonstrating generality to another 
dopant.

Based on our own and previous experimental and theoretical stud-
ies involving N-DMBI-H doping23,26, density functional theory (DFT) 
calculations were performed to model the reaction between N-DMBI-H 
and PDI-C6C7 (equation (1)) with and without AuNPs.

N − DMBI − H + PDI − C C → N − DMBI + PDI − C C + 1/2H (1)6 7
+

6 7
⋅−

2

Note, PDI-C6C7 is modelled by a simpler PDI in which methyl replaces 
the 1-hexylheptyl group. Several routes have been proposed for this 
reaction and we explored them by DFT; however, as seen for uncatalysed 
doping reactions in the literature23,26, our data indicate that in the pres-
ence of AuNPs, heterolytic cleavage of the N-DMBI-H (C–H → C+ + H−) 
bond is energetically more favourable than of the homolytic one 
(C–H → C• + H•) (–12.3 versus +28.7 kcal mol−1, respectively; Supplemen-
tary Fig. 32). Thus, among the possible paths (routes a–d in Extended 
Data Figs. 5 and 6), Fig. 4e reports a plausible reaction mechanism for 
the AuNP-catalysed process for PDI-C6C7 (route a in Extended Data 
Figs. 5 and 6) and Fig. 4f reports its associated Gibbs free energy pro-
file compared with the uncatalysed reaction. The most stable route 
without AuNPs (cyan line, Fig. 4f and Supplementary Fig. 33) consists 
in a first step where hydride transfer occurs from the dopant to PDI. 
This process leads to the formation of N-DMBI+ and PDI-H− and requires 

19.7 kcal mol−1. Next, PDI–H– transfers an electron to another PDI form-
ing PDI–H•, then two PDI–H• combine affording H2 while PDI is regener-
ated for the next reaction cycle. Hydride transfer from N-DMBI-H to 
PDI (first step) is the rate-determining step. With AuNPs (orange line, 
Fig. 4f), hydride transfer occurs between N-DMBI-H and the AuNP sur-
face to form an ion pair adduct (N-DMBI+/AuH−). This step is barrierless 
and highly exergonic (−12.3 kcal mol−1). Next, when PDI contacts AuH− it 
is reduced to PDI•− while N-DMBI+ is released, leaving radical Au–H• spe-
cies on the surface. Finally, two H• on gold combine to form H2, which, 
upon escape, restores the Au surface. This H2 release step is rapid and 
exergonic, with a computed overall activation energy (10.1 kcal mol−1) 
far lower than that of the uncatalysed route (18.2 kcal mol−1; Fig. 4f). The 
main difference between the two paths is the hydride transfer step, with 
that from N-DMBI-H to PDI requiring a 19.7 kcal mol−1 energy barrier 
whereas it is barrierless when catalysed by AuNP.

Catalysed n-doping of devices
The technological impact of this method was demonstrated for improv-
ing the performance of several (opto)electronic devices (Extended 
Data Figs. 7–9). Thus, using the catalysed n-doped f-BTI2TEG-FT + PBTI 
blend (see Table 1, Extended Data Fig. 7, Supplementary Figs. 34–45, 
Supplementary Scheme 1 and Supplementary Table 6 for discussion), 
we fabricated an organic thermoelectric device exhibiting one of the 
largest power factors (65.7 ± 5.5 μW m−1 K−2) to date12,46. Furthermore, 
using the doped NDI-based polymer P and cyanated perylene diimide 
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e–g, Relative catalytic activity of different TM nanoparticles for thiazole 
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They are determined from the polaron/π–π* or polaron/charge transfer (CT) 
absorption peak ratio for the polymers, and from the anion absorption peak 
increase for the small molecules. The corresponding peak positions are given 
in Supplementary Table 5. h, UV–vis–NIR spectra of sequentially doped 
f-BTI2TEG-FT films, including pristine (red), doped without the catalyst (cyan), 
with AuNP catalyst (blue) and with solution-processable organometallic 
Pd2(dba)3 catalyst (purple). The N-DMBI-H concentration is 5 mg ml−1 and the 
Pd2(dba)3 concentration is 1 mol% of N-DMBI-H (~0.18 mM). In all experiments, 
d ≈ 1.4–2.3 nm at 0.1 nm nominal evaporation thickness, Tann = 120 °C, tann = 10 s, 
and the substrate is glass. For the ESR experiment, the substrate is PET.
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molecule PDIR-CN2 (OSC) as a semiconductor, we demonstrated greatly 
improved electron injection in n-type thin-film transistors using dif-
ferent metal contacts (Au and Ag) and catalysts (Au and Pd2(dba)3) 
(Extended Data Fig. 8, Supplementary Fig. 46). Finally, we demonstrated 
that n-doped PDTzTIT can also improve the performance of perovskite 
solar cells (power conversion efficiency, PCE, of ~19%) using Ag as elec-
tron extraction contact versus the undoped polymer-based cells (PCE 
~9%) (Extended Data Fig. 9, Supplementary Table 7).

