Boosting functionality of organic semiconductors,
a joint effort by Humboldt-Universitat zu Berlin and
Universitat Heidelberg, Germany.

Utilizing Diels-Alder “click” chemistry to functionalize the
organic-organic interface of semiconducting polymers

Following a Diels-Alder cycloaddition reaction, a
polyfluorene derivative is cross-linked and subsequently
functionalized at its interface. The resulting covalent
functionalization of the organic interface is anticipated to
solve the longstanding issue of dopant drift and diffusion in
organic van der Waals cohered polymeric solids and allows
tuning of the organic/organic interface within multilayer
organic optoelectronic devices.
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Tuning the energy levels of organic semiconductors in a predictable
and durable manner is a challenging, yet necessary task to obtain
high performance electronic and optoelectronic devices. Thermal
diffusion and drift of dopants used for energy level control in the
mostly van der Waals-cohered solids results in the degradation
of the defined interfaces that all electronic and optoelectronic
devices rely on. An important goal is therefore their spatial fixation
in multilayer organic device stacks. This work aims at covalently
functionalizing the interface of an immobilized organic semi-
conductor polymer. To achieve this goal, the side chains of a
polyfluorene are equipped with biscyclopentadienyl moieties which
undergo thermal fragmentation via retro-Diels—Alder reactions to
yield cyclopentadienyl functions. Diels—Alder cycloadditions of
these functional groups cross-link adjacent polymer chains. In a
second step, unreacted cyclopentadienyl units at the interface are
covalently functionalized with strong dienophiles through a Diels—
Alder reaction from solution. This reaction sequence modifies the
energetics and the work function at the interface. Transfer of our
protocol to other conjugated polymers and/or reaction types paves
the way to tunable energy levels at organic—organic interfaces and
to universal introduction of functions at organic semiconductor
interfaces after deposition from solution.
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Introduction

Precisely controlling the electrical bulk and interface properties
of inorganic element and compound semiconductors by
impurity doping is a well-established concept and the founda-
tion for today’s semiconductor industry." Along the same lines,
the functionalization of organic semiconductors (OSCs) with
organic dopants has been the subject of research for the past
thirty years. Homogeneously distributed dopants inside the
semiconductors allow charge transfer and increase of charge
carrier density in the semiconductor. This is used to tailor the
charge transport properties and the energy level alignment to
electrodes or other semiconductor layers.?

Combining the best of two worlds (organic and inorganic
semiconductors) has driven the exploration of “hybrid” interfaces.
It allows tuning of the energy levels and work-functions at
such hybrid interfaces using self-assembled monolayers (SAMs)
and organic dopant molecules.®> However, in most cases, this
approach still relies on a metal or inorganic semiconductor
surface as the anchoring ground to spatially fix the SAM or
dopant.®” Facing these limits, the full potential of organic
electronics cannot be fully exploited.®** Charge transport and
interface effects present in OSCs and at organic-organic junc-
tions have been intensely investigated. This includes - besides
the aforementioned bulk and interfacial doping - also blending
of organic semiconductors with inert matrix molecules'® or
aligning of molecules on top of aligned polymer films* to
improve ordering inside the OSC and to improve the charge
carrier transport. However, spatially resolved and stable
doping, or derivatization of solution-processable OSCs in parti-
cular remains challenging.**™"” Charge carrier injection and
management, e.g. for recombination zones in organic light
emitting diodes (OLEDs) or for charge extraction in (perovskite)
solar cells, have to rely on multi-stack architectures. This
so-called hetero-junction approach, in turn, depends on the
energetic alignment of adjacent (organic) layers. Concepts
are therefore needed to obtain OSCs with spatially defined,
covalent, modular surface functionalizations to enhance

This journal is © The Royal Society of Chemistry 2020
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conductivity, fill deep states or design recombination zones in
OLEDs without contaminating the device stack.'®>?

Handling high doping levels in organic devices is difficult since
atomic dopants as well as bulky molecular dopants deposited by
physical vapor deposition migrate in the device stack and tend to
alter the sensitive interfaces or surrounding layers.”*** Since small
molecule OSCs, e.g. pentacene, as well as conjugated polymer OSCs,
e.g. polyfluorenes, are mostly van der Waals-cohered solids, it is
necessary to covalently bind dopant molecules to the OSC matrix.>®
We recently demonstrated a way to avoid the diffusion and drift of
dopant molecules in bulk by covalent anchoring to the OSC host-
matrix.*® Still, modulating the work function (WF) of OSCs at the
spatially defined organic-organic interface is hitherto unresolved.

