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Chemical dopingis animportant approach to manipulating charge-carrier

concentration and transport in organic semiconductors (OSCs)"? and ultimately
enhances device performance*”’. However, conventional doping strategies often rely

onthe use of highly reactive (strong) dopants

8719 which are consumed during the

doping process. Achieving efficient doping with weak and/or widely accessible
dopants under mild conditions remains a considerable challenge. Here, we report
apreviously undescribed concept for the photocatalytic doping of OSCs that uses
air asaweak oxidant (p-dopant) and operates at room temperature. This is ageneral
approachthat canbe applied to various OSCs and photocatalysts, yielding electrical
conductivities that exceed 3,000 S cm™. We also demonstrate the successful
photocatalytic reduction (n-doping) and simultaneous p-doping and n-doping of
OSCsinwhich the organic salt used to maintain charge neutrality is the only chemical
consumed. Our photocatalytic doping method offers great potential for advancing
OSC doping and developing next-generation organic electronic devices.

Chemical doping has a pivotal role in optimizing the performance of
various OSC-based devices, including light-emitting diodes", photo-
voltaics™", thermoelectrics™", field-effect transistors™ and electro-
chemical devices™. Although numerous doping methods exist that
can achieve efficient chemical doping, they typically rely on the use
of strong oxidizing and reducing agents (dopants) to alter the redox
state of the OSC through direct electron-transfer processes .
However, the high chemical reactivity of these strong dopants may
produce by-products and render them less stable, particularly for
n-dopants*'*% presentinga challenge to their widespread adoption.
Furthermore, some of the most-studied dopants are synthesized ad hoc
and are expensive. The use of widely available, inexpensive and weak or
inefficient dopants could address these issues, but they often require
either thermal® ' or radiation®* activation or metal-catalysed bond
cleavage® to activate them. Moreover, there is currently no dopant that
is capable of carrying out both the oxidation (p-doping) and reduc-
tion (n-doping) of OSCs. Therefore, developing a doping strategy that
uses widely available dopants s crucial to enhance compatibility with
semiconductor devices.

Photocatalysts (PCs) function as electron shuttles, oxidizing or
reducing aromatic compounds on the basis of the presence of sacri-
ficial weak oxidants®*® or reductants®*°, Owing to their remarkable
selectivity and efficiency in facilitating redox-based reactions, PCs are
extensively used in organic synthesis***. Thus, intriguing questions
arise regarding whether PCs can mediate the oxidation (p-doping) or

reduction (n-doping) of OSCs, the efficiency and generalizability of
this process, and its potential technological implications.

Here, to demonstrate the general concept, we explore the photo-
catalytic doping process in quaternary systems comprising a dopant, a
PC that was primarily an acridinium derivative, an organic salt and one
of various mt-conjugated p-type or n-type OSC polymers. We show that
neither the dopant northe PCinthe ground state can extract or donate
electrons from or tothe OSCs (Fig.1a,b). However, when photoexcita-
tion occurs, the PC canoxidize or reduce the OSC and be regenerated by
the dopant (Fig. 1c-e). Extended Data Fig. 1 provides abreakdown of the
photocatalytic p-doping and n-doping cycles. Acridinium-based PCs are
used because of their commercial availability, air stability and strong
oxidizing or reducing character in their excited or radical reduced
state***4 We chose three different acridinium derivatives to carry out
the photocatalytic doping study: Acr-Me* (10-methylacridinium per-
chlorate), Mes-Acr-Me* (9-mesityl-10-methylacridinium tetrafluorobo-
rate) and Mes-Acr-Ph* (9-mesityl-3,6-di-tert-butyl-10-phenylacridinium
tetrafluoroborate). We compared their activity with that of other
air-stable organic PCs, such as perylene diimide* (PDI-C,C,) and eosin
Y448 (27 ,4/,5’,7"-tetrabromofluorescein disodium salt) (Fig. 1f). Salts
such as LiTFSI and [EMIMI][TFSI] are used as redox-inert counterions
tostabilize charges on the doped conjugated polymer backbones?. We
used oxidants (p-dopants) that are typically weak or inefficient, such as
dioxygen (0,) intheair or diphenyl disulfide*’ ((PhS),), and weak reduc-
tants (n-dopants), such as triethylamine (Et;N), to regenerate the PCs.
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Fig.1|Photocatalytic doping concept.a-d, Schematics of the photocatalytic
doping process: weak dopants cannot oxidize or reduce the OSCs (a); PCsin the
ground state cannot oxidize or reduce the OSCs (b); PCsin the excited state can
oxidize orreduce the OSCs and beregenerated by the weak dopants (cand d).
This photocatalytic doping process occurs in thin films and ensures that the

Photocatalytic p-doping of PBTTT

The photocatalytic p-doping methodology is straightforward and
efficient, asdemonstrated in Fig.2 and Supplementary Video1for the
case-study oxidation of PBTTT by Acr-Me*. Acr-Me" (0.01 M) was dis-
solved inamixture of n-butyl acetate and acetonitrile, together with the
salt LiTFSI (0.1 M). This solvent mixture was chosen for its orthogonality
to PBTTT and the good solubility of Acr-Me™ and LiTFSI, which show
no substantial interactions in solution (Supplementary Figs.1and 2).
PBTTT thin films were immersed in the Acr-Me:LiTFSI solution and
irradiated with a 455 nm blue light for up to 12 min to photoactivate
Acr-Me'" to its excited state (Acr-Me*’; ref. 37) in the presence of O, (in
air), which acts as the weak p-dopant. The p-doped PBTTT films were
then removed from the PC solution, washed and dried, as depicted
inFig. 2a, and the Acr-Me:LiTFSI solution was recovered and could
be reused multiple times (Supplementary Fig. 3a). The ultraviolet—
visible-near-infrared absorption spectra of PBTTT films show that
0O, cannot dope PBTTT in the absence of Acr-Me* or with Acr-Me" in
the dark (Fig. 2b), but a strong polaronic absorption extending in the
near-infrared region was observed upon blue light irradiation.