Concluding remarks
A novel metal-catalysed n-doping concept of organic semiconductors 
has been demonstrated to achieve rapid, highly efficient and heavily 
n-doped π-conjugated polymers and small molecules. The use of TM 
catalysts promotes the reactivity of the dopant precursor by facilitat-
ing C–H bond cleavage, as assessed by DFT computations, and affords 

identical reaction products to the uncatalysed reactions as assessed 
experimentally. We demonstrated applicability to organic thermo-
electrics, thin-film transistors, and perovskite solar cell devices that 
require high charge carrier density and/or efficient electron injection/
transport10,12,47–49. Thus, this concept is not only potentially applicable 
to existing n-dopant libraries, but also can be used to expand the design 
space of ‘ideal’ n-dopants with enhanced air stability and reducing 
ability.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03942-0.
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Methods

Materials
The thiazole imide-based polymers (PDTzTI, PDTzTIT-2F, PDTzTIT, 
PBTzI), f-BTI2-FT, PBTI and TAM dopant were synthesized as descri
bed18,32,37,50,51. The N-DMBI-H dopant is from Sigma-Aldrich. Synthetic 
detail to new f-BTI2TEG-FT is included in the Supplementary Informa-
tion (section G). N2200, N2200-EG7 (P) and PDIR-CN2 are from Flexterra 
Corp. High purity metals (99.95% or 99.999%) are from Beijing Dream 
Materials Technology Co., Ltd. The Pd2(dba)3 catalyst and anhydrous 
solvents are from Sigma-Aldrich and Acros Organics. All materials were 
used as received except for chloroform, which was distilled.

Metal nanoparticle fabrication and characterization
The metal nanoparticles were fabricated by thermal evaporation under 
high vacuum (<10−5 mbar for Ni, Pd and Pt; <10−6 mbar for Cu, Ag and 
Au) with an evaporation rate of ~0.1 Å s−1 using an Angstrom Engineering 
Nexdep evaporator in a N2-filled glove box (O2, H2O <0.1 ppm). For TEM 
imaging, the nanoparticles were thermally evaporated onto TEM grid 
coated with a carbon film under the same conditions described above. 
The TEM images were collected on a FEI Tecnai F30 300 kV transmission 
electron microscope under bright field mode.

