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Abstract: A new approach to control the n-doping
reaction of organic semiconductors is reported using
surface-functionalized gold nanoparticles (f-AuNPs)
with alkylthiols acting as the catalyst only upon mild
thermal activation. To demonstrate the versatility of this
methodology, the reaction of the n-type dopant precur-
sor N-DMBI-H with several molecular and polymeric
semiconductors at different temperatures with/without f-
AuNPs, vis-a-vis the unfunctionalized catalyst AuNPs,
was investigated by spectroscopic, morphological, charge
transport, and kinetic measurements as well as, compu-
tationally, the thermodynamic of catalyst activation. The
combined experimental and theoretical data demon-
strate that while f-AuNPs is inactive at room temper-
ature both in solution and in the solid state, catalyst
activation occurs rapidly at mild temperatures (~70°C)
and the doping reaction completes in few seconds
affording large electrical conductivities (~10-
140 Scm™). The implementation of this methodology
enables the use of semiconductor+dopant+catalyst
solutions and will broaden the use of the corresponding
n-doped films in opto-electronic devices such as thin-
film transistors, electrochemical transistors, solar cells,
and thermoelectrics well as guide the design of new

catalysts. D

Introduction

Organic semiconductors are promising materials for applica-
tions in various organic electronic devices, including organic
field-effect transistors (OFETs),” organic electrochemical
transistors (OECTs),”# organic photovoltaics (OPVs),>f!
sensors’””  and  organic  thermoelectric  generators
(OTEGs)' to cite just a few of them. Achieving efficient
charge transport and control of the type of majority carriers
(holes or electrons) in these materials is crucial for
enhancing their performance and enabling new
applications."!! To this end, molecular doping of organic
semiconductors is key to control charge carrier density, tune
charge transport, and modulate functionality of these
materials."”

Several compounds have been designed and used as
dopants of organic semiconductors. Among the most
prominent p-(hole) type molecular dopant is F4-TCNQ!!
which, for instance, has been used to enhance the hole
conductivity of P3HT up to 48 Scm™'for OTEGs,™ p-dope
pentacene for use in OFETs!"! as well as other conjugated
polymers for OPVs!" and organic light-emitting devices.!'”
Other important p-dopants™ are F6-TNAP, F3TCNQ-
AdI'* and  solution-processable FAOCTCNQ.”! Lewis
acids have also been widely studied as p-type dopants,**
particularly, BCF.® For n-(electron) type doping, alkaline
metals®? and Lewis bases?*2 are strong electron donors
for several molecular and polymeric semiconductors, the
most prominent polyacetylene, achieving electron conductiv-
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ities up to ~1000 Scm P! Furthermore, hydroxide or halide
groups have been included in semiconductors for self-
doping.” Organometallic compounds have also been exten-
sively investigated for n-type doping, the first example being
CoCp,,* while ruthenium complexes with large substituents
are effective in reducing diffusivity within the semiconductor
matrix® with enhanced air stability.”® In addition, amine-
containing compounds, e.g., PELP*¥ TDAE®™! and TAMP
are used as strong n-type dopant via direct or indirect
electron transfer processes.

While considerable progress has been made in both p-
type!"! and n-type doping processes, the latter remains far
more challenging particularly because of the limited stability
of the n-dopant and inefficient doping reaction.'’*! To
circumvent the stability issue, precursor-type dopants were
developed; in these compounds the cleavage of a C—H or
C—C bond results in the formation of active anionic and/or
radical species capable of n-type doping organic
semiconductors.”** These n-type dopant precursors typi-
cally have high ionization potentials and are therefore stable
in ambient condition. However, drawbacks of this approach
include low doping rate due to the high activation energy
needed for bond cleavage and poor doping efficiency.*”
Recently we have shown that vapor-deposited group 10/11
transition metal nanoparticles can promote the n-doping
reaction of several organic semiconductors with n-dopant
precursors such as the widely investigated ((4-(1,3-dimethyl-
2,3-dihydro-1H-benzo-imidazol-2-yl)-phenyl)dimethyl-
amine) N-DMBI-HP! (see structure in Figure 1a). Electron
conductivities, o, as high as ~100Scm™' and doping
efficiencies, 1, up to ~50 % were achieved to demonstrate
tuning electron transport interfacial properties in several
devices.™! For instance, when using gold nanoparticles
(AuNPs, 1.5-8 nm diameter) to catalyse the reaction of the
imide polymer PDTZzTI with N-DMBI-H (Figure 1a), a