X-ray photoelectron spectroscopy (XPS) shows that TFSI"anions do
not penetrate the PBTTT layer without Acr-Me* or with Acr-Me*inthe
dark. However, when irradiated with light, strong fluorine F(1s) and
oxygen O(1s) XPS core level signals originating from TFSI” are observed
(Fig. 2c). Further analysis of the sulfur S(2p), F(1s) and nitrogen N(1s)
XPS core level peaks (Fig. 2d and Supplementary Fig. 4) indicates an

molecular packing of the OSCs s preserved after doping. e,f, Proposed
photocatalytic oxidation or p-doping (right) and reduction or n-doping (left)
cycle (e); chemical structures of the PCs, weak dopants, salts (counterions)
and OSCs (f).

increasein TFSI"anion content withincreasingirradiation time, leading
toapositively charged PBTTT polymer backbone. Grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements reveal that the
penetration of TFSI” anions does not disrupt the orientation of the
PBTTT chains but instead leads to a reduction in the -1t stacking
distance and an increase in the lamellar packing distance, indicating
that TFSI anions are located mainly inthe side-chain region (Extended
DataFigs.2,and 3 and Supplementary Figs. 5-7). This result is consist-
ent with the oxidation of PBTTT". Furthermore, ultraviolet photo-
electron spectroscopy (UPS) analysis reveals a partial depopulation
of the PBTTT frontier occupied density of states and a substantial
increase in work function following light irradiation (Fig. 2e and Sup-
plementary Fig. 8).

Theelectrical conductivity of PBTTT greatly increases from107°S cm™
to more than 700 S cm™ after 10 min of light irradiation (Fig. 2f) and
remains stable after 30 days of storage (Supplementary Fig. 3b). By con-
trast, no major changesin electrical conductivity are observed either
without Acr-Me" or with Acr-Me" in the dark. Notably, the observed
conductivity values are typical for chemically p-doped PBTTT?. We
also noticed that PBTTT films, spanning a thickness range of 16 nm to
60 nm, exhibited similar maximum conductivity and polaronic absorp-
tionintensity, with the thinner films being doped faster (Extended Data
Fig. 4a,b). These results indicate that doping occurs throughout the
entire bulk of the OSC layer. Moreover, the degree of doping depends
onthelightirradiation dose (Extended DataFig. 4c,d) and wavelength
(Supplementary Fig. 9).
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Fig.2|Photocatalytic p-doping of PBTTT. a, Schematic of the photocatalytic
p-doping method: the OSC filmisimmersed in the PC solution, which also
contains TFSI  counterions, andirradiated with lightin the presence of O,, which
actsasthe weak p-dopant. The PC solutionis recovered and the OSC film s
washed with cleansolventand dried in N,. [C, ;s ] and [Cpc] are the concentrations
oftheLiTFSIand PCsolutions, respectively. b, Absorptionspectraofundoped
and photocatalytically doped PBTTT films. Photocatalytic doping requires both
PCandlight.c, XPS analysis of undoped and photocatalyticallydoped PBTTT
filmsrevealsadistinct TFSI”signalin the photocatalytically doped samples.

Mechanism of photocatalytic p-doping

To understand the charge-transfer mechanisminvolvedin the photo-
catalytic p-doping process, we performed transient absorption spec-
troscopy and related photoluminescence and absorption spectroscopy
experiments. Analysis of the Acr-Me"and PBTTT excited-state lifetimes
(Supplementary Figs.10-17) and quantitative fluorescence-quenching
experiments (Supplementary Figs. 18-20) indicates that the
photo-induced electron transfer (PET) process is probably dominated
by the PC excited state, with electrons predominately transferring from
the OSC ground state to the PC excited state. We used Et;N as an opti-
cally transparent reductant® to study the PET processinsitu (Fig. 3a-d).
Mes-Acr-Me* and Mes-Acr-Ph* were selected as representative PCs
because of their excellent stability in the presence of Et;N (Supple-
mentary Fig. 21). PET between Mes-Acr-Me* (or Mes-Acr-Ph*") and Et;N
induces the formation of reduced Mes-Acr-Me’ (or Mes-Acr-Ph?)*0#¢, as
revealed by the absorption spectra shown in Supplementary Figs. 21
and 22. Subsequently, Mes-Acr-Me’ (or Mes-Acr-Ph’) is oxidized by O,
(ref. 37) (or (PhS),; ref. 49), affording reduced species (Supplementary
Figs. 23 and 24). In situ photoluminescence studies demonstrate the
reduction and regeneration of Mes-Acr-Me* and Mes-Acr-Ph* (Sup-
plementary Fig. 25). Moreover, in situ transient absorption spectra
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d, S(2p) and F(1s) XPS analysis of undoped and photocatalytically doped

PBTTT films. The TFSI  signalincreases with lightirradiation time. e, Ultraviolet
photoelectronspectroscopy of undoped and photocatalytically doped PBTTT
films. The work function of photocatalytically doped PBTTT films increases with
lightirradiation time.f, Electrical conductivity of undoped and photocatalytically
doped PBTTT films demonstrates that photocatalytic doping can happen only
whenboth PCandlight are present. Points, mean; errorbars, s.d. (not visible);
n=10independentsamples.

acquired during the reduction or regeneration process reveal that
Mes-Acr-Me" initially forms anintramolecular-charge-transfer excited
state (Mes-Acr-Me*")*** as a result of light irradiation (Fig. 3a,b and
Extended Data Figs. 5and 6). Subsequently, Mes-Acr-Me" transitions
to the reduced Mes-Acr-Me' in the presence of Et;N. A notable pho-
toinduced absorption at 658 nmindicates the formation of an excited
reduced state for Mes-Acr-Me after a laser pump pulse (Fig. 3c). Oxi-
dationin air leads to Mes-Acr-Me"* being fully regenerated (Fig. 3d,
Extended Data Fig. 6 and Supplementary Video 2). This result dem-
onstrates that the PET process requires only the photoexcitation of
PCsandthat PCs canberegenerated inair, thereby closing the photo-
catalytic oxidation cycle. The Gibbs free-energy profiles computed
using density functional theory (DFT) for the photocatalytic doping
of PBTTT by Acr-Me" in air indicate that both the reduced and excited
reduced forms of Acr-Me can be oxidized by O,, with Acr-Me" being
favoured (Extended Data Fig. 7).