Film doping
Blend doping. The organic semiconductor, N-DMBI-H and Pd2(dba)3 
catalyst were all dissolved in anhydrous CHCl3. A concentration of 
5 mg ml−1 was used for all polymers and Pd2(dba)3, 10 mg ml−1 was used 
for NDI-EH, PDI-C6C7 and N-DMBI-H. For binary blend of semiconduc-
tor + N-DMBI-H, small amounts of the N-DMBI-H solution was added 
into the semiconductor solution to achieve the desired N-DMBI-H 
molar concentrations (from 5% to 100%) versus the semiconductor; 
similarly, for ternary blend of semiconductor + N-DMBI-H+Pd2(dba)3, 
small amounts of the N-DMBI-H and Pd2(dba)3 solutions were separately 
added into the semiconductor solution to achieve the desired molar ra-
tios for N-DMBI-H and Pd2(dba)3 (typically ~1mol%). The blend solutions 
were spin-coated at room temperature on the selected substrate shortly 
after their preparation at 1,500 rpm for 15 s. Next, the film was annealed 
at the desired temperature for a given time. In typical experiments and 
unless indicated otherwise, the annealing temperature (Tann) is 120 °C 
for a time (tann) of 10 s when using the catalyst, while tann = 10 min (or 
longer for N2200) when not using the catalyst.

Solution sequential doping. The organic semiconductor and 
N-DMBI-H (or N-DMBI-H + catalyst when using Pd2(dba)3) solutions 
were spin-coated separately. A concentration of 5 mg ml−1 was used 
for all polymers using the following solvents: CHCl3 (CF) for PDTzTI 
(on-centre sample), PDTzTIT-2F, PDTzTIT and f-BTI2TEG-FT (on-centre 
sample); chlorobenzene (CB) for PBTzI, f-BTI2-FT; CF or CF:para-xylene 
(1:1) mixture for N2200; CB:ortho-dichlorobenzene (o-DCB) (3:1) mix-
ture was used for PDTzTI (off-centre sample); CF:CB (3:1) mixture for 
f-BTI2TEG-FT and f-BTI2TEG-FT+PBTI blend (off-centre samples for 
both). For on-centre samples, the polymer films were spin-coated from 
room temperature solutions at 1,500 rpm for 15 s (CF solvent) or 40 s 
(CB or CF:para-xylene mixed solvent). For off-centre samples, they 
are spin-coated from room temperature solutions for f-BTI2TEG-FT, 
f-BTI2TEG-FT+PBTI blend, and warm solutions for PDTzTI (both sub-
strate and solution pre-heated at 120 °C); the samples were placed at 
a distance of ~3 cm from the centre of the spin-coater and spin-coated 
at 1,500 rpm for 40 s. The off-centre spin-coated samples were ther-
mally annealed at 160 °C for 10 min to increase its mobility. After semi-
conductor film deposition, the dopant solutions in n-butyl acetate 
(nBA) (either N-DMBI-H at various concentrations (0.1–5 mg ml−1) or 
N-DMBI-H (concentration, 5 mg ml−1)  + Pd2(dba)3 (1 mg ml−1)) were 
placed on the semiconductor films, allowed to sit on them for 10 s, 
and finally spin-coated at 5,000 rpm for 10 s. After N-DMBI-H (or 

N-DMBI-H+Pd2(dba)3) deposition, the films were annealed as described 
above for the blend doping method. For details of polymer thickness, 
see Supplementary Table 2.

TDAE vapour doping. PDTzTI films were spin-coated from CHCl3 
(5 mg ml−1) at 1,500 rpm for 15 s, then they were placed inside a sealed 
glass bottle containing ~1 ml of TDAE and doped by its saturated vapour 
at room temperature for the desired time (2–96 h). All solution prepa-
ration, film spin-coating and thermal annealing steps were carried out 
in a N2-filled glovebox.

Electrical measurements
Borosilicate glass (1.1 mm thick) or polyethylene terephthalate (PET) 
(125 μm thick) substrates were cleaned by acetone/isopropanol sonica-
tion wash, then dried with N2 before use. Unless otherwise indicated, 
30-nm Au or 30-nm Al was thermally evaporated as bottom-contact 
electrodes (two-probe geometry) for devices with and without using 
catalysts, respectively. Channel length (L) and width (W) are 100 μm and 
2 mm, respectively. For devices with AuNP catalyst, 0.1-nm Au (nominal 
thickness) was thermally evaporated prior to electrode deposition. 
Keithley 4200-SCS Semiconductor Characterization System was used 
to measure the I–V curves of the devices inside a N2-filled glovebox, 
while their electrical conductivity was calculated from the standard 
equation σ = (1/R) × [L/(W × h)], where R is the device resistance and 
h is the film thickness measured by a Tencor KLA D-120 profilometer 
or by AFM. The reported electrical conductivity results are from the 
average of five or more devices.