Research Article

Angewandte

intemationalditionty Chemie

6~10Sem™ (>10%) is achieved under very mild con-
ditions (120°C and 10s) versus only ~3.5x10*Secm™ (n<
0.5 %) for the uncatalysed process carried out at 120°C for
10 min. Despite the major advance this approach is offering
there remains severe limitations. First, it uses thermally
deposited AuNPs on a surface prior to the semiconductor +
dopant precursor film deposition, which makes it cumber-
some and of limited applicability; second, the doping
reaction cannot be controlled since the catalytic activity of
bare AuNPs is too great; third, it is impossible to prepare
stable semiconductor +dopant precursor + catalyst formula-
tions, which is essential for potential manufacturing of
devices integrating these n-doped films.

In this study we report the concept of using surface-
deactivated metal nanoparticles with the aim of producing
an efficient n-dopant catalyst which is inert until on-demand
activation (Figure 1b). Specifically, we employ surface-
functionalized AuNPs with alkylthiols (hereafter indicated
as f-AuNPs), which are commercially available or can be
easily synthesized by well-established procedures.**”! To
demonstrate the concept we investigated in detail the doping
reaction of the polymer PDTZzTL™ as well as four other n-
type semiconductors (PFSeSVS, PO12, N2200 and PDI-
C4C;, Figure 1a), with N-DMBI-H to have a direct compar-
ison with our previous results*! and highlight the advantage
of this strategy. The doping reaction and the n-doped films
were investigated by a battery of spectroscopic, spectromet-
ric, morphological, and charge transport techniques demon-
strating that the use of f-AuNPs paves the way for facile,
reliable, and controllable precursor n-type doping of organic
semiconductors.
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Figure 1. | On-demand doping using f-AuNPs. a. Chemical structure of N-DMBI-H and the semiconductors used in this study. b. Schematic of the
f-AuNPs catalysed n-doping process: i. Mixing f-AuNPs with the dopant and semiconductor; ii. Spin-coating the solution; iii. Thermal annealing of
the films. On the bottom-right is indicated the chemical structure of the dodecanthiol.
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Precursor N-Doping Catalysis of f-AuNPs versus
AuNPs

First, we investigated the doping reaction of PDTZTI as a
proof-of-concept of our new catalysed doping strategy.
Unless indicated, all films were prepared by spin-coating
(1500 rpm, 60s) a semiconductor+N-DMBI-H solution
[dopant load=0.4 eq (40 mol %); f-AuNPs=0.1 mgmL™"
concentration (diameter ~3-5nm)] on a glass substrate
which affords a PDTZTI film of thickness of ~20 nm. Control
experiments were carried out by spin-coating the same
solutions without f-AuNPs on both bare glass (control 1)
and glass substrates coated with thermally evaporated
AuNPs (control 2). After film deposition the conductivity of
these films was measured before and after thermal annealing
at 100°C for 20 s. As depicted in Figure 2a, the PDTZTI + N-
DMBI-H film conductivity of samples without AuNPs
(control 1) remains quite low (~10"*Scm™) even after
annealing with only marginal improvement versus the
unannealed sample (~5x107> Scm™). Note, it is known that
the doping capacity of N-DMBI-H falls dramatically at
temperatures below 80°CP™ and efficient n-doping generally
necessitates annealing at temperatures >100°C for more
than 30 minutes,>" thus the observed suboptimal doping
efficiency is expected. As we have shown previously, the use
of AuNPs (control 2) dramatically increase the film con-
ductivity even in the absence of thermal annealing [~1+
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0.2 Scm™! (unannealed) and ~10+3 Scm ™! (annealed), (Fig-
ure 2b)], clearly demonstrating that the catalytic activity of
naked AuNPs cannot be controlled. In marked contrast,
PDTZTI+N-DMBI-H films with f-AuNPs behave very
differently. Thus, the unannealed films exhibit a low
conductivity of ~107°Scm™' while thermal annealing at
100°C for 20s dramatically increases the conductivity to
10£3 Sem ™ (Figure 2¢). Note, the doped PDTZTI film also
exhibits a Seebeck coefficient of —138 WWK™" and a Power
Factor of 17.7 pWm 'K (Figure S1). Clearly, the function-
alization of AuNPs with a self-assembled monolayer of
alkylthiols effectively inhibits gold catalysis at room temper-
ature, which initiates only upon thermal annealing. This
result is corroborated by the UV/Vis absorption spectra of
these films (Figure 2d) and is aligned with the dynamic
nature of Au-SR bonds at gold/thiol interfaces (see
below).?2>!