Generality of photocatalytic p-doping

Next, we investigated the generality of the photocatalytic p-doping
process for arange of conjugated polymers with different ionization-
potential values and hydrophilic or hydrophobic side chains (such as
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Fig.3|Mechanismand generality of the photocatalytic p-doping process.
a, Schematic diagram of the transition of the ground state, excited state,
reduced state and excited reduced state of Mes-Acr-Me" in the presence of

the optically transparent Et;Nin 455 nmirradiation, followed by regeneration
inair.b-d, False-colour plots of theinsitu transient absorption spectra of
Mes-Acr-Me* +10 equivalents Et;N, as a function of detector wavelength and
delay time: initial statein N,atmosphere (b); after 455 nmlightirradiation for
120 sin N, (c); and regenerationinair (d). Two strong photoinduced absorption
peaks (477 nmand 551 nm, band d) indicate the formation of the excited state

P(g,2T-T), P(g,2T-TT),gDPP-g2T,P3HT, PBTTT and PTQ1) and PCs with
different electron affinity (EA) values, including Acr-Me*, Mes-Acr-Me",
Mes-Acr-Ph’, perylene diimide and eosin Y (Fig. 1d). The ionization
potentials of the semiconducting polymers and the EA values of the PCs
used here, as well as the EA values of conventional molecular p-dopants
suchas F,TCNQ, F,TCNNQ, magic blue, CN6-CP and NOPF used for
comparative analysis, are reported in Supplementary Fig. 26. In the
ground state, all PCs exhibitlow EAs, ranging from 3.6 to 4.2 eV, which
areinsufficient to thermodynamically drive the p-doping of the OSCs
with ionization potentials ranging from 4.3 to 5.3 eV. However, when
photoactivated, the EAs of the PC in the excited state (EA") are estimated
to bein the range 5.9-6.9 eV, thereby enabling p-doping of the afore-
mentioned OSCs. The absorption spectra of the photocatalytically
doped polymer films demonstrate that all the semiconducting poly-
mersinvestigated inthis study, including the high-ionization-potential
polymer PTQI, can be photocatalytically doped by Acr-Me* (Extended
Data Fig. 8). These data indicate that Acr-Me" serves as a strong oxi-
dant, atleast comparable in strength to Mo(tfd), (EA of around 5.5 eV)*,
although the calculated EA” indicates that its oxidizing capability is
probably much stronger.

The electrical conductivity of the photocatalytically doped poly-
meric thin films was investigated for the different PCs and as afunction
of the light-irradiation time (Fig. 3e,f, Extended Data Fig. 9 and Sup-
plementary Table1). P(g,2T-T), P(g,2T-TT), gDPP-g2T and PBTTT were
dopedbyallfive PCsinthe presence of O,, with P(g,2T-T), which has an
ionization potential of around 4.3 eV (ref. 21), exhibiting a high electrical
conductivity ofupto3,000 S cm™. Comparable results were obtained
using (PhS), as the weak oxidant toregenerate the PC (Supplementary

Light irradiation time (min)

EA*p = IPogc (V)

of the PC (Mes-Acr-Me*"). The photoinduced absorption peak at 658 nm (c)
indicates the formation of the PC excited reduced state (Mes-Acr-Me™).
ef,Electrical conductivity of PBTTT (e) and P(g,2T-T) (f) photocatalytically
doped by different PCsin air. The photocatalytic p-doping conditions are the
same asinFig.2a. Points, mean; error bars, s.d. (not visible); n =10 independent
samples. g, Electrical conductivity enhancement of OSCs (compared with the
undoped films) plotted against the energy barrier of single-electron transfer
from OSCsto excited PCs.

Fig.27). The photoexcitation of eosin Y under blue (a wavelength of
455 nm) and green (525 nm) light yields similar conductivity values
(Supplementary Fig. 28). Similar to our observations of PBTTT, the
photocatalytic doping of P(g,2T-T) is a bulk process (Supplementary
Fig.29), resulting in astrong -t stacking peak and an increase in the
lamellar packing distance of the doped films, relative to the undoped
films (Supplementary Figs. 30-32). Moreover, in contrast to other
doping methods, photocatalytic doping yields P(g,2T-T) films with
the highest crystallinity (Supplementary Figs. 33 and 34), account-
ing for the greater conductivity measured in this study. P3HT (which
has anionization potential of around 4.8 eV) was photocatalytically
doped by Acr-Me*, Mes-Acr-Me*, Mes-Acr-Ph* and perylene diimide,
whereas the high-ionization-potential PTQ1 (ionization potential
of around 5.3 eV) could be doped slightly by Acr-Me*, Mes-Acr-Me*
and Mes-Acr-Ph* (Extended Data Fig. 9). The electrical-conductivity
enhancement (with respect to the undoped state) for the six OSCs
strongly depends on the energy difference between the ionization
potential of the OSC and the EA” of the PCs. As the energy difference
decreases, the electrical-conductivity enhancementincreases by sev-
eral orders of magnitude (Fig. 3g).

Photocatalytic n-doping and simultaneous p-doping
and n-doping

Finally, we investigated the photocatalytic reduction (n-doping)
and simultaneous photocatalytic p-doping and n-doping of OSCs
(Fig. 4a,b). To achieve this, the PC was first photoactivated to gener-
ate an excited-state PC that can oxidize weak n-dopants. When the
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Fig.4|Photocatalytic n-doping and simultaneous photocatalytic p-doping
and n-doping. a,b, Schematics of the photocatalytic n-doping process: BBL
films are covered by the PC solution (0.01 M Mes-Acr-Me*in 3:1BuOAc:CH;CN)
thatalso contains 0.1 M [EMIMI[TFSI]. The weak n-dopant Et;N (0.1M, a) ora
physically separate p-type P(g,2T-T) filmimmersed in the PC solution (b) is
used toregenerate the PC. AfterirradiationinN,, the PC solutionisrecovered,
and the OSC films are washed with clean 3:1BuOAc:CH,;CN solvent and dried
inN,.c, Proposed catalytic cycle for simultaneous photocatalytic p-doping and

latter were oxidized, the PC was converted toits reduced form, which
was subsequently photoactivated to obtain an excited reduced state
capable of n-doping OSCs (Fig. 4c). In this process, the n-type OSC
accepts an electron from the reduced or excited reduced state of the
PC, enabling the regeneration of the ground-state PC.