In this contribution we demonstrate the first solution-based,
selective, post-deposition covalent interface functionalization of a
polymeric OSC. After spin-coating, polyfluorene PF (see Fig. 1a)
is immobilized by thermal cross-linking and subsequently mod-
ularly functionalized at surface-bound, left-over reaction sites.
Electron emission experiments are performed to characterize
the covalent functionalization. X-ray photoelectron spectroscopy
(XPS) is used to prove the physical presence of the functionaliza-
tion by determining the elemental composition of the interface
and in combination with an Ar'-ion sputtering to perform depth
profiling. Ultraviolet photoelectron spectroscopy (UPS) allows one
to monitor the effect of the functionalization on the energy levels.
Undesirable degradation of the n-system of polyfluorene due to
cross-linking or functionalization is monitored via absorption and
photoluminescence emission experiments.

Results and discussion

The conjugated polymer PF*’ (Fig. 1a) is synthesized by statistic
Yamamoto co-polymerization and carries N,N-di(p-tolyl)amino-
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phenyl end groups, to aid hole injection and transport, as well
as ethylhexyl sidegroups to enhance solubility. About 20%
of the fluorenylene units carry bis(cyclopentadien)yl groups.?®
The solution-based immobilization/functionalization process is
summarized in Fig. 1. Thermal fragmentation of PF by retro-
Diels-Alder reaction in spin-coated films results in liberation of
one molecule of volatile cyclopentadiene and generates one
active cyclopentadienyl group per sidechain (Fig. 1b). The latter
diene undergoes [4+2] Diels-Alder reaction with a second (or
possibly a third) deprotected PF-CpH, cross-linking different
polymer strands (Fig. 1c). If no Diels-Alder partner is available,
which is most likely at the air-polymer-interface, PF-CpH reacts
with a successively offered dienophile, such as maleimides or
triazolinediones.

Cross-linking of the films at 300 °C for 1 h in inert
conditions resulted in solvent resistant films.>” The choice of
temperature was based on thermogravimetric analysis (TGA) of
the monomer.”” After cooling to room temperature, the cross-
linked films were immersed in solutions of dienophiles (0.05 M,
toluene) at 100 °C for two hours, to covalently functionalize the
interface by formation of Diels-Alder adducts (PF-DAA) on the side
chains (Fig. 1d). Four different dienophiles were tested regarding
their use as covalent dienophile anchors: two highly reactive
4-phenyl-1,2,4-triazoline-3,5-diones (PTADs) and two N-phenyl-
maleimides (PMIs), both of which were either non-fluorinated
(PTAD, PMI) or fluorinated at the para-position (4F-PTAD, 4F-PMI)
of the phenyl ring. These molecules were chosen because of their
systematic increase in electron affinity (EA) as a result of
the increasing number of electronegative elements (nitrogen,
fluorine). The higher the amount of electronegative atoms in
the molecule within this series, the lower its energy of the lowest
unoccupied orbital (LUMO) and, correspondingly, the higher
its electron affinity (EApvr < EAsr.pami < EAprap < EAspprap)-

s 7 )
v, e
= .
functionalized
interface

PF-DAA

Fig. 1 (a) Structural formula of polyfluorene derivative PF.2” (b) Fragmentation: spin-coated films are heated to 300 °C under inert atmosphere to
cause fragmentation of the Cp, moieties, liberating CpH units and generating reactive and cross-linkable cyclopentadienyl groups at the side-chains
of PF-CpH. PF is substituted by the same two side-chains, the second of which is abbreviated by R, and can undergo the same reactions as sketched
in (b—d). (c) Cross-linking: Diels—Alder-adduct formation of different polymer strands results in bis(cyclopentadien)ylene-bridged PF-Cp,-PF. (d) Hitherto
unreacted cyclopentadienyl moieties are capped with dienophiles at the interface.
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Absorption (maximum at 3.2 eV) and emission (maximum at
2.9 eV) spectra remained essentially unaffected by cross-linking
and subsequent functionalization (Fig. 2). Photoelectron
spectra from UPS of a spin-coated thin film gave a WF value
of 4.4 eV and a hole injection barrier (HIB) of 1.4 eV which is
in agreement with results obtained for similar polymers.>
Investigation of the energy levels of immobilized films showed
that the thermal cross-linking treatment resulted in a reversible
change of the photoelectron spectrum (Fig. S1, ESIt), most
likely reflecting water and oxygen inclusions leaving the sample
during the annealing step. After exposure to ambient conditions,
the initial equilibrium was regained, and the photoelectron
spectrum of the non-cross-linked sample was almost completely
restored after 1 h. Exposure to ambient conditions can be
interpreted as weak p-doping (HIB changes from 1.7 eV (cross-
linked) to 1.4 eV (cross-linked, 1 h ambient conditions)). To
eliminate the influence of water and oxygen, sample preparation
of functionalized films for UPS experiments were conducted in
an inert atmosphere and transferred via a transfer arm from the
glove box to the UPS analysis chamber.