UV−vis−NIR
The thin films were prepared on borosilicate glass substrates and then 
loaded into tightly sealed glass cuvettes to avoid exposure to ambi-
ent atmosphere. The optical absorption spectra were collected on a 
Shimadzu UV-3600 UV–VIS–NIR spectrometer.

ESR
The thin films were prepared on PET substrates and cut into 3 mm by 
12 mm in size, and then loaded into tightly sealed quartz ESR tubes. 
The measurement was performed on an X-band (9.84 GHz) Burker 
EMXplus-10 spectrometer, using a microwave power of 2 mW, a mag-
netic field modulation magnitude of 2 gauss and modulation frequency 
of 100 kHz, respectively. The spin-counting was done with Burker soft-
ware following standard procedures. The error in the spin density is 
taken to be 20% to account for the uncertainty in spin counting and 
any other error sources.

Metal–insulator–semiconductor diode
The metal–insulator–semiconductor (MIS) diode structure was 
p-doped silicon (ρ < 0.05 Ω cm)/200-nm SiO2/doped polymer 
film/50-nm Al with a device area of 20 mm2. A Keysight E4990A imped-
ance analyser was used to measure their capacitance–voltage (C–V) 
responses in a N2-filled glovebox. During measurement, the devices 
were biased from depletion to accumulation by applying a d.c. voltage 
from +40 to −40 V and a small a.c. voltage of 0.1 V at 1 kHz. The charge 
concentration (n) was calculated from the Mott–Schottky analysis 
equation d(1/C2)/dV = [2/(e × ε0 × εr)]  ×  (1/n), where C is the diode 
capacitance per unit area, e is the elementary charge, ε0 is the vacuum 
permittivity, and εr ≈ 3 is used as the approximate dielectric constant 
value for PDTzTI during calculations. The errors in MIS analysis are 
from three devices.

AFM
The thin film samples were prepared on borosilicate glass and were 
characterized in ambient air using a Dimension Icon Scanning Probe 
Microscope (Asylum Research, MFP-3D-Stand Alone) under tapping 
mode.



GIWAXS
The thin films were prepared on silicon substrates and measurements 
were performed at the Beamline PLS-II 9A SAXS of Pohang Accelerator 
Laboratory, Republic of Korea.

GC
One eq. N-DMBI-H (17.7 mg, 66.2 μmol) + PDI-C6C7 (50.0 mg, 66.2 μmol) 
blend solution in 1 ml anhydrous CH2Cl2 was reacted for 1 h with AuNPs 
(nominal evaporation thickness 1.2 nm on glass) in a sealed bottle (4 ml) 
under nitrogen. The gas product was collected with a 5-ml syringe and then 
characterized on Agilent 990 Micro GC system using thermal conductivity 
detector. To eliminate the influence of possible residual H2 gas in the instru-
ment pipeline, an air blank sample test was taken before each injection.

DFT calculation
DFT-based simulations were performed with the CP2K/Quickstep pack-
age, using a hybrid Gaussian and plane wave method52. A double quality 
DZVP Gaussian basis set was used for the Au atoms and a triple quality 
TZVP Gaussian basis set was used for all the other atoms53. The Goe-
decker–Teter–Hutter pseudopotentials54 together with a 400 Ry plane 
wave cut-off were used to expand the densities obtained with the Perdew–
Burke–Ernzerhof (PBE)55 exchange-correlation density functional, and 
van der Waals forces were taken in account with the Grimme D3 Method56.