Totest thisapproach, we selected poly(benzimidazobenzophenanth
roline) (BBL) as a prototypical n-type OSC with a high EA (4.30 eV, Sup-
plementaryFig.26), high electrical conductivity after doping (greater
than1S cm™)*and high ion permeability®?. Et,N was used as the weak
n-dopant and [EMIM][TFSI] was used as the organic salt to stabilize
the negative polarons on the n-doped BBL chains. Our results show
that without light or PC, Et;N is only marginally able to n-dope BBL
(Fig.4d and Supplementary Fig.35). However, in the presence of light
and PC, Et;N considerably n-dopes BBL, resulting in strong negative
polaron absorption peaks at 400 nm, 720 nm and 865 nm, similar to
those observed in chemically'®* and electrochemically*’ n-doped BBL
films. After photocatalytic n-doping, the electrical conductivity of
BBL increases by more than five orders of magnitude, from less than
107 S cm™ for undoped BBL to more than 1S cm™ after only 2 min of
lightirradiation (Fig. 4e). DFT computations again indicate that both
thereduced and the excited reduced PC can reduce BBL, with the latter
being more favoured (Supplementary Fig. 36).

By replacing Et;N with the low-ionization-potential polymer
P(g,2T-T), we could couple the photocatalytic p-doping and n-doping
of P(g,2T-T) and BBL, respectively. The semiconductor thin films, which
were kept physically apart to prevent ground-state electron transfer?,
were bothimmersed inthe same Mes-Acr-Me* solutionand exposed to
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Light irradiation time (min)

Light irradiation time (min)

n-doping of OSCs. The photoactivated PC extracts electrons fromthe p-type
P(g,2T-T) (or Et;N) and donates them to the n-type BBL. d, Differential absorption
spectraof BBL films after photocatalytic n-doping by Mes-Acr-Me* with Et;N
orP(g,2T-T).e, Electrical conductivity of undoped and photocatalytically
n-doped BBL films. f, Electrical conductivity of simultaneous photocatalytic
p-doped P(g,2T-T) and n-doped BBL. Datain e and f: points, mean; error bars, s.d.
(notvisible); n=10independent samples.

lighttoactivate the PC (Fig. 4b). The Mes-Acr-Me' serves as aredox shut-
tle, transferring electrons from P(g,2T-T) to BBL, asis evident from the
distinctive polaronic features observed in the ultraviolet-visible spec-
traofboth polymers (Fig.4d and Supplementary Fig. 35). Photocatalyti-
cally p-doped P(g,2T-T) displays a typical conductivity of 200 S cm?,
whereas photocatalytically n-doped BBL shows a typical conductivity
of 0.1S cm™ (Fig. 4e), with only [EMIM][TFSI] being consumed during
the process to maintain charge neutrality. Importantly, p-doping or
n-doping was observed only in the presence of Mes-Acr-Me* (Fig. 4f).
Although the inevitable alignment of the electrochemical potentials
of the polymers (Supplementary Fig. 37) could thermodynamically
limit the maximum doping level achievable through simultaneous
photocatalytic p-doping or n-doping, this approach enables the con-
current oxidation and reduction of OSCs, which would otherwise be
difficult to attain using conventional doping methods. The potential
technological effect of thisapproachis demonstrated by fabricating a
thermoelectricgeneratorin whichboth p-type and n-type legs canbe
castona25-umplastic substrate fromasolution in ambient conditions
and simultaneously doped by Mes-Acr-Me" to yield power outputs
comparable to state-of-the-art thermoelectric modules in which the
p-legs and n-legs are doped individually using conventional methods
(Extended Data Fig.10).

Concluding remarks

We have reported a previously unpublished concept of photocata-
lytic doping for OSCs that offers a simple and efficient solution-based



process atroom temperature. The doping level can be easily controlled
by adjusting the light irradiation dose. Compared with conventional
doping methods that rely on highly reactive dopants that are con-
sumed during the doping process, photocatalytic doping uses recy-
clable and air-stable PCs and consumes only TSFI-based salt and weak
dopants, suchas O, (inair). This photocatalytic method is general and
applicable to a wide range of OSCs, yielding p-doped, n-doped and
simultaneously p-doped and n-doped OSCs with high electrical con-
ductivity. Furthermore, it enables the direct insertion of redox-inert
counterionsintoinitially undoped OSC films without negatively affect-
ing their microstructure. These results underscore the importance
of photocatalytic doping for fundamental and applied research in
organic electronics.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07400-5.

1. Scaccabarozzi, A. D. et al. Doping approaches for organic semiconductors. Chem. Rev.
122, 4420-4492 (2022).

2. Jacobs, I. E. & Moulé, A. J. Controlling molecular doping in organic semiconductors.
Adv. Mater. 29, 1703063 (2017).

3. Lussem, B., Riede, M. & Leo, K. Doping of organic semiconductors. Phys. Status Solidi A
Appl. Mater. Sci. 210, 9-43 (2013).

4. Liang, Z. et al. n-type charge transport in heavily p-doped polymers. Nat. Mater. 20,
518-524 (2021).

5. Tang, C.G. etal. Doped polymer semiconductors with ultrahigh and ultralow work
functions for ohmic contacts. Nature 539, 536-540 (2016).

6. Lissem, B. et al. Doped organic transistors. Chem. Rev. 116, 13714-13751(2016).

7.  Cea, C. etal. Enhancement-mode ion-based transistor as a comprehensive interface
and real-time processing unit for in vivo electrophysiology. Nat. Mater. 19, 679-686
(2020).

8.  Yurash, B. et al. Towards understanding the doping mechanism of organic
semiconductors by Lewis acids. Nat. Mater. 18, 1327-1334 (2019).

9. Kolesov, V. A. et al. Solution-based electrical doping of semiconducting polymer films
over a limited depth. Nat. Mater. 16, 474-480 (2017).

10. Wang, S. et al. Thermoelectric properties of solution-processed n-doped ladder-type
conducting polymers. Adv. Mater. 28, 10764-10771 (2016).