Another important advantage of blending a catalyst with
the semiconductor +dopant, versus depositing it on the
support, is that the doping reaction occurs -efficiently
throughout the film thickness also at modest temperatures
(here 100°C). In our previous report, we have shown that
vapor-deposited AuNPs enable efficient bulk doping of
thick films but only when they are annealed immediately
after spin-coating, thus when residual solvent is present, and
at a higher temperature of 120°C. Here we show that
AuNPs catalytic doping at 100°C is far less efficient when
the film thickness increases to >80 nm (Figure 2e). How-
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Figure 2. | N-doping of PDTzTI+ N-DMBI-H films. a—c. Representative current-voltage curves of spin-coated PDTzT|+ 0.4 eq N-DMBI-H films
(~20 nm thick) before and after thermal annealing at 100°C for 20 s on a, a bare glass substrate, b, a glass substrate with evaporated AuNPs and c,
incorporating f-AuNPs (0.1 mgmL™") on a bare glass substrate. d. UV/Vis absorption spectra of the indicated PDTzTI+0.4 eq N-DMBI-H films. e,
Current (at 1V) versus PDTzTI+0.4 eq N-DMBI-H semiconductor film thickness for conventional AuNPs and f-AuNPs catalysis. f. Conductivity of
PDTzTI+0.4 eq N-DMBI-H films (unannealed and annealed) prepared from solutions without and with f-AuNPs (0.1 mgmL™") at the indicated

days. 0 day means within 1 h of preparation.
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ever, when using f-AuNPs blended into the PDTzTI+ N-
DMBI-H films, the current increases linearly from 0.15 mA
to 3mA when the film thickness increases from 15 nm to
280 nm, thus resulting in a constant conductivity of
~10 Scm™' for these samples. This result is consistent with
ToF-SIMS analysis measurements demonstrating that f-
AuNPs are evenly distributed throughout the semiconduc-
tor +dopant film (Figure S2). Also note, the incorporation
of f-AuNPs into bulk thin or thick films prior to annealing
as well as residual nanoparticles does not affect the sample
conductivity (Figure S3) and that the presence of thiolated
species purposely added to the blend (with AuNPs) do not
impact the electrical performance of PDTZTI (Figure S4).

Preparing stable formulations is essential for utilization
of this doping methodology and potential manufacturing.
Therefore we tested the stability of PDTzTI+N-DMBI-H
solutions with and without f-AuNPs at room temperature
after preparation (Figure2f). In all cases, the electrical
conductivity before annealing remains very low, thus the
presence of f-AuNPs in solution and at room temperature
does not catalyse the doping reaction. Upon annealing the
film with f-AuNPs at 100°C for 20 s, a high conductivity of
~10Scm™ is measured regardless of the solution age.
Interestingly, for the film fabricated from the solution
without f-AuNPs the conductivity after annealing at 100°C
for 30 min is ~0.01 Scm™' for the fresh formulation but it
drops by ~10x for the sample prepared with the 2-day aged
solution. Thus, surprisingly, the use of f-AuNPs not only
affords higher electrical conductivity but also improves the
stability of the semiconductor+ dopant formulation. Since
N-DMBI-H is known to slightly decompose in solution®"
and 1H NMR data indicate that f-AuNPs does not change
this behavior (Figure S5), this result possibly originates from
the far lower dopant content used in the catalysed
formulations and/or prevention of side reactions caused by
decomposition products upon annealing the uncatalyzed
films at higher temperatures for longer times. We also tested
the applicability of f-AuNPs catalysis to other semiconduc-
tors, namely PFSeSVSP! and PO12,°! which have demon-
strated even greater conductivities than PDTZTT (Figure S6).
Note, these films were processed by sequential doping to
minimize the negative effect of N-DMBI-H on the film
morphology/texturing. While both the pristine and sequen-
tially doped polymer films (without annealing) afford similar
conductivities (~0.5-1x107°Scm™), the films with the f-
AuNPs annealed at 100°C for 20 s exhibit a conductivity of
~30+2Scm™ (PO12) and ~143+2 Scm™ (PFSeSVS), dem-
onstrating the broad potential of f-AuNPs catalysis. Blend
doping is also applicable to the difficult-to-dope N2200,
resulting in a substantial conductivity enhancement
(~1000x) after catalyst activation (Fig S6c). Finally, we also
investigated a protected catalyst based on another transition
metal, namely thermally-evaporated Ag nanoparticles pro-
tected with dodecanthiol SAM (Figure S7). Similarly to f-
AuNPs, f-AgNPs are activated upon mild annealing
although we have previously shown that AgNPs is not an
efficient catalyst as Au.[*
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Understanding f-AuNPs Catalysis and doped Film
Morphology