Surface model. Gold nanoparticles were modelled by a gold (111) sur-
face. It was constructed using a slab model having three Au layers with a 
17.31 Å × 14.99 Å surface unit cell (108 Au atoms). A 35 Å vacuum region 
between the slabs was adopted to minimize unrealistic slab interac-
tions. Only the gamma point was considered in a supercell approach. 
Periodic boundary conditions were applied in all directions of space.

Gibbs free energy profile. Potential energy as obtained by the 
self-consistent field (SCF) procedure at zero kelvin is adopted as an 
approximation of the enthalpy contributions. Entropic contributions 
associated to the loss of mobility of the molecular species once ad-
sorbed on the gold surface were evaluated. In particular, only the loss 
of translational and rotational entropy was considered and computed 
at 298.15 K. Solvation contribution to the energy profile was evaluated 
within the solvation model based on density (SMD) approach only 
for molecular species using dichloromethane (ε = 8.93) as prototypi-
cal solvent as implemented in the G16 code57. G16 calculations were 
performed at the level of the B3LYP hybrid functional. The standard 
all-electron 6-311G** basis set was used for all atoms. The entropic and 
solvent contributions were then ‘appended’ to the SCF energy profile 
to obtain the Gibbs free energy profile.

ESI-MS
NDI-EH and PDI-C6C7 were blended with 100mol% of N-DMBI-H in 
anhydrous chloroform, then drop-casted onto glass substrates with 
pre-deposited gold nanoparticles (d = 1.4 nm). After doping activation 
by thermal annealing, the samples were rinsed in anhydrous CF sol-
vent inside a small glass bottle to wash off the doped films. The doped 
NDI-EH and PDI-C6C7 solutions were further diluted to a concentration 
below 0.1 mg ml−1 before data collection using a Thermo Scientific LCQ 
Fleet system under ESI mode.

Seebeck coefficient
The doped films were prepared on borosilicate glass substrates in 
the same way as those for electrical conductivity measurement. The 
samples for Seebeck coefficient measurement had a channel length 
of 1 mm, channel width of 20 mm and electrode width of 500 μm. A 
pair of Peltier devices with a separation distance of 1 mm were used to 
generate a temperature difference (ΔT) across the samples, which were 
monitored by a pair of thermal couples. By systematically changing ΔT 

from 0 to 3.5 K with 0.7 K step, the corresponding thermal voltages were 
recorded by the Keithley 4200-SCS Semiconductor Characterization 
System and then used for Seebeck coefficient calculation through 
linear fitting of the data. The reported Seebeck coefficient results were 
all from the average of three different measurements.

Organic thin-film transistors
Top-gate bottom-contact organic thin-film transistors (OTFTs) with 
different metal source and drain electrode materials (Au and Ag) were 
fabricated on glass substrates. The substrates were coated with a 
planarization layer prepared by spin-coating a solution of Flexterra 
crosslinkable polymer B2000 in dioxane (110 mg ml−1; 1,500–2,000 rpm) 
onto the substrates to afford a ~300–500-nm-thick layer. This film was 
crosslinked thermally (180 °C, 60 min) to afford a robust, completely 
insoluble planarization layer. Next, the metal source/drain electrical con-
tacts (100 nm thick) were prepared by sputtering (Ag) or thermal vapour 
deposition (Au) followed by photolithography. Channel length and 
width are 15 µm and 1 mm, respectively. Doped polymer contact modi-
fication formulations (for Au contacts, N2200-EG7 0.35 mg + N-DMBI-H 
0.7 mg in 1 ml CHCl3; for Ag contacts, N2200-EG7 0.35 mg + N-DMBI-H 
0.7 mg + Pd2(dba)3 0.12 mg (5mol%) in 1 ml CHCl3) were deposited by 
spin-coating at 1,000 rpm for 60 s and then annealed on a hotplate at 
160 °C for 5 min. The n-type semiconductor PDIR-CN2 layer was then 
deposited by spin coating (N3004 2.5 mg ml−1 in a hydrocarbon mixture, 
2,000 rpm, 30 s, film dried on a hotplate at ~110 °C for 5 min). Typical 
semiconductor film thicknesses were ~20 nm. Next, the dielectric layer 
(~600 nm thick) was spin-coated (D1600, ~100 mg ml−1, 700–2,000 rpm) 
and the transistors were completed by deposition of the metal gate con-
tact (100 nm Ag or Au) by thermal evaporation through a shadow mask.