1. Tang, C. G. et al. Multivalent anions as universal latent electron donors. Nature 573,
519-525 (2019).

12.  Zhang, T. et al. lon-modulated radical doping of spiro-OMeTAD for more efficient and
stable perovskite solar cells. Science 377, 495-501(2022).

13.  Sakai, N. et al. Adduct-based p-doping of organic semiconductors. Nat. Mater. 20,
1248-1254 (2021).

14. Liu, J. et al. N-type organic thermoelectrics: demonstration of ZT>0.3. Nat. Commun. 1,
5694 (2020).

15.  Yan, X. et al. Approaching disorder-tolerant semiconducting polymers. Nat. Commun. 12,
5723 (2021).

16. Sawada, T. et al. Correlation between the static and dynamic responses of organic
single-crystal field-effect transistors. Nat. Commun. 11, 4839 (2020).

17.  Paterson, A. F. et al. Water stable molecular n-doping produces organic electrochemical
transistors with high transconductance and record stability. Nat. Commun. 11, 3004
(2020).

18. Tan,S.T. M. et al. Tuning organic electrochemical transistor threshold voltage using
chemically doped polymer gates. Adv. Mater. 34, 2202359 (2022).

19. Kang, K. et al. 2D coherent charge transport in highly ordered conducting polymers
doped by solid state diffusion. Nat. Mater. 15, 896-902 (2016).

20. Kiefer, D. et al. Double doping of conjugated polymers with monomer molecular dopants.
Nat. Mater. 18, 149-155 (2019).

21. Xu, K. et al. Ground-state electron transfer in all-polymer donor-acceptor heterojunctions.
Nat. Mater. 19, 738-744 (2020).

22. Jacobs, I. E. et al. Polymorphism controls the degree of charge transfer in a molecularly
doped semiconducting polymer. Mater. Horiz. 5, 655-660 (2018).

23. Alves, H., Molinari, A. S., Xie, H. & Morpurgo, A. F. Metallic conduction at organic
charge-transfer interfaces. Nat. Mater. 7, 574-580 (2008).

24. Tang, H. et al. A solution-processed n-type conducting polymer with ultrahigh
conductivity. Nature 611, 271-277 (2022).

25. Yano, H., Kudo, K., Marumo, K. & Okuzaki, H. Fully soluble self-doped
poly(3,4-ethylenedioxythiophene) with an electrical conductivity greater than
1000 S cm™. Sci. Adv. 5, eaav9492 (2019).

26. Kim, G.-H., Shao, L., Zhang, K. & Pipe, K. P. Engineered doping of organic semiconductors
for enhanced thermoelectric efficiency. Nat. Mater. 12, 719-723, (2013).

27. Yamashita, Y. et al. Efficient molecular doping of polymeric semiconductors driven by
anion exchange. Nature 572, 634-638 (2019).

28. Gaul, C. etal. Insight into doping efficiency of organic semiconductors from the analysis
of the density of states in n-doped Cy, and ZnPc. Nat. Mater. 17, 439-444 (2018).

29. Schwarze, M. et al. Molecular parameters responsible for thermally activated transport in
doped organic semiconductors. Nat. Mater. 18, 242-248 (2019).

30. Yang, C.-Y. et al. A thermally activated and highly miscible dopant for n-type organic
thermoelectrics. Nat. Commun. 11, 3292 (2020).

31.  Jhulki, S. et al. Reactivity of an air-stable dihydrobenzoimidazole n-dopant with organic
semiconductor molecules. Chem 7, 1050-1065 (2021).

32. Lin, X. et al. Beating the thermodynamic limit with photo-activation of n-doping in organic
semiconductors. Nat. Mater. 16, 1209-1215 (2017).

33. Wei, P, Oh, J.H., Dong, G. & Bao, Z. N. Use of a 1H-benzoimidazole derivative as an
n-type dopant and to enable air-stable solution-processed n-channel organic thin-film
transistors. J. Am. Chem. Soc. 132, 8852-8853 (2010).

34. Wei, P. et al. 2-(2-Methoxyphenyl)-1,3-dimethyl-1H-benzoimidazol-3-ium iodide as a new
air-stable n-type dopant for vacuum-processed organic semiconductor thin films. J. Am.
Chem. Soc. 134, 3999-4002 (2012).

35. Yang, C.-Y. et al. A high-conductivity n-type polymeric ink for printed electronics. Nat.
Commun. 12, 2354 (2021).

36. Guo, H. et al. Transition metal-catalysed molecular n-doping of organic semiconductors.
Nature 599, 67-73 (2021).

37. Romero, N. A, Margrey, K. A., Tay, N. E. & Nicewicz, D. A. Site-selective arene C-H
amination via photoredox catalysis. Science 349, 1326-1330 (2015).

38. Ohkubo, K., Mizushima, K., Iwata, R. & Fukuzumi, S. Selective photocatalytic aerobic
bromination with hydrogen bromide via an electron-transfer state of 9-mesityl-
10-methylacridinium ion. Chem. Sci. 2, 715-722 (2011).

39. Ghosh, I., Ghosh, T., Bardagi, J. |. & Konig, B. Reduction of aryl halides by consecutive
visible light-induced electron transfer processes. Science 346, 725-728 (2014).

40. MacKenzie, I. A. et al. Discovery and characterization of an acridine radical photoreductant.
Nature 580, 76-80 (2020).

41.  Chen, W. et al. Direct arene C-H fluorination with '®F~ via organic photoredox catalysis.
Science 364, 1170-1174 (2019).

42. Kwon, K., Simons, R. T., Nandakumar, M. & Roizen, J. L. Strategies to generate nitrogen-
centered radicals that may rely on photoredox catalysis: development in reaction
methodology and applications in organic synthesis. Chem. Rev. 122, 2353-2428 (2022).

43. Corbin, D. A. & Miyake, G. M. Photoinduced organocatalyzed atom transfer radical
polymerization (O-ATRP): precision polymer synthesis using organic photoredox
catalysis. Chem. Rev. 122, 1830-1874 (2022).