Next, we investigated how the annealing temperature,
catalyst concentration and dopant load affect f-AuNPs
catalysis, charge transport and film morphology of PDTZzTI
films. Thus, as shown in Figure 3a, for the films with a 0.4 eq
N-DMBI-H and 0.1 mg mL~! f~AuNPs concentration, as the
annealing temperature increases from 23°C to 100°C the
conductivity first increases negligibly until the temperature
reaches ~70°C (~200s after the heating starts), at which
point the conductivity increases by >5 orders of magnitude,
corroborating catalyst activation. This result is further
supported by optical absorption measurements of n-polaron
formation versus temperature of N-DMBI-H doped PDI-
C¢C; films (Figure 3b). Note, this experiment was carried
out with PDI-C,C; instead of PDTZTI because, although it is
a poor conductor and exhibits a low conductivity even upon
doping (Figure S8), it is far easier to follow the reaction
spectroscopically and allows comparison with the
literature.! Undoped PDI-C,C, films exhibit a strong
absorption with a maximum (A,,) at ~500 nm (red line,
Figure 3b), while the heavily doped films (10 eq N-DMBI-H,
100°C for 20 min) are characterized by a polaronic red-
shifted absorption at A, ~718 nm (brown line). However,
while we have previously shown that AuNPs immediately
catalyse PDI-C,C, doping when using only 1 eq of N-DMBI-
H,™ the same film composition but using f-AuNPs
(0.1 mgmL™") does not show any evidence of catalysis (blue
line) but the film is efficiently doped only upon annealing at
100°C for 20 s (green line). To understand f-AuNPs catalyst
activation more accurately, the PDI-C¢C,;+ 1 eq N-DMBI-H
film absorbance variation at 718 nm at a given temperature
versus room temperature (Ar/A,s) upon heating the sample
from 25°C to 95°C was used to monitor the doping reaction
(Figure S9). Note, films of pure drop-casted f-AuNPs and
spin-coated PDI-C(C;+1 eq N-DMBI-H without f-AuNPs
were also tested as controls in this experiment. Thus, as
shown in Figure 3c, while the latter two films exhibit
negligible A/A,s change when the temperature increases,
an abrupt A;/A,s change is measured at ~70°C for the PDI-
CsC;+N-DMBI-H +f-AuNPs film. Note, a similar trend is
observed for the same film when monitoring the electrical
conductivity with temperature, albeit achievement of the
maximum conductivity is delayed (Figure S10). Thus, both
the optical and conductivity measurements demonstrate that
this transition corresponds to the activation of f-AuNPs
initiating gold surface catalytic cycle and resulting in fast
doping reaction of PDI-C,C,.