Data availability
All relevant data are contained within the Article and its Supplemen-
tary Information, or are available from the corresponding authors 
upon request.
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Extended Data Fig. 1 | TEM images of thermally evaporated AuNP films on 
TEM grids coated with a thin carbon film with the nanoparticle size 
(diameter d) distribution as a function of the nominal film thickness.  
a–e, The nominal AuNP film thickness is 0.1 nm (a), 0.2 nm (b), 0.4 nm (c), 
0.8 nm (d) and 1.5 nm (e). The TEM images are shown in both high magnification 

(left column; scale bar, 10 nm) and lower magnification (middle column; scale 
bar, 50 nm). The AuNP size distribution probability plots in the right column are 
all from statistical analysis of more than 150 nanoparticles, with their average 
sizes and standard deviations shown inside.
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Extended Data Fig. 2 | Electrical conductivity measurements for blend 
doped PDTzTI films on glass and PET substrates with different electrical 
contact materials. a–c, Representative I–V characteristics of 60mol% 
N-DMBI-H blend doped PDTzTI films on glass substrates as plotted in log scale 
(a) and linear scale (b, c), respectively. When using AuNPs, there is a significant 
charge injection barrier between the Al electrode and the highly conductive 
PDTzTI film as shown by the non-linear I–V characteristics in panel b. 
Nonetheless, the σ of the Al device, estimated from the currents at |V| = 5 V, is 
3.6 ± 0.3 S cm−1, which is in the same order of magnitude of that of the Au device 
(14.1 ± 0.7 S cm−1). c, Without using AuNP catalyst, the device current is orders 
of magnitude lower than that of the device with AuNP, with a 

σ = (2.6 ± 0.2) × 10−4 S cm−1 for the Al device and (4.6 ± 1.2) × 10−4 S cm−1 for the Au 
device. In all these experiments, the electrodes were fabricated by thermal 
evaporation using a shadow mask except for the control Au device (without 
AuNPs), which was prepared by lift-off photolithography to avoid that residual 
Au clusters catalyse the reaction as we show clearly in Supplementary Fig. 8.  
d, Representative I–V characteristics of 60mol% N-DMBI-H plus AuNPs blend 
doped PDTzTI films on glass (blue line) and plastic (PET, red line) substrates. In 
all these experiments d = 1.4 nm, Tann = 120 °C, tann = 10 s when using AuNP 
catalyst or tann = 10 min when not using catalyst, demonstrating that the 
catalysed n-doping method is fully compatible with PET substrates. All contact 
geometries are 100 μm (channel length) and 2 mm (channel width).



Extended Data Fig. 3 | AuNP catalysed N-DMBI-H doping efficiency 
estimation from electrical conductivity. a–f, N-DMBI-H doping efficiency (η) 
versus dopant molar ratio in blend-doped PDTzTI (a), PDTzTIT-2F (b), PDTzTIT 
(c), PBTzI (d), N2200 (e), and f-BTI2TEG-FT (f) films calculated using the 
measured electrical conductivity and various electron mobility values. The red 
curves originate using the measured OTFT mobility (μe,OTFT values from our 
published results32,37,58 or Supplementary Table 6 for f-BTI2TEG-FT). The plots 
show that the μe,OTFT is a reasonable assumption for the actual carrier mobility 
of doped films (μe,doped) at high charge density for PDTzTI, PDTzTIT-2F, PDTzTIT 
and PBTzI (Extended Data Fig. 3a–d and Supplementary Table 3). The estimated 
high η is in good agreement with our experimental observations of strong film 
colour change in their UV–vis–NIR spectra and high electrical conductivity (for 