44. Romero, N. A. & Nicewicz, D. A. Organic photoredox catalysis. Chem. Rev. 116, 10075-10166
(2016).

45. Romero, N. A. & Nicewicz, D. A. Mechanistic insight into the photoredox catalysis of
anti-markovnikov alkene hydrofunctionalization reactions. J. Am. Chem. Soc. 136,
17024-17035 (2014).

46. Benniston, A. C. et al. Charge shift and triplet state formation in the 9-mesityl-
10-methylacridinium cation. J. Am. Chem. Soc. 127, 16054-16064 (2005).

47. Ravetz, B. D. et al. Photoredox catalysis using infrared light via triplet fusion upconversion.
Nature 565, 343-346 (2019).

48. Majek, M. & Jacobi von Wangelin, A. Mechanistic perspectives on organic photoredox
catalysis for aromatic substitutions. Acc. Chem. Res. 49, 2316-2327 (2016).

49. Wilger, D. J., Grandjean, J.-M. M., Lammert, T. R. & Nicewicz, D. A. The direct
anti-Markovnikov addition of mineral acids to styrenes. Nat. Chem. 6, 720-726 (2014).

50. Hoshino, M. et al. Determination of the structural features of a long-lived electron-transfer
state of 9-mesityl-10-methylacridinium ion. J. Am. Chem. Soc. 134, 4569-4572 (2012).

51.  Jarsvall, E. et al. Double doping of a low-ionization-energy polythiophene with a
molybdenum dithiolene complex. Chem. Mater. 34, 5673-5679 (2022).

52. Wu, H.-Y. et al. Influence of molecular weight on the organic electrochemical transistor
performance of ladder-type conjugated polymers. Adv. Mater. 34, 2106235 (2022).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | Vol 630 | 6June 2024 | 101


https://doi.org/10.1038/s41586-024-07400-5
http://creativecommons.org/licenses/by/4.0/

Article

Methods

Materials

Acr-Me* was purchased from TCI. Mes-Acr-Me*, Mes-Acr-Ph*,
eosin Y, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIMI[TEFSI]), diphenyl disulfide ((PhS),), n-butyl acetate (BuOAc),
acetonitrile (CH;CN), ether (Et,0), Et;N, 1,2-dichlorobenzene
(ODCB), methanesulfonic acid (MSA) and dimethylformamide
(DMF) were purchased from Sigma-Aldrich. Poly[2,3-bis(3-octyl
oxyphenyl)-5,8-quinoxalinediyl-2,5-thiophenediyl] (PTQ1) and
poly(3-hexylthiophene-2,5-diyl) (P3HT) were purchased from
Ossila. CH,CN was dried with a 3 A molecular sieve before use.
Acr-Me*, Mes-Acr-Me* and Mes-Acr-Ph* were recrystallized using
a CH;CN/Et,0 mixed solvent before use. All the other materials
were used as received. Poly[2,5-bis(3-tetradecylthiophen-2-yl)
thieno[3,2-b]thiophene] (PBTTT), alkylated perylene-diimide,
glycolated poly-bithiophene-thiophene (P(g,2T-T)), poly-bithiophene-
thienothiophene (P(g,2T-TT)) and poly-diketopyrrolopyrrole-
thiophene (gDPP-g2T), as well as BBL, were synthesized using the
procedure reported in refs. 20,21,53-56.

Sample preparation

PTQ1,PBTTT,P3HT,gDPP-g2T,P(g,2T-TT) and P(g,2T-T) were dissolvedin
ODCB and spin-coated onto glass substrates to obtain the corresponding
thin films. BBL was dissolved in MSA and spin-coated onto glass sub-
strates, thenimmersed in water to remove residual MSA and dried with
N, flow to obtain BBL thin films. Unless otherwise stated, the typical
PC solutions were as follows: (1) for p-doping with O, as the p-dopant:
BuOAc:CH,CN =3:1(volumeratio), [Cirr] = 0.1 M, [Cpc] = 0.01 M; (2) for
p-dopingwith (PhS),as the p-dopant: BuOAc:CH,CN =31, [C, ;1] = 0.1 M,
[Cpns2] = 0.1M, [Gyc] = 0.01 M; (3) for n-doping with Et;N as the n-dopant:
BuOAC:CH;CN =3:1, [Cigvenrrsy] = 0.1 M, [Cean] = 0.1 M, [Coc] = 0.01 M;
(4) for simultaneous p-type and n-type doping: BuOAc:CH,CN =311,
[Ciemenres] = 0.1 M, [Gpc] = 0.01 M. Typical solution preparation pro-
cess: Acr-Me*, Mes-Acr-Me*, Mes-Acr-Ph’, perylene diimide or eosin Y
were dissolved in dried CH,CN, then BuOAc was added to reach
BuOAc:CH,CN=3:1.ForeosinY, 1vol% DMF was used to aid dissolution.
The counterions LiTFSI (or [EMIMI[TFSI]) were then added, followed
by (PhS), or Et;N as in (2) and (3). For (1), the solution was saturated
with air (by air bubbling) before use. For (2-4), all the solutions were
processedinN,.

Photocatalytic p-doping

OSC thin films were covered with PC solution and irradiated with
455 nmblue light. Unless otherwise stated, the light irradiationinten-
sity was 50 mW cm™. A heat sink was placed under the OSC films to
avoid heating and to slow down solvent evaporation. In the case of
0,, the photocatalytic doping process was performed in air. In the
case of (PhS),, the photocatalytic doping process was performed in
N,. After lightirradiation, the PC solution was recovered and the OSC
films were washed with clean BuOAc:CH,CN = 3:1 mixed solvent and
dried under N, flow.

Photocatalytic n-doping

The photocatalytic n-doping and simultaneous p-type and n-type
doping processes were conducted in an N,-filled glovebox. The
OSC thin films were covered with the PC solution and irradiated
with both 455 nm blue light and 390 nm ultraviolet light. The light
irradiation intensities for both blue light and ultraviolet light were
50 mW cm™. A heat sink was placed under the OSC films to avoid
heating and to slow down solvent evaporation. After light irradi-
ation, the PC solution was recovered and the OSC thin films were
washed with clean BuOAc:CH,CN =3:1 mixed solvent and dried under
N, flow.