All previous experiments were carried out using a f-
AuNPs concentration of 0.1 mgmL™. This concentration
was selected as a trade-off between efficient catalysis and
minimizing the amount of catalyst and disruption of the
semiconductor film morphology. Figure 3d reports the
conductivity of PDTzTI+0.4eq N-DMBI-H+f-AuNPs
films annealed at 100°C for 20s versus the f-AuNPs
concentration evidencing that the conductivity remains very
low for [f-AuNPs] <0.01 mgmL™', then increases steeply
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Figure 3. | Catalytic and morphological effects. a, Conductivity-temperature plot of PDTzTI+0.4 eq N-DMBI-H +0.1 mgmL™"' f-AuNPs. b, Solid-
state UV/Vis absorption spectra of the indicated PDI-C¢C;+x eq N-DMBI-H film doping reactions. ¢, A;/A,s at 718 nm plots versus temperature of
the indicated films as they are heated from 25 °C to 95°C. Where it applies, 0.4 eq N-DMBI-H, 0.1 mgmL™' f-AuNPs. d, Conductivity of PDTZTI
+0.4 eq N-DMBI-H films annealed at 100°C for 20 s for different f-AuNPs concentrations. Inset, corresponding linear scale plot. e, AFM images of
pristine PDTzT! (left), and PDTzTI+f-AuNPs (0.1 mgmL™") (middle) and PDTzTI+fAuNP (1 mgmL™") (right) films (scale bar: 1 pm). f, GIWAX

plots of PDTZTI (top) and PDTzTI+f-AuNPs (0.1 mgmL™") (bottom) films.

from ~10~* to ~10 Scm ™" when the [f-AuNPs] increases from
0.01 to 0.1 mgmL™" and finally reduces to about one half at
larger catalyst content of 1mgmL™". The conductivity
enhancement when first increasing the f-AuNPs concentra-
tion is expected and in line with increased number of
catalytic sites, while the eroded charge transport at larger f-
AuNPs contents is the result of morphological disruption.
Indeed, atomic force microscopy (AFM) imaging (Figures 3e
and S11) and grazing-incident wide-angle X-ray scattering
(GIWAXS) (Figures 3f and S12-S13) measurements indi-
cate that a f-AuNPs concentration of 0.1 mgmL™" has a
minimal effect on the morphology and microstructure of
PDTZTI films, which consist of fibrotic structures with a
surface roughness of ~2 nm and very similar (100) and (010)
in-/out-of-plane crystallographic reflections. However, high-
er f-AuNPs concentrations negatively affect the semiconduc-
tor film morphology.

Finally, it is instructive to investigate in more detail how
the dopant load (x=0.4, 0.1 and 0.02 eq) affects PDTZTI+
xeq N-DMBI-H+f-AuNPs film charge transport upon
heating the film samples. As shown in Figure S14, independ-
ently of the dopant load the onset of the sharp conductivity
rise occurs at a temperature of ~70°C, corroborating catalyst
activation at the same temperature, as it should, if the rate
determining step of this reaction is thiolated species
desorption from f-AuNPs surface. Interestingly, the con-
ductivity-temperature plots reveal that the conductivity
reaches a maximum at similar heating temperature (80°C)
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and reducing the dopant loading [0.4—0.1—0.02 eq] reduces
the maximum conductivity [~11—~0.6—~0.015Scm™'], in
line with previous observations for the AuNPs catalysed
process.[*!

Catalysis Inhibition and Activation Machanism of
FAuNPs

Since f-AuNPs cannot catalyse the doping reaction at room
temperature even after several days, we investigated how
thermal annealing affects pristine f-AuNPs charge transport
and composition by experimental analysis and theoretical
modelling. Electrical measurements of drop-casted films of
f-AuNPs (see Experimental Section for details) annealed
from 30 to 240°C reveal that unannealed films are electri-
cally insulators (current ~107'° A) while thermal annealing
above 180°C dramatically increases the current by almost 6
orders of magnitude (Figure 4a). This result indicates that
thiolated species desorb from the Au surface and Au
particles sinter creating a conducting metal network, data in
agreement with AFM, optical and UV/Vis analysis data
(Figures S15-S17) and literature precedents.”’™ Close in-
spection of the log I-T,,, plot, and prominent Au4f peaks at
binding energies of 84.1eV and 87.7eV as well as a Cls
peak at 285 linear interpolations of the points when the
current increases at low, mid and high temperature ranges,
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Figure 4. | f-AuNPs characterization and desorption mechanism. a, Current vs temperature of a drop casted f-AuNPs film measured between 30°C
and 240°C b, Comparison of the Au 4f;, and C1s XPS signal intensities normalized by the pristine intensities of f-AuNPs films annealed at 100°C
and 190°C for 30 s. ¢, Possible thermal desorption pathways computed by DFT for Au surface covered by alkylthiolated species. d, Upper part: plot
of the change of absorbance (A-Ay) /A, at 718 nm versus time of the indicated solutions ([PDI-C,C;]=1.32 mM; 10 eq N-DMBI-H; [f-