example, Fig. 2b, Supplementary Figs. 9 and 10, Table 1). Obviously, the μe,doped 
at different dopant loading must afford a η < 100%, to be realistic. μe,doped is 
likely to be charge density dependent and also changes with the N-DMBI-H 
loading and variation of film morphology, and also may differ significantly 
from the μe,OTFT as exemplified by N2200 (e) and f-BTI2TEG-FT (f) analysis. For 
N2200, the calculated ηmax using the μe,OTFT is <0.1%, which does not agree with 
the experimental ESR results (>40%) and the strong variation of the optical 
absorption. Thus, the actual μe,doped must be <<μe,OTFT and possibly 
<0.001 cm2 V−1 s−1 when examining the η-dopant molar ratio graph in panel e. 
For the polymer f-BTI2TEG-FT, a ηmax >3,000% is calculated using the μe,OTFT, 
which is unrealistic. Thus, the actual μe,doped is >>μe,OTFT and possibly around 
1 cm2 V−1 s−1 at high charge densities, as estimated from the graph in panel f.
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Extended Data Fig. 4 | 2D-GIWAXS images of N-DMBI-H + AuNP doped 
organic semiconductor films. The semiconductor films were spin-cast from 
their pristine or blend solutions with N-DMBI-H in CHCl3 (5 mg ml−1 for PDTzTI 
and N2200, 20 mg ml−1 for PDI-C6C7), then annealed at Tann = 120 °C, tann = 10 s. In 
all these experiments, AuNP d = 1.4 nm and the substrate is silicon. The images 

clearly show that, as the N-DMBI-H loading increases, the doped film 
crystallinity gradually decreases, eventually to a very low degree of 
crystallinity and near amorphous structure for all these organic 
semiconductor films at 100mol% N-DMBI-H loading.



Extended Data Fig. 5 | Explored AuNP catalysed N-DMBI-H doping 
mechanisms. All the investigated routes share the same first step, namely the 
hydride transfer from N-DMBI-H to AuNP surface. Depending on the possible 
active-doping-species, we propose four different reaction routes after the 
initial hydride transfer step. In route a, Aux–H– directly acts as the 
active-doping-species and forms Aux–H• after electron transfer to PDI, then, 
the H• on AuNP surface combines and releases H2 gas to regenerate clean AuNP 
surface for the next catalytic cycle. In route b, H• is released from Aux–H– to 
form Aux

•− as the active-doping-species, then H• combines to give H2 gas, while 
Aux

•− transfers the electron to the PDI and goes to the next catalytic cycle. In 
route c, H− is transferred from Aux–H– to PDI and forms hydrogenated PDI anion 

(denoted as PDI–H–) as the active-doping-species, which transfers electron to 
another PDI molecule and forms PDI–H•, then two PDI–H• combine each other 
to give H2 gas while PDI is regenerated for the next doping reaction cycle. 
Finally, in route d, H− is released from Aux–H– and serves as the 
active-doping-species, the clean AuNP surface goes to next catalytic cycle, 
while H− transfers the electron to the PDI and forms H• which combines to give 
H2 gas. For all the reaction routes, the final reaction products are N-DMBI+, PDI•− 
and H2 gas, AuNP only serves as the reaction catalyst. PDI-C6C7 molecule is 
modelled by a simpler PDI in which the 1-hexylheptyl side chain is replaced by a 
methyl group.
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Extended Data Fig. 6 | Gibbs free energy profile (kcal mol−1) of the 
investigated nanoparticle catalysed N-DMBI-H doping mechanisms. 
PDI-C6C7 molecule is modelled by a simpler PDI in which the 1-hexylheptyl side 
chain is replaced by a methyl group. AuNP is modelled by the Au (111) surface. 