Ultraviolet-visible-near-infrared absorption spectra
OSCthinfilms were prepared onglass substrates. Air-sensitive samples
were placedinasealed spectral cell filled with N,. Ultraviolet-visible-
near-infrared absorption spectra of the films were measured using
Perkin Elmer Lambda 900 with aresolution of 2 nm.

UPS and XPS

OSCfilmswere prepared onITO-coated glass substrates. The XPS exper-
imentused aScienta ESCA 200 system with a base pressure of 2 x107™°
mbar equipped with an SES 200 electron analyser,a monochromatic Al
KaX-raysource (1,486.6 eV) and ahelium discharge lamp (21.22 eV) for
XPSand UPS, respectively. All spectrawere collected at normal emission
and were calibrated by asputter-cleaned Au film with the Fermilevel at
0 eV and the Au(4 f) peak at 84.0 eV. The work function was extracted
from the edge of the secondary electron cut-off while applyinga -3V
bias onthe sample, and the values were confirmed using Kelvin Probe
(KP6500 McAllister Digital Kelvin Probe).

Electrical characterization

Samples with high electrical conductivity (more than1S cm™) were
measured with a four-probe set-up (channel width/length was
10 mm/0.5 mm = 20). The results were validated using a smaller chan-
nel width/length ratio (0.5 mm/1 mm = 0.5; Supplementary Fig. 38).
Samples with low electrical conductivity (less than1S cm™) were
measured using a two-probe setup with a channel width/length of
10 mm/0.5 mm =20 or 200 pm/6 pm = 33.3. For channels withawidth/
length of 20, 5 nm of chromium as the adhesion layer and 50 nm of
gold were thermally evaporated on cleaned glass substrates, the elec-
trodes were patterned by photolithography and the OSC films were
patterned by plastic tape. For channels with a width/length = 33.3,
5 nm of chromium as the adhesion layer and 50 nm of gold were
thermally evaporated on cleaned glass substrates, the electrodes
were patterned by photolithography and the OSC films were pat-
terned using a double-layer of parylene C¥. A layer of parylene C
(1 um) was deposited in the presence of 3-(trimethoxysilyl)propyl
methacrylate (A-174 Silane) to increase adhesion. An antiadhesive
layer of industrial surfactant (2% Micro-90) was spin-coated and a
second layer of parylene C (sacrificial layer, 2 um) was deposited.
A5-um-thick AZ10XT520CP positive photoresist was then spin-coated
on the second layer of parylene C. This protected the layers of par-
ylene C from the following plasma reactive ion etching step (150 W,
500 standard cubic centimetres per minute O,, 100 standard cubic
centimetres per minute CF,, 380 s). The contact pads and channel
were defined by photolithography and AZ developer was applied to
the photoresist. Plasma reactive ion etching removed the organic
materials (photoresist and parylene C), exposing the channel area and
the contact pads. The remaining surface was still covered with layers
of parylene C. The OSC solution was spin-coated and the sacrificial
layer of parylene C layer was then peeled off to remove the unwanted
OSC film from outside the channel area. Electrical measurements
used a Keithley 4200-SCS semiconductor characterization system.
Forn-doped OSCs, the conductivity measurements were conducted
inside an N,-filled glovebox.

Cyclic voltammetry

Cyclicvoltammetry was measured on a Potentiostat BioLogic SP-200.
A 0.1Msolution of n-Bu,NPF,in anhydrous cBuOAc:CH,CN (3:1), bub-
bled with N, for 1 min to remove the dissolved O, before measuring,
was used for Acr-Me*, Mes-Acr-Me*, Mes-Acr-Ph’, perylene diimide
and a standard ferrocene sample. For eosin Y, 1 vol% DMF was added
to the above electrolyte to aid dissolution. Glassy carbon was used as
the working electrode and platinum mesh was used as the counter
electrode, and Ag/AgCl (saturated) was used as the reference electrode.
Thescanratewas50 mVs™.



Photoluminescence spectroscopy

The samples were excited at 3.1 eV (400 nm) using the second harmonic
ofamode-locked Ti:sapphire laser (Mira900, coherent) atarepetition
rate of 76 MHz. The excitation beam was spatially limited by aniris and
focused with a lens of focal length 150 mm. The fluence was adjusted
using neutral density filters to 76 n] cm™. The excitation fluence per
pulse was estimated assuming the diameter of the focused beam, d, .,
isequal to1.27 x f..,. M?/D, where f,... is the focal length, Mis the quality
factor (assumed tobel) and Dis theincident diameter of the excitation
beam. The spectrawere takeninreflection geometry. The photolumi-
nescence was collected using an achromatic doublet, where 425 nm
and 435 nm long-pass filters were used to block the scattered laser
light. Steady-state spectrawere recorded witha Hamamatsu EM-CCD
camera that was spectrally calibrated with a spectrograph equipped
with a 50 lines per mm grating. Time-resolved traces were taken with
a Hamamatsu streak camera working in single-sweep mode. A pulse
picker was used to vary the repetition rate of the exciting pulses. The
absolute photoluminescence quantum yields were measured using a
Horiba ScientificJobin Yvon spectrometer equipped with a Quanta-¢@
integrating sphere.

Transient absorption spectroscopy

The differential transmission was measured by exciting the samples
with anultrafast laser source (100-fs laser pulses at 390 nm) obtained
fromaTi:sapphireregenerative amplifier (Coherent Libra) with arepeti-
tionrate of 1kHz and an optical parametric amplifier (Topas 800, Light
Conversion). The pump pulses had a fluency of the order of 100 pj cm™
adjusted to have the best signal-to-noise ratio while avoiding sample
degradation. AT/T measurements were performed by probing the
samples with fs-supercontinuum white pulses (with a spectral range
0f400-800 nm) at different time delays with respect to the excitation
(pump) pulses, ina pump-probe configurationinwhich a transmitted
beamand areference beam were acquired with two CMOS grating spec-
trometers with 1 nm of spectral resolution (Ultrafast Systems Helios).
The overall temporal resolution was always of the same order of mag-
nitude as the excitation pulses (120 fs, full width at half maximum).