AuNPs]=0.1 mgmL™" if mentioned) as they are heated at 25 °C, 65°C or 100°C. Lower part: corresponding pseudo-first order reaction plot at 65°C

and 100°C.

reveals three lines with progressively larger slopes which
intersect at ~90 and ~180°C evidencing different desorption/
sintering processes. X-ray photoelectron (XPS) analysis was
carried out for the pristine and the annealed films at
temperatures just above the intersection points (100/190°C)
to assess composition (Figure 4b). All f-AuNPs film spectra
exhibit two eV (Figure S18). Importantly, mild annealing at
100°C decreases the Cls signal by ~13 % while for the film
annealed at 190°C the reduction is ~40 %, indicating small
and substantial desorption of the organic shell surrounding
the metal particles. Thus, these data indicate that while most
of the thiolated species remain bound to the Au surface at
low temperatures, partial exposure of the catalyst surface to
the dopant molecules is sufficient to catalyse the reaction,
supporting f-AuNPs activation accessed spectroscopically
and by charge transport measurements.

Next, thermal desorption of the molecular shell of f-
AuNPs was investigated by DFT computations to better
understand the process at the molecular level (Figure 4c and
SI). Alkylthiols interact with n'-coordination between the
sulphur of the alkylthiol®™ terminal group and the Au
surface atoms. This process is exothermic (AH=-
20.0 kcalmol ™) but entropic contributions contrast the
exothermicity leading to a slightly exergonic process (AG =
—1.5 kcalmol ). Coordinated alkylthiols on the Au surface
can evolve into alkyl sulfide groups by releasing of H,
molecules as demonstrated previously.”! This process is
more exergonic (AG=-2.7 kcalmol™") and is favoured by H,
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gas evolution. Alkylsulfides prefer a n*coordination with
the surface Au atoms.” Finally, vicinal alkylsulfides on the
Au surface can form dialkyldisulfides by a slightly ender-
gonic process (AG=2.6 kcalmol™). Thus, f-AuNPs shell is a
mixture of alkylthiols, alkylsulfides and alkyldisulfides with
a computed thermodynamic preference for the sulfide
corresponding to a molar ratio of about 100 times with
respect to alkylthiols and alkyldisulfides (assuming an ideal
behaviour in standard conditions). Hence the thermal
desorption process must take into account the heterogeneity
of the species on the Au surface. Obviously, desorption of
alkylthiols requires the same energy (with inverted sign) of
the coordination energy (AH = +20 kcalmol™ and AG= +
1.5 kcalmol ™). Alkylsulfides must transform in disulfides on
the surface in order to desorb. Once formed, alkyldisulfide
desorption is more difficult and requires a AG of
+7.9 kcalmol ™ (AH = +33.8 kcalmol ). Note that a slightly
higher desorption energy for both alkythiols and alkyldisul-
fides is expected for a densely packed monolayer shell due
to stabilizing lateral van der Walls interactions among the
vicinal alkyl chains.”"! Indeed, our computations carried out
from a single alkylthiol molecule to a fully packed mono-
layer on Au support literature precedents and indicate that
the overall desorption enthalpy increases by approximately
4 kcal/mol upon ~50% alkylthiol coverage of the Au
surface, a number solely attributed to lateral van der Walls
interactions between RSH chains (Figure S19). Note, the
values of the desorption process evaluated by DFT calcu-
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lations for both alkylthiols and dialkyldisulfides are compat-
ible with a complete desorption at low temperature, in line
with the experimental findings.