Solvation effects are taken into account for all the molecular species. Route a is 
most energetically favourable with its Gibbs free energy diagram also given in 
Fig. 4f of the main text.



Extended Data Fig. 7 | Application of catalysed n-doping of organic 
polymers to n-type organic thermoelectronic devices. a, Illustration of an 
n-type thermoelectric device where this method can be used to generate an 
n-doped organic semiconductor film. b, N-type thermoelectric performance 
of an off-centre spin-casted, sequentially doped f-BTI2TEG-FT+PBTI blend 
films, using AuNP catalyst. Recently, side-chain engineering of conjugated 
polymers with hydrophilic groups59 has shown improved n-dopability and 
conductivity with N-DMBI-H due to enhanced dopant/semiconductor 
miscibility. For example, by simply replacing the hydrophobic alkyl chain 
(2-octyldodecyl) in f-BTI2-FT51 with triethylene glycol (TEG)-based chain in 
f-BTI2TEG-FT (Supplementary scheme 1, Supplementary Figs. 34–41), σ of 
uncatalysed N-DMBI-H doping was found to increase from (8.9 ± 0.5)  ×  
10−3 S cm−1 to 1.4 ± 0.1 S cm−1, respectively. However, N-DMBI-H+AuNP doping  
of f-BTI2TEG-FT can achieve a σ of 25.1 ± 0.6 S cm−1 (blend doping), 

38.4 ± 2.2 S cm−1 (sequential doping, on-centre), and 74.3 ± 4.6 S cm−1 
(sequential doping, off-centre) (Table 1, Supplementary Figs. 42, 43), despite a 
low transistor mobility of 0.018 cm2 V−1 s−1 (Supplementary Fig. 44, 
Supplementary Table 6). Impressively, an even higher σ of 104.0 ± 7.9 S cm−1 
(maximum 116.3 S cm−1) can be obtained by adding a small amount (15wt%) of 
the high mobility PBTI polymer50 (Mn = 35.5 kDa) to f-BTI2TEG-FT, which serves 
as high-mobility pathways between doped f-BTI2TEG-FT domains for improved 
charge transport42. Thus, based on the latter blend, we fabricated an organic 
thermoelectric device which showed a remarkable power factor (PF) of 
65.7 ± 5.5 μW m−1 K−2 with a Seebeck coefficient of −79.5 ± 2.8 μV K−1 (Extended 
Data Fig. 7b, Supplementary Fig. 45). The conductivity and power factor values 
are among the highest to date for solution-processed molecular n-doped 
conjugated polymers12,46. Error bars represent the standard deviations from 
their mean values.
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Extended Data Fig. 8 | Application of catalysed n-doping of organic 
polymers to organic thin-film transistor (OTFT) devices. a, Chemical 
structure of the polymer N2200-EG7 (P) and the PDIR-CN2 semiconductor 
(OSC) used for OTFT devices. b, Top-gate bottom-contact OTFT structure with 
Au source/drain/gate electrodes and using Au contacts to catalyse the 
n-doping of the NDI polymer P with N-DMBI-H (blend method).  

c–e, Corresponding transfer plots (c), mobility evolutions (d) and low-drain 
voltage output plots (e) of the indicated devices. f, Top-gate bottom-contact 
OTFT structure with Ag source/drain/gate electrodes using Pd2(dba)3 to 
catalyse the n-doping of the NDI polymer P with N-DMBI-H (blend method).  
g–i, Corresponding transfer plots (g), mobility evolutions (h) and low-drain 
voltage output plots (i) of the indicated devices.



Extended Data Fig. 9 | Perovskite solar cells fabricated with undoped/
doped polymer films as the electron transporting layer (ETL). a, Perovskite 
cell structure, chemical structures of the hole transporting layer (HTL) and ETL 

polymers used in this study. b, J–V plots of the best device using PDTzTIT 
polymer as ETL. c, J–V plots of the best device using PDTzTIT-2F polymer as ETL.
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