GIWAXS

OSC thin films were prepared on Si/SiO, substrates with an SiO, layer
thickness of 200 nm. GIWAXS experiments were performed at Beam-
line 9A U-SAXS at the Pohang Accelerator Laboratory in South Korea.
The X-ray energy was 11.09 eV and the incidence angle was 0.12°. The
samples were measured in a vacuum and the total exposure time was
10 s. The scattered X-rays were recorded by a CCD detector located
222.1186 mm from the sample. Allsamples for GIWAXS measurements
had a similar thickness of around 60 nm.

DFT

Calculations were done using the MO6 hybrid meta-GGA functional®s.
Thestandard all-electron 6-311 G** basis was used for all atoms*. Molec-
ular geometry optimization of stationary points was carried out with-
out symmetry constraints and used analytical gradient techniques.
Frequency analysis was done to obtain thermochemical information
about the reaction pathways at 298 K using the harmonic approxi-
mation. A single-point calculation of the optimized structures was
carried out by adopting the aug-cc-pVTZ basis set®®. The diffuse func-
tion was necessary because of the presence of anionic species along
the reaction mechanism. Finally, solvent effects were modelled at the
aug-cc-pVTZ level within the polarized continuum model® and the
SMD variation®. The polymers were modelled by a simplified dimer
structure. All calculations were performed using the G16 (ref. 63) code
on Linux cluster systems.

Data availability

Data supporting the findings of this study are available in the paper
and the Supplementary Information files. Source data are provided
with this paper.
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d, Time-dependent photobleaching and photoinduced absorption of
Mes-Acr-Me*, showingimmediate raising (<1 ps, limited by instrumental time
resolution) for photobleaching, and immediate raising, slow falling, and slower

againraising (raising time ~

26 ps), indicating the formation of the ICT excited

state. e, Time-dependent photoinduced absorption of Mes-Acr-Me*, showing a
long excited lifetime of 10 ns. f, Time-dependent photobleaching of
Mes-Acr-Me*, showing a photobleaching time constant of 1.8 ns.



Me Mes-Acr-Me" Mes-Acr-Me™ Me *

a I b
Me Me hv, 12 ps Me
1ns
X
N2
N

Me'
|
Me

Mes-Acr-Me* + Et;N, N, atmosphere
455 nm light irradiaion, 0 s, in-situ

C 455 nm light irradiaion, 15 s, in-situ d 455 nm light irradiaion, 60 s, in-situ

|

Mes-Acr-Me™* Mes-Acr-Me™*
excited reduced state { : excited reduced state

Mes-Acr-Me"™
ICT excited state

hv, <2 ps

P .

70 ps

’;l Mes-Acr-Me"™ Mes-Acr-Me’ '}l
M

Me
455 nm light irradiaion, 90 s, in-situ f 455 nm light irradiaion, 120 s, in-situ 9 455 nm light irradiaion, 180 s, in-situ h regenerated by air, in-situ

100
3.5
3.0 .
25 i 1A Mes-Acr-Me™* Mes-Acr-Me"™* Mes-Acr-Me"* ~' Mes-Acr-Me*™* 200 i’:
'h\- excited reduced state excited reduced state W' i} excited reduced state ICT excited state o
2.0 1l | €
'M'\' 300 £
5 1 ML'
1.0 L
05 | ll\ 400
0.0 il
L2 TR g - 500
500 550 600 650 700 750 500 550 600 650 700 750 500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
i ] 10 k 10
40 Mes-Acr-Me* + Et;N, in-situ Mes-Acr-Me*, Mes-Acr-Me**, @551 nm Mes-Acr-Me’, Mes-Acr-Me™, @658 nm
" | Mes-Acr-Me*, —— 455 nm light irradiaion, 0 s initial state initial state
3.5 { Mes-Acr-Me** —— 455 nm light irradiaion, 120 s —=— 455 nm light, 120 s —=—455nm light, 120 s
3,0 | Photoinduced regenerated in air —— regenerated in air —=—regenerated iN aif ; s s sssne yor e o]
2 absorption 0 I
g 2.5 5?1/nm / < g
£ 2.0 iy Mes-Acr-Me" % 1 g 1
® 154 i photoinduced absorption B B l v
658 nm o =)
< 1.0 < 3 ~—0.95ps
<05 g Mes-Acr-Me* to < Mes-Acr-Me" to
/R Mes-Acr-Me*™ ] Mes-Acr-Me™
0.0 | slightly reduced by Et;N r=113ps
-0.5 ; under room lighting 0.61 ps 7=13.5ps
T T 0.1 T T T T 0.1 T T T T T T
550 600 650 700 750 0.1 1 10 100 -1.0 -05 0.0 05 1.0 15 20 25 3.0
Wavelength (nm) Time (ps) Time (ps)
I 10 m 10 n 10
Mes-Acr-Me* + Et;N, initial state Mes-Acr-Me* + Et;N, 455 nm light irradiaion, 120 s Mes-Acr-Me* + Et;N, regenerated in air
—=— 551 nm, Mes-Acr-Me*, Mes-Acr-Me*™* —=— 551 nm, Mes-Acr-Me*, Mes-Acr-Me*™* —=— 551 nm, Mes-Acr-Me*, Mes-Acr-Me*™*
=— 658 nm, Mes-Acr-Me’, Mes-Acr-Me™ =— 658 nm, Mes-Acr-Me’, Mes-Acr-Me™ =— 658 nm, Mes-Acr-Me’, Mes-Acr-Me™
2 2
c c 5
> L = Mes-Acr-Me*™ to
el J Mes-Acr-Me** to 2 Mes-Acr-Me*
o 1 Mes-Acr-Me* r 1 # 7=127ns
o o
S Mes-Acr-Me™ to AVl
Mes-Acr-Me*
7=69.7 ps
0.1+% T T T T 0.1+5 T T T T 0.1-+5 T T T T
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time (ps) Time (ps) Time (ps)
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Extended DataFig. 8| Generality of photocatalytic doping: absorptionspectra. a-f, Absorption spectra ofundoped and doped (photocatalyzed by Acr-Me*/
air) P(g,2T-T) (a), P(g,2T-TT) (b), P3HT (c), PBTTT (d), PTQ1 (e), and gDPP-g2T (f) films.
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p-type polymer P(g,2T-T) and n-type polymer BBL on a25-um polyethylene
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