Finally, we quantified the catalytic activity of f-AuNPs
vis-a-vis AuNPs and without catalyst for the reaction of
PDI-C,C, with N-DMBI-H (Figure 4d). The rate constant
was measured by monitoring the reaction by UV/Vis
spectroscopy at 25, 65 and 100°C, which corresponds to f-
AuNPs to the inactive, near activation and the active form
of the catalyst, respectively. As expected, regardless of the
presence of f-AuNPs, no substantial change in the PDI-C,C,
polaronic absorption at 718 nm is observed at 25°C,
consistent with a negligible reaction rate between N-DMBI-
H and PDI-C,C; (Kysec. with or wio £.aunps < 0.01 M~'min™"). This
result is consistent with that of the uncatalysed reaction
measured previously under similar conditions.”? The rate
constant increases to 1083 M 'min~' at 65°C, thus when
approaching the catalyst activation temperature. Measure-
ments at 100°C for the uncatalysed N-DMBI-H + PDI-C,C,
reaction demonstrate a rate constant (Kjpec, wio raunes) Of
~540 M 's™!, close to that measured in the presence of f-
AuNPs at 65°C. However, the reaction with the f-AuNPs
accelerates dramatically at 100°C and completes in ~8s,
resulting in a very large rate constant (Kyg-c. witn t-aunes) Of
~3.1x10* M's™!. Additional measurements were carried out
at 75°C and 85°C and using the Arrhenius equation an
activation energy of ~1.5 kJmol™' is measured (Figure S20);
this number is quite low and further experiments are needed
to underscore whether multi kinetic activation processes are
involved. Nonetheless, these kinetic experiments further
support catalyst stability at room temperature, activation
upon mild thermal annealing and are fully consistent with
the solid-state doping reactions.

Conclusions

In summary, we realized a strategy to control the metal-
catalysed n-doping reaction of organic semiconductors with
N-DMBI-H by using alkylthiol-functionalized gold nano-
particles (f-AuNPs). These organic ligands offer good
solubility for the gold nanoparticles and act as an inhibition
layer on the catalyst surface preventing the doping process
to initiate until thermally initiated. Our data demonstrate
that catalyst activation occurs rapidly at the mild temper-
ature of ~70°C, completes in a few seconds, and affords
electrical conductivities (10-140 Scm™) comparable to that
of the uncontrollable AuNPs process. More importantly,
stable semicondonductor +dopant+catalyst formulations
can be achieved, which is essential for practical application
of this methodology. We believe that this approach opens
new opportunities for the implementation of n-doped films
in several opto-electronic devices and guide the design of
new doping strategies of organic semiconductor materials.
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Experimental Section

Materials. PDTZzTI, PO12 and PFSeSVS were synthesized according
to the literature.*****! PDI-C4C, and N2200 were obtained from
Flexterra Corp. f-AuNPs were obtained in a dry form from
Nanoprobes. N-DMBI-H was bought from Sigma-Aldrich. AuNPs
were prepared via evaporation of gold pellets under vacuum with a
metal evaporator in a glovebox filled with nitrogen, at a rate of
0.1As™, targeting a thickness of 1.6 nm.

Substrate and contact preparation. Glass substrates were succes-
sively sonicated in DI water, acetone and isopropanol for 10 min,
before being gently dried under a nitrogen flow. When utilized, Au-
NPs or Ag NPs were evaporated on the substrate prior to the
deposition of 3 nm of chromium and 47 nm of gold contacts through
a shadow mask forming the electrodes (L/W =100 pm/700 um).

Formulation and film preparation. PDTZTI, N2200, PDI-C,C,, f-
AuNPs and N-DMBI-H solutions were prepared in anhydrous
dichlorometane. For f-AuNPs solution, 10 mgmL™" was prepared,
and 12 puL of dodecanethiol (Sigma-Aldrich) were added to 1 mL of
the f-AuNPs solution and stirred at slow speed for 1h. Note,
addition of the thiol ensures that the f-AuNPs are fully covered
since the quality of the purchased f-AuNPs product may change.
Semiconductor solutions were prepared by dissolving the semi-
conductor at a concentration of 5.6 mgmL™' and stirring upon
complete dissolution. This may require mild heating. N-DMBI-H
solutions were prepared in anhydrous dichlorometane and added at
a ratio of 1:9 to the semiconductor solution to obtain a final
semiconductor concentration of 5mgmL~' and achieving a N-
DMBI-H content of 0, 0.02, 0.1, 04, 1 or 10eq.f-AuNPs
(10 mgmL™") solution was added to the semiconductor/N-DMBI-H
solution to achieve the desired f-AuNPs concentration (in most
experiment 0.1 mgmL™).