Modification of the film interfaces with dienophiles was first
tested with the most potent dienophile, 4F-PTAD, which is
approximately six orders of magnitude more reactive than the
maleimides and considered a super-dienophile.* The low-lying
LUMO of the reactant is due to the nitrogen—-nitrogen double
bond and fluorination, the latter also acting as an atomic probe
in the XPS experiments. Due to the high selectivity and reaction
rate, reactions incorporating these dienophiles are also known
as Diels-Alder “click” reactions.*

Elemental analysis of the interface via XPS confirmed the
presence of the dienophile at the surface of the film. Fluorine
(F 1s, 687 eV, Fig. 2) as well as nitrogen (N 1s, 401 eV, see ESIt)
were found in the 1:3 (F:N) ratio expected from the elemental
composition of 4F-PTAD. Pure PF films failed to show signals of
either fluorine or of nitrogen (Fig. S2, ESIt). The presence of the
dienophiles PTAD and 4F-PMI could also be verified by XPS
(Fig. S3-S6, ESIT). Since the reactivity of the carbon-carbon
double bond in 4F-PMI and PMI is expected to be similar and the
functionalization with 4F-PMI was proven by the XPS experiment
due to fluorination, one can assume that functionalization with
PMI was also achieved to a similar extent.

In order to confirm the covalent character and to determine
the depth of the functionalization, the fluorine XPS intensity of
three surfaces functionalized with 4F-PTAD were compared:
a toluene-rinsed sample, a sonicated sample and a sample
sputtered by Ar' plasma to remove the topmost 10 nm of the
polymer film (Fig. 2b). Rinsing or even sonication of the samples
did not significantly reduce the signal intensity, thereby confirming
the covalent character of the functionalization. Removal of 10 nm
of the film by sputtering led to a strong decrease of the F 1s signal
intensity. This is firm evidence for a predominant functionalization
at the surface rather than a bulk functionalization after swel-
ling of the film and interdiffusion of the dienophile.

The effect of functionalization with the electron-deficient
dienophiles on the energy levels of the PF film can be deter-
mined by UPS. From the analysis of the secondary electron cut-
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Fig. 2 (a) Photoluminescence (left) and absorption (right) of PF films spin-

coated and dried, cross-linked at 300 °C, and treated with 4F-PTAD.
(b) XPS spectra of PF films functionalized with 4F-PTAD after washing
with toluene (correction for sample charging, —7 eV), sonication for 30 min
and removal of approximately 10 nm of the surface by Ar* sputtering. The
solvent resistant 4F-PTAD functionalized films show no reduction of
fluorine F 1s signal after sonication in toluene for 30 min. Only after
sputtering did the fluorine signal of the covalently attached dienophiles
decrease.

off (SECO) and the valence band (VB) onset, the sample work
function (WF) and hole injection barrier (HIB) can be measured
respectively, thus allowing to calculate the ionization potential
(IP = WF + HIB).

As dienophiles with higher electron affinities are stronger
acceptors, an increase in work function is expected. This was
demonstrated by the series of measurements shown in Fig. 3a.
The non-functionalized PF film displayed a WF of 4.4 eV.
Upon functionalization with the range of dienophiles, the WF
increased as the acceptor strength of the molecule increased:
PMI, which is the least reactive and least electron-withdrawing,
led to a negligible change in WF (within an experimental error
of +0.1 eV), followed by 4F-PMI, PTAD and 4F-PTAD. This final
functional molecule led to the greatest WF increase (from
4.4 eV to 5.1 eV), see Fig. 3a left.

Conversely, for each dienophile studied, the valence band
showed a shift towards Fermi energy by the same absolute value
as seen in the WF shift: PMI did not change the HIB of PF,
followed by 4F-PMI, PTAD and 4F-PTAD, which showed the
strongest HIB decrease from 1.4 eV to 0.7 eV. As a result of this
equal WF increase and HIB decrease, the IP of all the function-
alized series remained the same at 5.8 eV (within an experi-
mental error of +0.1 eV). All these values are schematically
depicted in Fig. 3b. It must also be noted that the valence bands

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Secondary electron cut-off and valence band onset (w.r.t. Er = 0
eV) of PF films for spin-coated PF and PF cross-linked and treated with
dienophiles rounded to the significant digit. With increasing number of
electronegative elements in the covalently bound dienophiles and there-
fore increasing electron affinity, a shift of the bands of the photoelectron
spectra to higher energy is observed. (b) Energy levels as extracted from
the UPS experiments. The observed shift in the photoelectron spectra
translates into the increase of the work function and the decrease of the
hole injection barrier of the films.

showed no additional features upon implementation of the
dienophile molecules. The resulting WF and VB shifts are
therefore only due to the functionalization process and no
additional effects are observed. This can be seen in more detail
in Fig. S8 (ESIt) for the most pronounced shift. The increase in
work function of the films correlates with the increasing electron
affinity of the dienophiles derived by DFT calculations (Fig. S7a,
ESIt). The observed shifts are related to charge transfer from the
acceptor moiety to the polymer film to place the Fermi energy
inside the gap of the acceptor moiety. This behavior is reported
as Fermi level pinning at the introduced LUMO states of the
acceptor moiety (Fig. S7b, ESIt).>'%??