The final solutions were spin-coated at a speed of 1500 rpm,
acceleration of 1000 rpms ' for 30’ s and the resulting unannealed/
annealed films investigated as indicated in the different experi-
ments.

For sequential doping experiments, PO12 or PFSeSVS solutions
(5 mgmL ™" in hexafluoro-2-propanol) were spin-coated at 1500 rpm,
1000 rpms~" for 60 s without further thermal annealing. A second
solution containing 4 mgmL™" of N-DMBI-H and 0.1 mgmL™ of f-
AuNPs in n-butyl acetate was dropped on the polymer film, and
excess of the solution was removed 1 min after the deposition, by
spin-coating.

Electrical characterization. Electrical conductivity measurements
were done in a nitrogen-filled glovebox using a Keithley 4200-SCS
semiconductor characterization system. Temperature-dependent
measurements were done with a Torey HP60 hotplate, and the
temperature of the sample was monitored with a thermocouple
placed on the surface of the sample. Seebeck coefficient character-
ization were performed under inert atmosphere, by using a double
Peltier Setup calibrated to deliver a AT between 0.6 K and 42K
(with 0.6 K steps).

Thin-film characterization. An AFM Dimension Icon XR from
Bruker was used in tapping mode while equipped with a silicon
cantilever with a spring constant of 40 Nm ™. The film thickness was
measured with a profilometer DEKTAK from Bruker. XPS
measurements were carried out in a Scienta ESCA 200 system with
a base pressure of 2x107 mbar equipped with an SES 200 electron
analyzer, a monochromatic Al Ka X-ray source (1486.6¢V).
GIWAXS experiments were performed at BeamLine 9 A at the
Pohang Accelerator Laboratory in South Korea. The X-ray energy
was 11.07eV and the incidence angle was 0.12°. Samples were
measured in vacuum and total exposure time was 10 s. The scattered
X-rays were recorded by a charge-coupled device detector located

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

ASULOIT SUOWWO)) dANEaI1) d[qearjdde oy £q pauIoA0S a1e SA[OIIE VO 9N JO SA[NI 10§ AIRIqIT SUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULIA} W0 AD[IM " AIRIqIauI[uo//:sd)Ny) SUOBIPUO)) PUE SULId L, 3y} 39S “[$707/11/0€] uo Areiqry auru Ad[ia “A30jouyda ] JO amusu] B181030 £q €£7L04T0T AUE/Z001"01/10p/WodAd[1m AIeiqiauljuo//:sdny woly papeo[umod ‘€€ “+70T ‘€LLEITS]



GDCh
g

221.7788 mm from the sample. All samples for GIWAXS measure-
ments had similar thickness of around 40 nm. For optical absorption
spectroscopy, thin films were prepared on calcium fluoride windows.
All measurements were performed with the film inside an air-tight
sample holder which was sealed in a nitrogen-filled glovebox. UV/
Vis-NIR absorption spectra of the films were measured with
Perkin-Elmer Lambda 900 with a resolution of 2 nm. Time-depend-
ent absorption measurements of thin films were done in a nitrogen-
filled glovebox with a AvaSpec-NIR256-2.5-HSC-EVO spectrome-
ter and a fiber optics, on a sample with an aluminum mirror
evaporated on its back, placed on a hotplate with a thermal silicon
paste to ensure optimal thermal conduction. The temperature of the
sample was monitored with a thermocouple placed on the surface of
it. Time-dependent absorption measurements of liquid samples
(kinetic study) were done with the same setup, but with a 26 pL
Hellma cuvette (pathlength of 0.1 mm; sealed with silicon grease)
ensuring rapid and uniform temperature changes when placed on
the hotplate. ToF-SIMS were performed on a IONTOF 5-300
system equipped with a primary liquid metal ion gun consisting of
Bi+ source operated in the bunch mode with a high mass resolution
of m/Am > 9000 using 25 kV ion energy.
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