Control experiments to test the influence of varying the
reaction temperature, working in ambient conditions were con-
ducted with 4F-PTAD. To exclude the possibility of the changes
being due to an adsorbed layer of dienophile non-covalently
bound to the polymer, the crosslinked film functionalized with
4F-PTAD was sonicated in toluene. This treatment did not alter
the energy levels of the functionalized film (see Fig. S9, ESIY)
proving that the dienophile was chemically bound to the PF film.
The reactivity of 4F-PTAD was sufficient to carry out the function-
alization experiment even at room temperature (RT). Energy
levels of 4F-PTAD functionalized films determined at RT were
equal to those achieved after functionalization at 100 °C
(see Fig. S10, ESIf). To test the influence of environmental
conditions on the process, the treatment with 4F-PTAD was

This journal is © The Royal Society of Chemistry 2020
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performed under ambient conditions resulting in no difference
in the energy levels (see Fig. S11, ESIt). This is in contrast to the
cross-linked sample that was p-doped by exposure to ambient
conditions, exposure of 4F-PTAD treated samples to ambient
conditions has no detectable effect on the energy levels.
Additionally, scanning force microscopy images (Fig. S12 and S13,
ESIt) show negligible changes after cross-linking and treatment
of the PF films, proving successful crosslinking and solvent
resistance.

The above presented combination of cross-linking and
subsequent functionalization therefore efficiently introduces
spatially defined functional molecules at the surface; even at
room temperature and in ambient conditions. The findings
affirm the suggested picture of covalently attached acceptor
sites modulating the energy levels of the treated films. Since the
covalent anchoring at organic semiconductor interfaces has
now been established, the design and synthesis of dienophiles
with enhanced acceptor/donor properties will be targeted.

Conclusions

We have offered a protocol for the covalent interface function-
alization of a solution-processed organic polymeric semi-
conductor. Four dienophiles have been covalently bound to
cross-linked polyfluorene interfaces by Diels-Alder reactions.
Surface functionalization was proven by an Ar'-sputter experi-
ment and subsequent XPS measurement. The work function of
the dienophile-treated films increased with increasing electron
affinity of the dienophile. This can be attributed to Fermi
level pinning at the LUMO of the acceptor at the interface.
Ultimately, the presented process enables modular, covalent,
spatially defined post-deposition functionalization of solution-
processed organic polymeric semiconductors, important for
tailor-made metal-organic and organic-organic interfaces as
well as sensing applications. By designing dienophiles with a
higher electron affinity, the acceptor effect of the anchoring
molecules could be even more enhanced. Further studies
will incorporate the best dienophiles into working devices to
address challenges like the control of recombination zones
at organic-organic interfaces or reduction of ohmic losses at
metal-organic interfaces. Further investigations on the basis of
the dienophile anchors will include synthesis of dienophiles
carrying redox-active sites to enable spatially resolved doping in
multilayer organic semiconductor-based devices such as OLEDs
and organic and hybrid solar cells.

The concept may further be used to covalently immobilize
specific binding sites at the analyte/organic semiconductor
interface for (bio)sensing applications. Introducing additional
soft lithographic printing and transfer processes in the inter-
face functionalization step will also offer the possibility of
adding lateral spatial resolution to the concept. Alternatively,
local heating based on surface probe microscopy methods or
locally and selectively triggered Diels-Alder by electron beam can
be used. All these applications are not limited to polyfluorene-
based systems, but can be widely applied to numerous
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semi-conducting polymers such as high-performance donor-
acceptor polymers: cross-linkable groups via highly selective,
benign and widely applicable cycloadditions (cyclopentadienes,
maleimides/furanes or anthracene-based systems) are easily
introduced and generally tolerant towards a large variety of
cross-coupling conditions employed for polymer synthesis.>*~’
Though the present work necessitates dienyl-functionalized
semiconductors (such functionalization should be feasible with
the majority of semiconducting polymers), our concept should
not be limited to Diels-Alder reactions, but also be transferable
to other selective or even unspecific reactions utilized for cross-
linking such as thiol-ene click reactions or oxirane-based
cationic ring-opening polymerizations,**** as long as the semi-
conducting layer is (a) sufficiently solvent resistant towards the
solution the dopant is applied from and (b) free reaction sites at
the material interface are available. Overall, enabling covalent
organic-organic interface functionalization from solution has
great potential due to the scalability and cost effectiveness.
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